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ABSTRACT: Theory, computations, and experimental apparatus are presented that describe
and are intended to confirm novel properties of a coaxial two-channel dielectic wake field
accelerator. In this configuration, an annular drive beam in the outer coaxial channel excites
multimode wakefields which, in the inner channel, can accelerator a test beam to an energy
much higher than the energy of the drive beam. This high transformer ratio is the result of
judicious choice of the dielectric structure parameters, and of the phase separation between
drive bunches and test bunches. A structure with cm-scale wakefields has been built for tests
at the Argonne Wakefield Accelerator Laboratory, and a structure with mm-scale wakefields
has been built for tests at the SLAC FACET facility. Both tests await scheduling by the
respective facilities.
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I. PHASE | RESULTS

la. Introduction

In this section we describe the technical accomplishments of the Phase | Coaxial
Dielectric Wakefield Accelerator project (CDWA). First among these was the publication of
a paper in Physical Review Special Topics -- Accelerators and Beams [1] which presents an
analytic theory of this structure and compares results of theory with numerical simulations,
specifically for a design of our anticipated experiment at Argonne Wakefield Accelerator
(AWA) Laboratory, and for a THz design relevant to a future collider application. This
published paper provides the theoretical and computational basis for what follows, and for the
examples. In this section we summarize results that were goals of our Phase | project. These
are divided into three parts, as follows. In Section Ib, we present the design for the AWA
experiment, its construction, and the characterization of an annular drive bunch and an
axially-moving witness bunch that trails the drive bunch. This apparatus is be used to
perform the experiments during Phase Il. In Section Ic, we describe a high-gradient THz
design that could typify a modular component in a future TeV collider. In Section Id we
present results on the stability of bunch motion in the THz unit, and consider what alignment
accuracy is needed for reliable bunch transport along the structure.

Ib. Design for AWA Experiment and Related Studies

The AWA facility is to provide individual drive bunches with a charge up to 50 nC and
energy of 14 MeV, so the design described here uses the appropriate charge, energy, and
dimensions of these bunches, and the equipment is designed to be accommodated in a test
chamber compatible with AWA beamline hardware. The CDWA unit fits into the same
vacuum chamber and on the same adjustable mount that was built for our two-channel DWA
experiment that has a rectangular configuration. The dominant modes excited by the bunch
in our new structure are at a frequency ~ 28 GHz. The structure uses two nested thin
cylinders of Alumina, obtained from Ortech Ceramics, the outer of which is to be coated with
UHV deposited copper. An annular drive bunch sets up a wakefield which is directed onto
the common cylinder axis where a suitably-delayed witness bunch having small charge is to
be accelerated. An “exploded” view of the structure is shown in Fig. 1. The front and rear
aligners hold the ceramic tubes, and are spaced apart on the mounting platform (purple). The
aligners space and support the suspended inner dielectric cylinder by three narrow vanes made
of stainless steel. While these vanes intercept narrow portions of the annular drive bunch, this
should cause little trouble for the experiment, as it is only 10 cm in length. The drive bunch is
intercepted by a beam stop at the exit end of the unit, while the witness bunch is diverted into
diagnostic hardware, chiefly an energy analyzer (not shown). Also not shown is the hardware
for positioning and aligning the unit in its vacuum chamber. Table I lists the parameters of
the structure and the bunch; the Ortech ceramic cylinders closely match the dimensions listed.
A preliminary version of this structure has been built and assembled at AWA. [See photos in
Section Il, Figs. 4 and 5.] The results we describe in this section depend on assumptions we
have made about the drive bunch charge and its charge distribution. For this, we have used
parameters provided by AWA. The radial distribution of charge in the bunch has been
simplified to a box distribution.
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Fig. 1. Exploded view of the CDWA hardware. Photos of the hardware are shown in Section
.

Table I. Parameters for a two-beam channel Coaxial structure (Alumina)

Design mode ~? GHz
Boundary condition Electric
Surrounding space PEC+10mm FS r.e.
External radius of outer coaxial cylinder Re 15.08 mm
Inner radius of outer coaxial waveguide R; 13.5mm
Accl. channel radius (inner radius of inner coaxial cylinder) a 2.4 mm
External radius of inner coaxial cylinder b 4.0 mm
Relative dielectric constant & 9.8
Bunch axial RMS dimension 20 (Gaussian charge distributition) 2.0 mm
Full bunch length (=2 cutoff length of bunch) 5 mm
Outer drive bunch radius (Box charge distributition) 10.75mm
Inner drive bunch radius 6.75 mm
Bunch energy 14 MeV
Bunch charge 50 nC

Number of bunches 1
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Fig. 2. Axial and transverse forces on the witness bunch; bunches move left to right.

Figure 2 shows the computed accelerating force acting upon the witness bunch along
the axis, and the transverse force acting on bunch electrons that are located approximately 1
mm off this axis. The drive bunch head has moved to z = 149 mm here, and the witness
bunch is to be located where the arrow indicates a computed transformer ratio of 6.5:1 (~17
mm behind the head of the drive bunch). Notice this transverse force is focusing (Fx < 0 for x
= +1mm). The jumble of waves behind this location has to do with the quenching wave
interfering with the wakefield; the quenching wave extends from 0 < z < 125 mm.

A map of the axial electric field is shown in Fig. 3. As one can see at the extreme left
of Fig. 3 where the drive bunch is located, the fields are uniform across the drive bunch
channel.
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Fig. 3.B.3. Map (x,z) of the axial electric field (force) set up by the drive bunch travelling
from right to left, and here located at the far left; the witness bunch would be located on-axis
in the region of the intense blue spot about 17 mm behind the head of the drive bunch.
Outlines of the dielectric cylinders are shown as black horizontal lines. Note how the
quenching wave wipes out the periodic wake field after about two wake periods.

This effect may account for the excellent behavior of the drive bunch motion. The plot also

shows the orderly wakefields being disrupted by the quenching wave as one follows the
trailing fields set up by the drive bunch farther downstream (right).

Numerical studies have been made for bunch production at the AWA RF
photocathode gun and transport through the AWA beam-line system downstream leading to
the location of our structure. In the past these numerical tools have proved to be successful in
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guiding experimental work at AWA including our work with the rectangular DWA. Fig. 4a
shows the two bunches after they have been created at the cathode, and Fig. 4b shows them at
and passing through our structure. This demonstrates that an annular drive bunch containing
~30 nC followed by a small, delayed witness bunch can be created and successfully
transported through our structure. Transport is assisted by the use of three solenoid coils
(borrowed from Yale Beam Physics Lab) positioned along the beamline. The initial radius of
the annular bunch at the RF photocathode is ~ 5mm, and the code shows this bunch can be
transported at least 4 m to the structure and then passed along the entire 10 cm length of the
CDWA, without intercepting its walls. As the structure is supported in this design by three
vanes, there should be no problem with passing the bunch into the unit or aligning the central
dielectric cylinder (such as might have been the case for a foil suspension technique). In
these simulations, the halo mask in front of the structure is ignored, so some of the electron

macroparticles can stray into the dielectric elements and are counted as lost.
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Fig. 4a. Drive and witness bunches after the photocathode (simulation by Dr. Daniel
Mihalcea, AWA). Drive bunch energy = 14.8 MeV; witness bunch energy = 12.8 MeV,
energy spread = 0.5 MeV RMS. Witness bunch delay is 1.7 cm behind drive bunch.
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Fig. 4b. Transverse portraits of drive and witness bunch transverse as they move through our
structure. Charge passed through the structure: drive bunch = 36 nC (76%); witness bunch =
0.6 nC (24%); no drive bunch/witness bunch contamination. The Yale coils provide transport
for 95% of the charge from the photocathode to the entrance of the structure. Tan rings are
the dielectric shells.

Our wake field codes can also compute the distribution of energies of the drive and
witness bunches. The latter is shown in Fig. 5. The predicted energy gain above the 14 MeV
input is approximately 0.5 MeV. There is a spread of energies because the witness bunch has
finite length and a Gaussian shape assumption, and the ~ lcm periodic wakefield
accelerating force varies over the length of the bunch.

We have studied acceleration of the witness bunch as its charge is varied. Too much
“loading” will cause a reduction in the gradient. Results are shown in Fig. 6 (corresponding
data are to be obtained from our tests at AWA). This computation uses a less optimum design
than the one described by Table I, which accounts for the lower value of acceleration. The

head of the witness bunch, which has no cumulative charge, suffers little energy degradation
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with increasing bunch charge, but its energy increment is small because it is placed at a
location where the gradient is less than at the middle of the bunch. This figure suggests that
to maintain good acceleration, the witness bunch charge should be a few percent of the drive
bunch charge, depending on the transformer ratio. In an accelerator where several modules
are used to achieve overall large energy gain, the variation of bunch energy over its length can
be partly compensated by changing the wakefield period slightly between modules, so that
particles at a certain position in the bunch that do not receive enough energy gain in one
module can receive more energy in the next, and vice-versa; a more nearly monoenergetic
bunch should thereby result. This concept would be an alternating detuned CDWA.
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Fig. 5. Distribution of electron energies in the witness bunch, measured near the end of the
unit. Input energy of witness bunch is taken to be 14MeV, zero width.

An issue that has been brought up by past reviewers of this work has to do with acceptable
alignment accuracies. This is most important in a collider application where each module
would be ~ 1 m in length. What are the effects of misalignments? There are several
possibilities, but all have to do with one or more components having its axis not aligned with
the others. Thus, the drive bunch may not be centered, or perhaps one of the dielectric
cylinders. Another misalignment is current asymmetry in the drive bunch. We shall show
here an example of each and its effect. In Fig. 7 we show the effect of moving the drive
bunch 0.5mm (~5%) off the axis of symmetry. No instability is produced by moving the drive
bunch off the axis of symmetry, but in so doing, the forces on the witness bunch are no longer
symmetrical, and some minor deflection of the witness bunch in the opposite direction occurs.
In the figure, the light gray outline is that of the cathode mount from which the witness bunch
is emitted by the software. Thus it is important to maintain alignment symmetry, but we find
that a misalignment of ~5 -10% in this design would not cause loss of witness particles in a
travel distance of 15cm. The same effect occurs when one of the shells is displaced from the
axis of symmetry.
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Fig. 6. Reduction of witness bunch accelerating force at the drive bunch center, and at its
leading edge, as its charge increases. Radii listed pertain to the two alumina cylinders used
for this computation.

Another case is that of asymmetric current in the drive bunch. As an example we
show an “m = 1” case, in which the currents in two quadrants of the drive bunch are unequal
(Fig. 3.B.8) by +/- 5%. Once again, the witness bunch is slightly deflected. It is interesting to
observe that in both of these examples above that the bunch remains focused and the
deflecting forces are not large enough to appreciably distort the shape of the witness bunch.
However, that will not occur when the asymmetry becomes large, e.g., ~20% for this case.
These studies establish that a program of research is possible in Phase Il that will permit
experimental exploration of the alignment problems (non-concentricity) that will be
encountered in this new acceleration concept.
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Fig. 7. Left side of diagram: drive bunch aligned, witness bunch at end of unit. Right side of
diagram: drive bunch shifted 0.5mm to right, witness bunch deflected to left at the end of the
structure.

Fig. 8. Drive bunch configured as four sectors, separated by non-emitting spacers. The
currents in sectors 2 and 4 are equal, while the current in sector 1 is 95% of #2 and the current
in sector 3 is 105% of #2.



Fig. 9. The witness bunch, deflected by the anisotropic current in the drive bunch, after it has
traveled 15cm. Cathode outline is dark gray, first alumina cylinder is green.

Ic. High Gradient THz Design

A design has been carried out for a THz-range coaxial DWA that could have relevance
to a future collider application. This has been described in some detail in [1], so we shall only
summarize it here. The purpose of this work is to determine if this technology can open a
path towards a more affordable TeV machine, and identify where advantages and potential
problems occur. Table I provides a list of parameters that we have chosen; note the radius of
the structure is ~1mm. The important wakefield modes, which have wavelengths ~ 400um,
are excited to different degrees by the passage of a single 6nC, 5GeV annular drive bunch,
such as might be provided by a “conventional” efficient rf linac accelerator. Scale lengths
here are not dissimilar from those for some high-gradient laser/plasma wakefield schemes.
The radii and thicknesses of the dielectric cylinders determine the size of the on-axis
wakefield longitudinal gradient that would accelerate to higher energy but for a lower charge,
co-moving, delayed witness bunch. We begin by summarizing our initial findings, and then
continue to discuss specific issues that have already been studied.
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Design mode ~912 GHz

Boundary condition Electric + open r.e.
Surrounding space Vacuum
Outer radius of copper waveguide 1160.5 pm
Inner radius of copper waveguide 1060.5 pm
Conductivity of the copper, o 58.10°S/m
External radius of outer coaxial cylinder R, 1060.5 pm
Inner radius of outer coaxial waveguide R; 1047.5 pm
Accl. channel radius (inner radius of inner coaxial cylinder) a 50.0 pm
External radius of inner coaxial cylinder b 89.5 pm
Real part of relative dielectric constant &' 5.7
Tangent delta of dielectric losses at frequency 170 GHz 0.00013
Bunch axial RMS dimension 202 (Gaussian charge distributition) 69.28 pm
Full bunch length (=2 cutoff length of bunch) 173.2 um
Outer drive bunch radius (Box charge distributition) 718.5 um
[nner drive bunch radius 418.5 um
Drive bunch energy 5GeV
Witness bunch energy 5GeV
Witness bunch charge 0.01 nC
Number of bunches 1

Table 1l. Parameters of the THz CDWA design unit.

We begin by showing in Fig. 10 a radial profile of the more important wakefield
modes excited by the annular drive bunch. The results shown in this figure and the following
one are obtained from analytic theory, which omits the quenching wave. A very flat profile is
obtained. Fig. 11 shows the longitudinal profile of the composite acceleration force on axis of
the device; this force is ~ 600 MeV/m at select locations behind the drive bunch. This large
field is obtained by the constructive superposition of three modes; indeed, we have found that
a different choice [1] of radii and thicknesses of the dielectric tubes can provide a gradient of
1200 MeV/m. The analytic theory finds the radial force near the axis of the structure is in
quadrature with respect to the axial force, so it is nearly zero at the peak of the axial force
where the witness bunch is placed.
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Fig. 9. Transverse profiles E,(r) for the first six TM-modes, with Eq, being the operating
mode. Location of the two dielectric shells is highlighted in yellow, and location and width of
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the 5-GeV drive bunch is shown in gray. Notice the large ratio of field amplitudes in the
witness/drive channels, and the flat radial profile that favors
uniform acceleration.
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Fig. 10. Axial profiles of the longitudinal individual and composite forces of the E; O,m
modes acting on a test electron along the center of the accelerating channel. The drive bunch
moves from right to left and its center (maximum charge) is located at z=0.

The PIC code reveals some different physics introduced by the quenching wave, which
originates from the entrance where the boundary condition is imposed (the analytic theory
neglects the entrance, thus it assumes the structure is infinitely long). Unlike the wakefield
whose speed is ~c, the quenching wave travels at approximately the group velocity of waves
in the structure, and lags progressively farther behind the bunch as the travel distance of the
latter increases. We first look at the map of the accelerating field (Fig. 11) that develops
behind the drive bunch after it has moved approximately 4 mm into the structure. At this
time, the quenching wave shows appreciable interference with the wakefields for z < 3.3mm.
A plot of the accelerating force on the axis and the radial force near the axis is shown in Fig.
12. There are three things to observe here. First, the accelerating force is 520MeV/m—close
to that predicted by the analytic theory (~600MeV/m)—where the witness bunch would be
positioned; only one wakefield accelerating peak has emerged from the quenching wave
interference. This occurs because the group velocity of the waves is close to ¢ in this over-
moded structure. Second, the radial force acting on an electron slightly off the axis of
symmetry has a focusing sign (the force is negative where the displacement is positive). This
effect is caused by the quenching wave, and has been found in other designs, including those
at microwave frequency [1]. This focusing effect follows the bunch along the device (we
have seen its effect already in the previous section. The betatron period of stable oscillation
driven by this force is approximately 0.9 m here. Third, the axial force profile across the
witness bunch is flat, which is helpful in maintaining uniform acceleration of the electrons in
the witness bunch. This was not the case for the rectangular cross-section DWA we have
been studying. The cylindrical geometry also provides a higher gradient acceleration per unit
drive bunch charge than the rectangular.

12



4000 3500 2000 2500 2000 1500 1060 500 0

2 (um)
Fig. 11. Map of the axial electric component of wakefield when the drive bunch has moved
13.2 psec and is found at z = 3.88mm from the entrance (z = 0). The witness bunch would be
located at the central blue zone of high E; field.
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Fig. 12. Axial (blue line) and transverse (red line) forces acting upon a witness electron
versus z, at r = +26.5um from the central axis in a witness bunch channel. The witness bunch
would be placed at z=3500 um.

The transverse electric field, mostly from the Coulomb field of the drive bunch
charge, is also quite high. Fig. 3.C. 5 shows a map of this field, at the same time as Fig.

3.C.3. The maximum value of this field is 880 MeV/m (of course, the transverse force and
the transverse
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Fig. 13. Map of the transverse component of electric field along the structure for time t = 13.2
psec. The annular drive bunch has moved to the far left side of the map.
electric field are not the same). Fortunately, these fields appear to be within the capability of

dielectrics such as alumina to withstand without breakdown [11], in part because of the very
short time that they occur at a given surface element.

Table Il is computed for a dielectric having € = 5.7 (as for diamond). However, there
IS no reason that the dielectric constant of the outer cylinder and the inner cylinder must be
the same. For example, diamond might be a good choice for the outer dielectric cylinder
because it can transfer heat rapidly to the metallic jacket. The heat would originate at the
inner cylinder, which might be alumina. Alumina would be easier to fabricate as a long tube,
and it can reach temperature ~ 1700C if necessary. We will explore heating issues in the next
section: these become important for high repetition rate operation. Fig. 14 shows the axial
electric fields on the centers of the witness bunch channel and the drive bunch channel after
an elapsed time of 13.2psec. This permits a calculation of the transformer ratio for this
design, namely T ~ 6:1. We note here that the behavior of these fields is nearly homogeneous
in radius.
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Fig. 14. Axial wakefields of the drive bunch (red) and witness bunch (blue) at the centers of
their respective channels.
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We have also studied a six-zone structure, having three dielectric shells and three
vacuum channels (Table 111) for the purpose of demonstrating that the transformer ratio can be
enhanced. The inner vacuum channel contains the witness bunch, the outer one contains the
drive bunch, and the middle one is empty. This structure can provide a larger transformer
ratio (~ 14:1) via a stepwise increase of the longitudinal field that can occur at each dielectric
shell. The radial dependence of the longitudinal electric fields of the several modes is shown
in Fig. 15, and the behavior of the transformer ratio is shown in Fig. 16. The peak composite
E, field is slightly higher than found for the original 4-zone structure having comparable
dimensions.

External radius of outer coaxial cylinder rg 1431.5 pm
Inner radius of outer coaxial waveguide rs 1418.5 um
External radius of middle coaxial cylinder r4 460.5 pm
Inner radius of middle coaxial waveguide ra 447.5 pm
External radius of inner coaxial cylinder ra 89.5 um
Accl. channel radius (inner radius of inner coaxial cylinder) ry 50.0 pm
Relative dielectric constant & 5.7
Bunch axial RMS dimension 20;__ (Gaussian charge distributition) 69.28 um
Full bunch length (=2 cutoff length of bunch) 173.2 um
Outer drive bunch radius (Box charge distribution) 718.5 um
Inner drive bunch radius 418.5 pm
Bunch energy 5 GeV
Bunch charge 6 nC
Number of bunches 1

Table Ill. Parameters of a six-zone THz CxDWA structure. Fix border.
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Fig. 15. Stepwise increase in the radial dependence of E; for several modes.
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Fig. 16. Transformer ratio behavior of the composite longitudinal electric field dependence in
the witness channel of the structure of Table III.

Id. Studies of Specific Problems Relating to the THz CDWA Design

The Phase | list of topics for study included specific items concerning the THz device.
The first one we undertake has to do with the stability of a 6-nC, 5-GeV drive bunch. This
study gives some indication of the length a modular element can be without undue beam
interception , and provides some guidance about what further research must be done. The
problem we immediately faced was one of computing capacity. In Section Ic, the
computations were carried out for (an adequate) distance of travel, namely 4mm (since then
extended to 10mm) which was the limit of our computing capacity. The reason for this is that
the dielectric structures are thin, and thus require a fine mesh. However, to study bunch
propagation over 1 m, a likely choice for the length of an accelerating module, a better system
is needed. As it turned out, a computer briefly became available to us that could handle this
problem: the machine was slower than ours, but it had eight processors, >100GB of memory,
and a Windows XB 64 bit system (the 64bit OS makes use of the large memory); it ran over
one week and generated a movie of the bunch motion in our THz structure which extended to
1m. We do not show the movie here, but instead present still frames of the bunch when it has
traveled approximately 50 cm (1.65nsec) along the structure described by Table Il. The full
bunch length duration is 0.58 psec and the still frames contain particles in a 0.02 psec slice.
We present three frames (Fig. 17) showing respectively the front end of the drive bunch (top
frame), the middle of the drive bunch (middle frame), and the tail of the drive bunch (bottom
frame). From these it is found that the head of the drive bunch expands slowly as the drive
bunch moves, the middle remains approximately its original size, and the tail section of the
drive bunch contracts in radius. Most of the particles lose energy as the bunch moves, but the
bunch head remains at nearly the input energy, as expected. There are no particle losses in
0.5m travel, and less than 20% are lost in 1m.

What causes the distortion of the annular drive bunch? Fig. 18 shows the transverse
forces surrounding a radial section of the annular drive bunch after it has moved only 3.4 mm.
If we examine the radial forces acting on the edge of this drive bunch, we find the front lateral
boundaries of the bunch should undergo defocusing while the rear parts should undergo
focusing. These forces at the edge of the drive bunch are ~ +/-15MeV/m: acting alone, these
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forces would cause a radial expansion or contraction of the bunch transverse profile by only a
small fraction of a millimeter in 50 cm of travel, as the code would have it. Further study of
the drive bunch as it is emitted from the cathode used in the PIC code reveals a strong
transverse force at the edges of the cathode that imprints the disturbances shown in Fig. 18.
Thus it may be that the head-to-tail distortion we have obtained from this simulation is an
artifact of the computational model. (In reality, the source of the bunch would be many
meters removed from the CDWA structure.) More work must be done to understand this
problem and modify the code so that it will provide a more realistic way of simulating the
injection of the drive bunch into our structure, for example by excluding the zone of the
cathode from emission where there are large fringing forces. But, even under these adverse
initial conditions, the PIC bunch appears to move along the structure in a nearly- stable way.
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Fig. 17. Transverse distribution of simulated drive bunch particles, approximately 50 cm
beyond launch point. Top: bunch head; Middle: bunch midsection; Bottom: bunch tail. Slices
of the bunch 0.02 psec wide are shown. The inner and outer cylinders of dielectric are
indicated in dark green.
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Fig. 18. The area surrounding the annular THz drive bunch (boundary outlined as the red box)
showing the transverse forces in the y=0 plane after the bunch head has moved 3.43mm. The
polarity of the transverse force reverses from head to tail of the bunch.
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Fig. 19. The drive bunch as it is emitted from the cathode (far left), showing the large
transverse forces that originate at the edges of the cathode in the simulation. Bunch moves
from left to right. The cathode projects outward 10um into the CDWA structure. Notice the
color/force scale is much different in this figure than the preceding one.

Regarding support of the inner dielectric cylinder we can report the following. A thin
(~250um) aluminum foil can support the cylinder, it will not cause significant energy loss or
scatter (low Z) for a 5 GeV drive bunch, and it will provide a boundary condition for
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vanishing tangential electric field such as used in the simulations. It does not, however,
provide for adjustment, unless it is configured into three separate and adjustable “vanes” of
metal. A potentially more useful material is carbon nanotube, which can be made into a
fabric; it is a good electrical conductor and can be thinner (25um) than the aluminum foil,
thereby reducing energy loss and scatter. As a fabric it would cover the entire cross section of
the accelerator tube, or, as separate filaments, it can be used as a strong, flexible wire (thereby
allowing adequate pumping). The wire might be formed into a loop encircling the inner
dielectric tube; this would allow it to be shortened or lengthened by a servomechanism to
adjust the alignment of the concentric alumina dielectric element with respect to the outer
shell or wall. This is a very promising new material, but it should be evaluated carefully by
experienced personnel for this application and its value may only become evident after a
detailed study devoted to that purpose. While we can identify it as a potential solution to the
complex problem of adjustable alignment of the inner cylinder component, we have not had
the manpower to study this beyond exploring some of the technical literature and a few
conversations with workers in that field. If further work on the CDWA continues to
demonstrate promise as an advanced accelerator concept, then the matter of a suspension
technique using carbon nanotube technology should be pursued by a team having experience
in this field. We shall begin this in the Phase II project.

One area not on our list of Phase I tasks that we explored was the matter of energy loss
in the copper conducting wall jacket, and in the dielectric inner cylinder. These obviously
become important when repetitive-pulse operation is necessary (as it would be for a collider).
We can compute the Ohmic losses in the copper using the tangential component of magnetic
field adjacent to the conductor. The code gives us the magnetic field from the passing drive
bunch, and from that we can compute the inward Poynting flux into the finite-resistivity
conductor. The magnetic field pulse is shown in Fig. 20.

For copper with vacuum magnetic permeability s, the surface dissipation per unit
area is (MKSA) dP(w)/dA = (uowd2) | He* |, where Hg is the magnetic vector parallel to the
copper surface. Taking the conductivity o of copper as 5.8 x 10" MKSA, the skin depth
5= [2/uywo]" is ~ 0.1 micron at 0.9 THz, much less than the thickness of a real wall.
(However, this small skin depth may not be appropriate for the surface, which could have
micron-scale scratches and imperfections that enhance its area.) Also, the pulse of magnetic
field has a spectrum of frequencies, and thus there must be an integration of dP(w)/dA over
this spectrum because the skin depth and power loss depend on frequency. The power
spectrum at the surface is shown in Fig. 3.D.6. The computed power that is dissipated in the
copper surface from the passing drive bunch is found by integrating Ry(f)l He(f) | > where R =
[nfue/ o™ , using Parseval’s theorem. The spectral peak at ~ 0.8 THz is mostly the wakefield
power, while the lower-frequency peak ~ 0.2 THz is the empty-tube effect without the
dielectric. The latter accounts for substantial losses. Computing the average power from an
example of 5 x10 drive bunches per second, (14 MW witness beam power, 0.2 nC/bunch) we
find the thermal input to the copper wall is 8.5 W/cm?. Over the length of a module, this
would be a tiny fraction of the input bunch power, and a magnitude that should be easily
dissipated externally.
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Fig. 20. Magnetic field pulse tangential to the copper surface set up by the psec passage of a
5GeV, 6nC drive bunch charge (radius of inner copper cylinder wall = 1.06mm). Field is
observed at z = 3800um, y = 0, x = -1060.5um (just outside surface).

4x10°

E\ \—-; Powér[ N

3x10°

Power (Wm"2)

1x10°

|

|

210° T
!

|

.’

0 / I\\.J"'.-'".'*).JL.-"‘--'-..-!-..--- mnna

0,0 05 10 1,5 2,0 25
Frequency (THz)

Fig. 21. Pulse power intensity spectrum from the passage of the drive bunch at the surface of
the copper wall, at the location given in Fig. 20.

As far as dissipation in the dielectric is concerned, the central dielectric element is the
most critical, because it is thermally isolated from its surroundings, and thus must cool by
radiative transfer. The outer shell is thin, and diamond has a large thermal conductivity and is
located adjacent to the copper vacuum wall, hence the outer dielectric wall temperature is
determined by the copper jacket and its heat sink. As a single 6-nC 5- GeV drive bunch
moves along the accelerator, it excites a short traveling section of intense fields in the
dielectric, forming a radiation pulse ~ 10™*? sec in duration (300 microns long), with an
internal electric field ~300 MeV/m when averaged over radius and different interfering
modes. Next we compute the wave attenuation factor by the dielectric components, each
having a loss tangent 10™ and a total filling factor of 0.03. From this we obtain, after
accounting for the specific heat of the material and the short pulse length, a temperature rise
of 10™ °C per drive bunch in the dielectric; thus, a total rise ~ 5°C from 5 x 10* drive bunches
in one second (one second is probably less than the radiative cooling time constant of the
central alumina tube). Fortunately, the peak operating temperature of alumina is 1700 °C, but

high pulse repetition rate introduces the complication of appreciable dielectric heating in the
20



module. (The repetition rate depends on the demands of the collider and the witness bunch
charge that must be used,; the latter could be as high as 0.2nC.

We have also studied a simple scheme about how annular drive bunches might be
injected into a new section following a preceding module where the drive bunch energy has
become too low due to accumulated drag losses. We propose a simple length of space that the
injected bunch must traverse, in which a 1-T magnetic field transverse to its motion is
imposed. The length of this vacuum inter-modular space is taken to be 0.5 m. Electrons in
the small, short annular 5GeV drive bunch will have a radius of curvature ~ 17 m, which
should cause a deflection ~ 8 mm in the half-meter travel distance: this is more than adequate
clearance between the injected bunch and the accelerator beam-line. In this magnetic field,
the witness bunch (>30GeV) will suffer much less deflection, and the spent drive bunch will
suffer much more deflection than the injected bunch. We are interested in what complications
the centripetal drift and the space charge field might cause. For computational purposes, the
moving annular bunch is enclosed in a cylindrical metal tube having radius 3 cm. Table IV
gives the parameters of this run. In Fig. 21 we see the transverse profile of a central section
of the short THz bunch at z = 65.5cm, it having been deflected by 1.4 cm. The bunch motion
at this distance shows the bunch has no serious change in profile (minor changes in energy are
shown in color). There was no important change in axial charge distribution. From this, we
conclude that this simple scheme of injecting an annular bunch into the accelerator beam-line
should be successful.

Finally, a word regarding alignment issues for the THz structure. Although the drive
bunch energy is much higher than for the experiment to be run at AWA, the module is longer
(~ Im maximum). Thus, we expect the alignment tolerances to be tighter. In order to
estimate the requirement, lacking computational power as described earlier, we scaled up the
deflecting force to see a deflection of the witness bunch at a travel distance of ~5 mm. We
used 5 GeV for the energy of the witness and drive bunches, increased the drive bunch charge
to 600 nC, and chose a drive bunch displacement of 50 um off the axis of symmetry. The
deflecting force was found to be linear in these quantities. First we determined that the
centered drive bunch would cause no deflection, and then found that the 50 um off-centered
drive bunch would cause a witness bunch deflection of 6.3um in 5 mm travel. If the drive
bunch actually contains 6 nC and is displaced 5 um, the witness bunch should suffer 1/1000
of that displacement. Then we can then scale the travel length for 1 m (deflection scales as
[distance]?) and witness bunch energy (deflection scales as 1/y) to 25 GeV (much less than the
typical energy of a witness bunch in a collider). Such a witness electron then would deflect
only 50 um in traveling 1 m.
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Radius metal cylinder waveguide R, 30mm
Length of cylinder waveguide 1000mm
Bunch axial RMS dimension @, (Gaussian charge distributition) 0.04mm
Full bunch length (=2 cutoff length of bunch) 0.2mm
Outer drive bunch radius (Box charge distributition) 0.7mm
Inner drive bunch radius 0.4mm
Drive bunch energy 5 GeV
Drive bunch charge 6 nC
Cathode length Smm

Table IV. Simulation parameters for the 5GeV 6nC annular drive bunch moving across a 1-T
magnetic field.
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Thus, a 5 um alignment tolerance for the annular drive bunch appears to be a
reasonable goal. Is this achievable? The recent successful operation of the 1.5A° FEL at
SLAC required 5 um alignment tolerances of its undulators over a distance of 112 m: so we
are not asking for the impossible.
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Fig. 23a. Test case for perfect alignment: 600 nC hypothetical drive bunch, showing a section
of the 50 um diameter 5 GeV witness bunch after it has moved 18 psec through its 100 um
diameter witness channel (outline, gray ring) in our CDWA structure.
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Fig. 23b. Same as above, but now the drive bunch is displaced 50 um from the axis of
symmetry, causing the witness bunch here to be deflected 6.3um.
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A THz Coaxial Two-Channel Dielectric Wakefield
Structure for High Gradient Acceleration
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Abstract. A coaxial two-channel dielectric wakefield structure is examined for use as a high gradient accelerator. A
THz design, having radius ~1mm, is shown to provide GeV- level acceleration gradient, high transformer ratio, and
stable accelerated bunch motion when excited by a stable-moving 5-GeV 6-nC annular drive bunch.

Keywords: wakefield acceleration, coaxial two-channel dielectric waveguide structure, collider.
PACS: 41.75.0v, 41.75.Lx, 41.75Ht, 96.50.Pw

INTRODUCTION

A new concept [1], a coaxial dielectric wakefield accelerator structure (CDWA), has been proposed that uses
two hollow concentric dielectric tubes with vacuum channels for drive and accelerated bunches; the outer
dielectric tube is enclosed by a metallic jacket (Fig. 1). In [1] an analytic theory was developed and a number of
examples were studied using a PIC code. An annular drive bunch is to be decelerated in the wider outer channel
by setting up Cherenkov wakefields, and a “witness” or “test” bunch is to be accelerated in the narrower
diameter inner channel. This arrangement yields a transformer ratio T >>1, while the circular symmetry can
provide a high acceleration gradient ( > 1 GeV/m) and a focusing force on the test bunch. The latter appears as a
consequence of the “quenching wave”, a significant field component that is set up by the entry of the drive
bunch into the structure. The quenching wave moves more slowly than the drive bunch.

dielectric(ceramic)
pipes

drive bunch

FIGURE 1. Schematic of the CDWA structure, showing a single annular drive bunch followed by an accelerated test bunch
that moves along the axis.

A structure concept with circular symmetry is an improvement upon the rectangular two-channel dielectric
wakefield accelerator [2], currently under test [3] at the Argonne Wakefield Accelerator facility, because zeroth-
order transverse deflecting forces on the test bunch do not arise. The nested inner dielectric cylinder requires
support: we suggest that this can be provided by a series of spaced carbon nanotube filaments attached to an
aligning servomechanism. In this paper we shall summarize our findings about this structure and provide a
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simple example of how it might operate as a collider; in a companion paper [4] is presented studies of alignment
and stability issues.

DESIGN AND NUMERICAL RESULTS

A design study has been carried out for a sub-THz coaxial DWA that could have relevance to a future
collider application. The purpose of this work is to determine if this technology can provide a path towards a
TeV machine, and identify where advantages and potential problems occur. Table | provides a list of parameters
that we have chosen; note the radius of the structure is ~1 mm. The radii and thicknesses of the dielectric
cylinders determine the wakefield period and size of the on-axis wakefield longitudinal gradient that would
accelerate to higher energy a lower charge, co-moving, delayed witness bunch. The analytic theory finds that two
modes are excited strongly. The amplitude of the composite wakefield along the axis is shown in Figure 2.
Important wakefield modes, which

TABLE I. Parameters of the THz CDWA design example (diamond dielectric).

Design mode ~912 GHz
Boundary condition Electric + open output end
Surrounding space Vacuum
Outer radius of copper waveguide 1160.5 um
Inner radius of copper waveguide 1060.5 um
Conductivity of the copper, o 5.8-10° S/m
External radius of outer coaxial cylinder R, 1060.5 pm
Inner radius of outer coaxial waveguide R; 1047.5 um
Accl. channel radius (inner radius of inner coaxial cylinder) a 50.0 um
External radius of inner coaxial cylinder b 89.5 um
Real part of relative dielectric constant &' 5.7
Tangent delta of dielectric losses at frequency 170 GHz 0.00013
Bunch axial RMS dimension 20, (Gaussian charge distributition) 69.28 um
Full bunch length (cutoff) 173.2 um
Outer drive bunch radius (box charge distribution) 718.5 um
Inner drive bunch radius 418.5 um
Drive bunch energy, charge 5 GeV, 6nC
Witness bunch energy 5 GeV
Witness bunch charge 0.01 nC
Number of bunches 1

have wavelengths ~ 400 pum, are excited to different amplitudes by the passage of a single 6 nC, 5 GeV annular
drive bunch, such as might be provided by a conventional efficient rf linac accelerator. The composite wakefield
accelerating force at the location where the witness bunch should be positioned behind the drive bunch is 580
MeV/m. The analytic theory assumes an infinitely long structure, thus the wakefields repeat periodically behind
the drive bunch. The transverse force computed from the analytic theory is found to be in quadrature with the
axial force, so the transverse force on an electron located slightly off the axis of symmetry at the peak of the
axial force is zero. However, this is not born out by the PIC calculation, which includes the important effect of
the more realistic boundary condition where the drive bunch enters the structure.
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FIGURE 2. Axial profiles, calculated from analytical theory, of the longitudinal individual and composite forces of the Eg ,,
modes acting on a test electron along the center of the accelerating channel. The drive bunch moves from right to left and its
center (maximum charge) is located at z = 0. These calculations do not include the quenching wave.

Figure 3 shows a map of the longitudinal electric field set up by the wakefield obtained from a PIC
simulation; the quenching wave (group velocity is less than ¢ and the particle velocity) that is caused by the input
boundary interferes with the otherwise orderly oscillation of the wakefield behind the drive bunch, for z <
3300um. Between the drive bunch and the quenching wave front is a region where the conventional wakefield
oscillations occur. A plot of the accelerating force on the axis and the radial force near the axis is shown in Fig.
4, where a peak accelerating force of 520 MeV/m is found. This force is slightly lower than that predicted by
analytic theory because of the extra waves that must appear as the drive bunch enters the structure at z = 0.
Figure 4 shows the radial force acting on a witness electron located slightly off the axis of symmetry that has a
focusing sense at

E,(t=13.2psec,y=0) MV/m

1000
615.0
473.1
500 331.3
189.4
E; 0 47.50
x -94.38
-500 -236.3
-378.1
-520.0

-1000

4000 3500 3000 2500 2000 1500 1000 500 0

z (um)
FIGURE 3. Map of the axial electric component of wakefield when the drive bunch has moved 13.2 psec and is found at z =
3.88 mm from the entrance (z = 0). The witness bunch would be located at the central blue zone of high E, field, z = 3500
pm.

the location of the peak longitudinal force where the witness bunch should be located; this focusing pulse of
force has been found to follow the test bunch along the structure in this design and others. From analytic theory,
we have also found that the radial profile of the longitudinal force is nearly flat (Fig. 5), which favors uniform
acceleration of a finite width bunch. Slightly different designs reveal a longitudinal gradient as high as 1.4
GeV/m; thus an average gradient for a structure assembled of many modules spaced apart might exceed 500
MeV/m.
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dielectric shells is highlighted in yellow, and location and width of the 5-GeV drive bunch is shown in gray. Notice the large
ratio of field amplitudes between the two channels.

A six-zone structure that contains an additional thin-walled dielectric cylinder and an additional empty anulus
has been found to cause an increase of the transformer ratio from 6:1 to ~ 14:1 in single bunch operation. On the
other hand, the use of a short train of drive bunches having ramped charge [5] and different spacing has been
found to increase the transformer ratio and efficiency in a collinear wakefield accelerator experiment. Our recent
paper reports that a train of four annular drive bunches has good stability against small lateral displacements [1]
which might otherwise cause a beam breakup instability in a multibunch collinear structure; this technique for
enhancing transformer ratio has been investigated for use in the coaxial configuration. An train of differently
charged and differently spaced drive bunches has been found to increase the transformer ratio by as much as a
factor of 6.

We have studied stability of the drive bunch as it moves along the structure, starting from a position of
symmetry. A lengthy computer run was necessary, and Fig. 6 shows three axial slices of the annular drive bunch
after it has traveled 50 cm along the structure. The sections are respectively the head, central zone, and tail of
the Gaussian-distributed charge in the bunch. There appears to be some modification of the bunch structure,
causing the head to expand and the tail to contract; however, no instability appears and few particles appear to be
lost if the motion continues as far as 1 m.

29



el

.012e9

.001e9
.992e9
.983e9
.975e9
.966e9
.958e9
.949e9
.940e9
.932e9
.923e9
.914e9
.906e9
.897e9
.888e9

.873e9

Monitor pic 2d monitor 3
Plot type Energy

Total charge -1.60389e-011 C
Particles 4370

Frame 2/ 36

Time 1.65115 ns

& FEEFEEEEESEEEEESEO 0N

el

.012e9

.09199.
.992e9
.983e9
.975e9
.966e9
.958e9
. 949e9
. 940e9
.932e9
.923e9
.914e9
. 906e9

.897e9
.888e9
873e9

el

.012e9
.@0199!
. 99209 1

5

5

J.|.

4.983e9 4
4.975e9 4
4.966e9 4
4.958e9 ¢
4.949e9 4
4
i
J.|.
4
q
l‘.
4
4

Monitor pic 2d monitor 3
Plot type Energy

Total charge -3.1038%e-010 C
Particles 4370

Frame 16 / 36

Time 1.65143 ns

F FrrErrrrrrrrrerrrcrrrr o

.940e9 -
Monitor pic 2d monitor 3

Plot type Energy

Total charge -2.34095e-013 C
Particles 4370

Frame 30 / 36

Time 1.85173 ns

.932e9
.923e9 4
.914e9 1

. 906e9 1
.897e9
.888e9
.873e9

FIGURE 6. Transverse distribution of simulated drive bunch particles, approximately 50 cm beyond entry point. Top: bunch
head; Middle: bunch midsection; Bottom: bunch tail. Slices of the bunch 0.02 psec wide are shown. The inner and outer
cylinders of dielectric are indicated in dark green. Colors indicate energy of particles (scale right).

COLLIDER EXAMPLE

The above study of the stability of the 6 nC, 5 GeV annular drive bunch finds that the motion is stable to 50
cm and beyond; thus we might contemplate a collider made up of ~1 m modules separated by small gaps to
allow pumping and beam focusing. These modules would be grouped into a “section”, through which a single
drive bunch is passed, loses most of its energy, and then is deflected from the beam-line by a 1-T zone of
transverse magnetic field; a new drive bunch is then deflected into the beam-line to power the next section, etc.
Taking the average gradient to be 500 MeV/m, leads to need for a 3km length to accelerate the witness bunch to
1.5 TeV. For a transformer ratio of 6:1, the number of sections is then N = 1500 GeV/(6 x 5 GeV) = 50; the
energy gain in each section is 30 GeV and the length of each section is 60 m. If the repetition rate of the
accelerator is 50 kHz (witness bunches per second), the power input to this branch of the collider is 75 MW. The
next issue is how large should be the charge of the witness bunch? A study of the effect of witness bunch charge
upon the gradient is given in Figure 7 (loading). Two points along the bunch are studied: a leading point in the
bunch head, and one at the center of the bunch. The witness bunch is positioned so that its center is at the peak
of the accelerating wakefield waveform, so the head of the bunch experiences reduced gradient; however the
head suffers very little loading because there is very little charge ahead of it. The center of the witness bunch
suffers a much larger loading effect; thus, we choose for it a charge = 0.1 nC which appears to avoid excessive
loading. The witness bunch current is then 5 pA, the witness beam power is 7.5 MW, and the efficiency of
power conversion is 10%. This “efficiency” can no doubt be improved upon by further design studies.
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FIGURE 7. Loading of witness bunch charge on the acceleration gradient (see parameters, Table 1).

Ohmic power loss into the accelerator conducting wall is found to be ~10 W/cm?, and a temperature rise ~ 5°

C in one second due to losses in the inner dielectric cylinder is to be anticipated at the 50 kHz rate of operation.
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Abstract. We have designed a mm-scale THz Coaxial Dielectric Wakefield Accelerator structure to produce acceleration
gradients approaching 0.35 GeV/m per each nC of drive charge when excited by an annular-like bunch, which we propose
to build and test at FACET/SLAC. The details of design and experimental plans are presented.
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INTRODUCTION

A new scheme [1] for a dielectric wakefield accelerator has been proposed that uses two hollow concentric
dielectric tubes with vacuum channels for drive and accelerated bunches. Such a two-channel coaxial dielectric
accelerator (CDWA) can be a promising candidate for a future TeV [2] collider. The scheme of the CDWA
structure consists of two coaxial dielectric tubes, enclosed one inside the other, with two vacuum channels for
the annular drive bunch and an accelerated witness bunch. In addition to providing a high acceleration gradient
~ 1GeV/m for mm-scale structures, the two-channel structure has a larger transformer ratio than the single-
channel DWA, the transverse forces acting upon the bunch to be accelerated are focusing, and the annular drive
bunch has been shown to move an appreciable distance without undergoing distortion or deflection [2]. An
experiment is proposed for conduct at FACET (SLAC) to test a mm-scale THz CDWA using their “point-like”
drive bunch. While it might appear initially that only an annular bunch could be used to set up the desired
wakefields in this structure, we can show that the point drive bunch will establish the fields we wish to study;
furthermore, we shall show how we may obtain information from this study whereby the data can be compared
with theoretical simulations obtained with the CST STUDIO code. Experience with this THz structure, together
with information obtained from a cm-scale GHz structure now under study at the Argonne Wakefield
Accelerator facility (ANL), will provide the necessary stimulus for further possible development of this type of
DWA structure for collider applications.

DESIGN OVERVIEW

The basic configuration for this type of DWFA is shown in Fig.1. One or a few annular drive bunches can be
used to produce the wakefields. When several drive bunches are used, the ratio of drive bunch charges and the
distances between bunches should be adjusted to constitute a ramp bunch train with constructive wake fields [3].

The structure and related parameters are presented in Table I; it is instructive to also show in Table Il the
parameters of the cm-scale coaxial structure that is being tested at AWA/Argonne. Both structures are to be
driven by a single drive bunch; the THz structure will be excited by the ~3-nC 23-GeV bunch available at
FACET, and the GHz structure is to be excited by a 14-MeV AWA near-annular bunch with charge up to 50 nC.

There are several modes excited in each structure; the design mode for the THz structure is Eq4 at 0.472 THz,
while the design mode for the GHz version is Eg, at 18.8 GHz. The test bunch should lag the drive bunch by
~700 microns to experience acceleration in the THz structure, and by ~17 mm in the GHz structure. Figs. 2-3
present some drawings and photos of these structures.

*Work supported by DoE, Office of High Energy Physics
"sergey.shchelkunov@gmail.com
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FIGURE 2. Basic configuration for coaxial type of DWFA (left), and an example of the fields one might find in such a
structure (a so-called field map is shown that presents E, in the z-x plane after the bunch has moved 92 mm).

TABLE 1. THz (mm-scale) coaxial structure parameters.

parameter value
OD of outer dielectric tube (mm) 2.0
ID of outer dielectric tube (mm) 1.0
OD of inner dielectric tube (microns) 360
ID of inner dielectric tube (microns) 100-150
Length (mm) 21
Dielectric constant (quartz) 3.75
Acceleration Gradient (MV/m/nC) 317-220
Transformer Ratio (1 drive bunch) 4.7:1 -3.3:1
TABLE II. GHz (cm-scale) coaxial structure parameters.
parameter value
OD of outer dielectric tube (mm) 30.16
ID of outer dielectric tube (mm) 27
OD of inner dielectric tube (mm) 8
ID of inner dielectric tube (mm) 4.8
Length (mm) 100
Dielectric constant (Al,O3) 9.8
Acceleration Gradient (MV/m/nC) 0.4
Transformer Ratio (1 drive bunch) 6.5:1

The most challenging aspect of micro-fabrication of the THz-scale structure is to support the inner ceramic
pipe, while having it centered with the outer pipe. We achieved this by using three pins at either end of the
structure as shown in Fig. 2 (at right). The pins are made out of the same ceramic material as the inner pipe, and
are secured by micrometer screws. One can use a digital microscope (with the output on a computer screen) to
observe the position of the inner pipe when performing its alignment. Three sectors are formed between the pins
in the outer channel; this is a suitable arrangement since it is expected ultimately to have a point-like electron
bunch [see the following sections] that has transverse dimensions that will fit into a single sector.
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FIGURE 2. (left) Cross-section view of the THz structure to be tested at FACET (dielectric tubes are in blue), and a digital
photo showing that the inner ceramic tube is supported by 3 alignment pins, and is centered [see explanations in the text].
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FIGURE 3. (left) Photo of the GHz structure being tested at AWA/Argonne, and a frame-grabber snapshot of the annular
drive bunch beam at AWA (screen calibrated in pixels) together with a centered, delayed witness bunch. Further efforts are
underway to form a more uniform ring distribution for the drive bunch. The ring shown has 20 nC of total charge.

PLANNED EXPERIMENTS

The experiment with the THz-structure at FACET will use a point-like beam to probe the structure. We will
show below that this allows us to obtain information sufficient to draw conclusions about the structure’s
behaviour when it would be excited by an annular bunch.

The experiment at AWA/Argonne uses a ring-like bunch. Fig.3 (right) shows results of our first attempt to
produce such a bunch.

In the initial stage of the experiments at FACET, the plan is to direct the electron bunch to either the outer,
annular channel or the inner channel, and to compare the amount of THz radiation produced (see Fig 4). The
amount of radiation yields the ratio of drag forces acting on the drive bunch when it goes through each channel,
and is computed to be ~ 5.3 for the case of the 100 um central channel and ~4.0 for the case of the 150 um
central channel. As of now, a 2cm-long module has been manufactured, shipped to FACET, and awaits
installation on the beam-line.

In the second stage of the FACET experiment, the plan is to determine the fields produced by a point-like
bunch in the inner channel (Fig. 5) by measuring the energy change of the drive bunch itself, which should yield
the deceleration gradient. Together with information obtained at the first stage, this will allow us to infer the
transformer ratio and the acceleration gradient that would occur in this structure when it is driven by an annular-
like beam as described in [1,3,4].

The experiment at AWA will use a test bunch to probe the fields; if this test bunch is situated ~56 ps behind
the drive bunch, it should undergo peak acceleration. The probing technique and measurement procedures will
be the same as used before when investigating the rectangular two-channel GHz-scale DWFA [5].
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FIGURE 4. At FACET, the plan is to direct the e-beam to either the outer, annular channel, or inner channel and compare
the amount of THz radiation produced (the right-hand side shows an example of spectrum expected when the e-beam goes
through the inner channel).
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FIGURE 5. Prediction of the fields produced by a bunch propagating in the inner channel (FACET experiment). The drive
bunch propagates in the direction shown by the arrows. On the left-hand side, the blue curve presents the composite F, force
along the axis of the structure (in the inner, tube-like channel), and the red curve presents the composite F, in the annular
channel, as setup by a 3nC point-like drive bunch moving along the axis of the structure (in the inner channel). At the first
acceleration peak, the composite force delivers an acceleration of ~9 GV/m.

A RAMPED BUNCH TRAIN CONCEPT

A ramped bunch train (RBT) technique was proposed some time ago to allow nearly the same energy loss for
all drive bunches in a train, and thus to generate a high transformer ratio TR. By now, there a few publications
on the subject, among them that by Kanareykin and co-authors where an experiment is described demonstrating
the technique for a single channel device [6]. We have investigated the RBT for the coaxial configuration [3].
Presently, the technique is being considered for a cm-scale device (an experiment that can be done at
AWA/Argonne); but the feasibility for THz-scale coaxial structures might be investigated too, if and when
suitable, multiple, annular-like bunches become available.

Basically, the recipe is to (a) take the first bunch with the charge Q,, compute TR and the location of the first
trailing acceleration peak; (b) place the second bunch at that location, and select its charge to be Q, = Q; x (1+
TR)), and (c) repeat this algorithm stepwise; that is, for a bunch train with n-1 bunches, one should find TR,
find the closest acceleration peak, and place there the n™ bunch having its charge Q, = Q; x (1 + TR,;). The
placement and charge of each bunch in the train are thereby determined with the assistance of a numerical
computation that determines the resulting wakefield at each step. This will optimize the energy loss of the train
of drive bunches.

Further details can be found in [3] and in references therein.
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Dielectric-lined  structures  are  appealing
candidates for a future collider or other accelerators
because they offer simplicity and cost-effectiveness,
withstand high fields, and can be configured to
provide direct energy transfer from the drive bunch
train to accelerated bunches without intermediate
coupling elements (waveguides, input/output
couplers, etc). Promising versions are those that have
two distinct adjacent channels — one for the drive
bunch train and the other for the accelerated bunches
— because these versions can exhibit both high
transformer ratio and appreciable gradients, while not
requiring sophisticated means to profile the drive
bunches or the drive bunch trains to obtain desired
performance [1, 2, 3].

An overview of recent work (at Yale University
and Argonne National Lab., USA) on two-channel
rectangular and coaxial dielectric lined structures
[Fig.1] is presented covering numerous topics such as
a recently conducted proof-of-principle experiment.
We shall also describe theoretical investigations of
cm-scale (GHz) and mm-scale (THz) structures that
are excited by a ramped bunch train, together with an
extensive study of bunch stability issues. The

described work is supported by US Department of
Energy, Office of High Energy Physics.
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Fig. 1. Examples of two-channel rectangular (a), and

coaxial (b) dielectric-lined structures. Note that the number
of drive bunches may be greater than one

a)

A recently conducted  proof-of-principle
experiment with a rectangular 10-cm long two-
channel module is the first experiment to test the 2-
channel DWA concept. The experimental objective
was to design, build, and test a 2-channel dielectric
wakefield structure and compare results with theory
model predictions via observations of the test bunch
energy acceleration and transverse kick. The
experiment was carried out at the AWA beam-line
(Argonne National Lab). The structure is designed to
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have a maximum transformer ratio (TR) of ~12.5:1. It
is excited by a single drive bunch, and operates
mainly in the LSM3; mode (~ 30 GHz). The time-
delayed test bunch is produced off-axis on the same
photocathode where the drive bunch is produced. The
dielectric liner is cordierite (dielectric constant ~
4.76). Details of the experimental setup are described
in [4]. One notes that the 10-15 nC drive bunch was
typically off the channel center by 2-3 mm [Fig.2].
However, this did not prevent obtaining data to
confirm the theory.
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Fig. 2. (Top, left) Cross-section of the apparatus (dielectric
slab thicknesses, from left to right, are 1.26, 2.03 and 1.06
mm); and (bottom) its position in the AWA beam line

Data were collected for different delays between
the drive bunch and the test bunch, including
measurements of the energy gain or loss received by
test electrons, and the horizontal kick they received.
The latter is processed to obtain the value of the
horizontal deflecting force responsible for bunch
deflection [5]. Space limitations prevent us from
presenting here the results for more than one value of
test bunch delay.

With a delay of ~11 mm or ~37 ps [Fig.3], a jitter
of 50-60 keV, and an energy slit error of 77 keV
required recalibration of the data. The resulting
inferred energy loss was up to 65 keV, while the
energy gain was in the range 65 — 150 keV; the
average energy change was ~50 keV. The horizontal
kick that led to the typical shifts presented in Fig.3
ranged from -2.45 to -5.2 mrad, averaging -3.9 mrad.
When the aforementioned values are scaled to a 50 nC
drive bunch charge, excellent agreement is found
between theory and the measurements [Fig. 4]. To
have loss, the accelerating force F, (re-computed for a
50 nC drive bunch) must be up to -2.85 MeV/m; to



have the observed gains, F, must be between 2.85 and
6.7 MeV/m; to have the obseved x-kicks, the
horizontal deflecting force Fy (re-computed for a 50
nC drive bunch) must range between -1.72 and -3.6
MeV/m, and be on average -2.8 MeV/m. All these
values (pointed at by the arrows) can be found on the
F,(z) and Fx(z) theoretical curves just where the test
bunch was located.
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Fig. 4. Theoretical simulations of F, and F as obtained by
use of CST Microwave Studio for the test channel

In summary, the theory model predictions are
well confirmed by the experimental data.
Considering Fig.4, one may note that moving a
narrower bunch to a delay of 9 mm would allow both
high acceleration and low deflection. However in
general, deflection in a rectangular configuration is an
intrinsic feature. An exceedingly far better choice for
accelerator applications is a coaxial geometry, where
inherent symmetry implies no undesirable deflection
[3].

The planned near-term  proof-of-principle
experiment with a coaxial structure will be installed
and operated at AWA-Argonne in 2011-2012. The
structure uses two alumina (dielectric constant ~9.8)
100 mm long pipes. The outer pipe has OD 30.16
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mm, and ID 27 mm; the inner pipe has OD 8 mm, and
ID 4.8 mm. The structure is to be driven by a single
14 MeV annular bunch having charge up to 50 nC.
The structure is to be mainly excited in the TMg,-
mode. This module is predicted to exhibit TR 6.2:1,
and acceleration gradient 18 MV/m. The experimental
objectives are the same as they were for the
rectangular module.

Another experiment that may be conducted in
collaboration with AWA-Argonne after the planned
upgrades [6] is to test the so-called ramped bunch
train (RBT) concept [7]. In [8], a cm-scale example
of this was described for coaxial geometry, and a
recipe was obtained to enhance TR up to ~17:1
following only four drive bunches. Most importantly,
the proposed scheme ensures that all the drive
bunches undergo the same deceleration.

Coaxial mm-scale structures are promising
candidates as acceleration modules for a future multi-
TeV collider because they should provide high
transformer ratio and large accelerating gradient,
should have transverse forces acting on the
accelerated bunch that are focusing, and can be
designed to have weak drive bunch instabilities that
permit utilizing the drive trains over long distances [3,
9]. In [10], an example is given for a mm-scale
coaxial module that would operate in the TMg,-mode
at ~912 GHz, and when driven by one 6 nC bunch
would exhibit ~520 MV/m accelerating gradient in a
~100 micron-diameter inner channel. [The outer
channel has OD ~1 mm]. The RBT concept is under
further study, and drive and test bunch stability issues
are being investigated as well [9, 10].
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Abstract

A mm-scale THz coaxial dielectric-lined two-
beam wakefield accelerator concept is currently
under study by Yale University Beam Physics
Lab and collaborators. Performance of this
structure is based on use of annular drive
bunches. The structure has the attractive feature
that the drive and accelerated bunches both have
good focusing and stability properties, and also
exhibits a large transformer ratio. We have had
recent successful experiments at AWA/Argonne
National Lab with a cm-scale GHz rectangular
dielectric-lined two-beam accelerator module,
and plan further activity there with a cm-scale
GHz coaxial structure. The research reported
here has two objectives. The first is to design a
structure to produce acceleration gradients on a
scale of 0.35 GeV/m per each nC of annular
drive charge. The second goal is to build and
test the structure at FACET/SLAC. At FACET
the structure can be excited only with the
available pencil-like drive bunch, but a
reciprocity principle allows one to infer some of
the properties that would be seen if the
excitation were to be by an annular drive bunch.
This presentation shows our latest findings,
discusses related issues, and discusses our plans
for experiments.

Introduction

In [1], a new scheme for a two-beam
dielectric wakefield accelerator was proposed
that uses two hollow concentric dielectric tubes
with vacuum channels for drive and accelerated
bunches. This two-channel coaxial dielectric
accelerator (CDWA) appears to be a promising
candidate for a future TeV-scale collider [2].

The CDWA structure consists of two coaxial
dielectric tubes enclosed one inside the other,
thereby forming two vacuum channels, the outer
for the annular drive bunches and the inner for
accelerated witness bunches. It could provide a

high acceleration gradient, in the GeV/m range
for mm-scale structures, while demonstrating a
larger transformer ratio (TR) than would a
single-channel structure. The transverse forces
acting upon the accelerated bunch can be
focusing, while the annular drive bunch has
been shown to move an appreciable distance
without undergoing distortion or deflection [2].

An experiment is now underway at FACET
(SLAC) to test a mm-scale THz CDWA using
their point-like drive bunch. It might appear
that only an annular bunch could be used to set
up the desired wakefields in this structure.
However it can be shown that the point drive
bunch will establish the fields one wishes to
study; furthermore, it will be shown how one
may obtain information from this study whereby
the data can be compared with theoretical
simulations obtained with the CST STUDIO
code.

Experience with this THz structure, together
with information obtained from a larger GHz
structure now under study at the Argonne
Wakefield Accelerator facility (ANL), could
provide the necessary stimulus for further
development of this type of DWA structure for
a collider-type accelerator.

Design Overview
The basic configuration for this type of
DWFA is shown in Fig.1.

metal

dielectric annular
drive
test bunch bunch

Figure 1. Coaxial CDWA schematic.



One or a few annular drive bunches can be
used to produce the wakefield. When several
drive bunches are used, the ratio of drive bunch
charges and the distances between bunches
should be adjusted to constitute a ramp bunch
train with constructive wake fields [3].

The structure and related parameters are
presented in Table I; it is instructive to also
show in Table II the parameters of the cm-scale
coaxial structure that is being tested at
AWA/Argonne. Both structures are to be driven
by a single drive bunch; the THz structure will
be excited by the ~3-nC 23-GeV bunch
available at FACET, and the GHz structure is to
be excited by a 14-MeV AWA annular bunch
with charge up to 50 nC.

There are several modes excited in each
structure; the design mode for the THz structure
is Eo4 at 472 THz, while the design mode for the
GHz version is E(, at 18.8 GHz. The test bunch
should lag the drive bunch by ~700 microns to
experience acceleration in the THz structure,
and by ~17 mm in the GHz structure. Figs. 2-3
present some drawings/photos of these
structures.

Table I: THz (mm-scale) coaxial structure

parameters

OD of outer dielectric tube (mm) 2.0

ID of outer dielectric tube (mm) 1.0

OD of inner dielectric tube (microns) 360
ID of inner dielectric tube (microns) 100-150

Length (mm) 21

Dielectric constant (quartz) 3.75
Acceleration Gradient (MV/m/nC) 310-138
Transformer Ratio (1 drive bunch) 8:1-7:1

Table I1: GHz (cm-scale) coaxial structure

parameters
OD of outer dielectric tube (mm) 30.15
ID of outer dielectric tube (mm) 27
OD of inner dielectric tube (mm) 8
ID of inner dielectric tube (mm) 4.8
Length (mm) 100
Dielectric constant (Al,O;3) 9.8
Acceleration Gradient (MV/m/nC) 0.4
Transformer Ratio (1 drive bunch) 6.5:1

*Work supported by DoE, Office of High Energy Physics
*sergey.shchelkunov@gmail.com

———— A kg 2X3X g2-56
% R~ set screw

beam line D)

‘ e e |
“ Z/ /:&\?t

1 SRSRSSS— A
3\ 4@

Figure 2. Cross-section view of the THz structure to be
tested at FACET (dielectric tubes are in blue)

Figure 3. Photo of the GHz structure being tested at
AWA/Argonne.

Planned Experiments

The experiment with the THz-structure at FACET will
use a point-like beam to probe the structure. We will
show later that this allows us to obtain information
sufficient to draw conclusions about the structure’s
behaviour when excited by an annular bunch.

The experiment at AWA/Argonne uses a ring-like
bunch. Fig.4 shows results of our first attempt to produce
such a bunch.

YAG screen perimeter Drive beam

. 800

Figure 4. Frame-grabber snapshot of the annular-like
beam at AWA (screen calibrated in pixels). Further
efforts are under way to form a more uniform ring
distribution. The ring shown has 20 nC of total charge.

In the initial stage of the experiments at FACET, the
plan is to direct the e-beam to either the outer, annular
channel or the inner channel, and to compare the amount
of THz radiation produced (see Fig 5). The amount of
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the amount of THz radiation produced (the right-hand side shows an example of spectrum expected when the e-beam
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Coaxial two-channel high-gradient dielectric wakefield accelerator
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A new scheme for a dielectric wakefield accelerator is proposed that employs a cylindrical multizone
dielectric structure configured as two concentric dielectric tubes with outer and inner vacuum channels for
drive and accelerated bunches. Analytical and numerical studies have been carried out for such coaxial
dielectric-loaded structures (CDS) for high-gradient acceleration. An analytical theory of wakefield
excitation by particle bunches in a multizone CDS has been formulated. Numerical calculations are
presented for an example of a CDS using dielectric tubes with dielectric permittivity 5.7, having external
diameters of 2.121 and 0.179 mm with inner diameters of 2.095 and 0.1 mm. An annular 5 GeV, 6 nC
electron bunch with rms length of 0.035 mm energizes a wakefield on the structure axis having an
accelerating gradient of ~600 MeV/m with a transformer ratio ~8:1. The period of the accelerating field
is ~0.33 mm. If the width of the drive bunch channel is decreased, it is possible to obtain an accelerating
gradient of >1 GeV/m while keeping the transformer ratio approximately the same. Full numerical
simulations using a particle-in-cell code have confirmed results of the linear theory and furthermore have
shown the important influence of the quenching wave that restricts the region of the wakefield to within
several periods following the drive bunch. Numerical simulations for another example have shown nearly
stable transport of drive and accelerated bunches through the CDS, using a short train of drive bunches.

DOI: 10.1103/PhysRevSTAB.12.061302

I. INTRODUCTION

In this paper we describe a coaxial cylindrical two-
channel dielectric wakefield traveling-wave accelerator
(DWFA) that is energized by a drive bunch having an
annular cross section. This configuration can have a num-
ber of unique attributes, including (a) a transformer ratio 7,
defined as the peak accelerating field that can be applied to
a test particle divided by the average decelerating field
experienced by the drive bunch, which can be considerably
greater than the value of about 2 that is typical for a
collinear DWFA; (b) design flexibility in the tradeoff be-
tween high 7 and high acceleration gradient G;
(c) fabrication of the accelerator structure which can be
comparatively simple and precise; (d) continuous energy
coupling from drive to test bunch in the central accelerator
channel without need for transfer structures; (e) single-
bunch operation with high values of G that should mini-
mize disruptions due to long-range wakefields; (f) inherent
transverse focusing forces for particles in the accelerated
bunch; and (g) nearly stable motion of the annular drive
bunch.

It will be shown below that a mm-scale version of this
class of structures can be designed with 7' >> 1 that can be
capable of developing accelerating wakefields G >

*sotnikov @kipt.kharkov.ua
"tem2 @columbia.edu
*jay.hirshfield @yale.edu
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1 GeV/m when excited by a single drive bunch with
charge of a few nC. This is naturally of great significance
because of the high magnitude of G. But it is also signifi-
cant because it is achieved with only a single drive bunch.
Several years ago, a theory was published predicting that
exceptionally high accelerating fields could be achieved in
a collinear dielectric-loaded structure by superimposing
wakefields from successive bunches in a periodic train,
so long as the bunch frequency matched the frequency of
the dominant luminous wakefield mode [1,2]. Since then,
that theory has been shown to be incomplete, since quench-
ing fields that originate at the input boundary of the struc-
ture can interfere with the longer-range components of the
wakefields, destroying their periodicity and greatly dimin-
ishing their magnitude [3,4]. Quenching fields are not
included in the theory presented in Ref. [1]. Thus, we are
now led to conclude that multibunch drive schemes with
more than a few bunches are probably ineffective, and that
single-bunch operation for a DWFA appears to be the most
promising choice for achieving accelerating gradients of
100’s of MeV/m. Accordingly, the coaxial DWFA struc-
ture described here is being studied and developed with a
long-range view towards its possible application in a future
high-gradient, multi-TeV electron-positron collider operat-
ing in a single-bunch mode. Nevertheless, an example of
multibunch wakefield excitation is presented where inter-
ference from quenching waves is not overwhelming. The
limited conditions under which this can occur will be
discussed.

© 2009 The American Physical Society
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In conventional linear accelerators, the rf power used to
accelerate the beam is derived from high-power rf ampli-
fiers. To achieve multi-TeV energies, high accelerating
gradients are necessary to limit the lengths of the two
linacs, but the number of amplifiers needed could become
excessive. Thus, alternative two-beam schemes have been
proposed [5] wherein rf power is extracted from a low-
energy, high current drive beam which is decelerated in
power extraction and transfer structures. This power is then
fed into the structures of the main linac, and used to
accelerate the high-energy, low-current main beam. The
most active two-beam project now under study is the
Compact Linear Collider (CLIC) concept at CERN [6],
where an rf frequency of 12 GHz has been chosen for the
fields in the acceleration channel, in the expectation of
sustaining a working gradient of 100 MeV/m in a metallic
structure with highly infrequent breakdowns.

In contrast to CLIC, the rf generation mechanism for the
structure proposed here is by creation of wakefields
(Cherenkov radiation) induced by passage of a charge
bunch along a dielectric-lined drive channel. This radiation
couples continuously into a parallel acceleration channel,
without need for auxiliary coupling elements. A diagram
for the cross section of the simplest coaxial structure in this
class is shown in Fig. 1. The path of the drive bunch
moving in the outer annular channel in Fig. 1 is separated
from that of the accelerated bunch that moves in the central
channel. A rectangular two-channel DWFA is now under
construction for tests at the Argonne National Laboratory
(ANL)—the Argonne Wakefield Accelerator (AWA) facil-

test bunch

dielectric

drive bunch

FIG. 1. (Color) Cross section of a coaxial DWFA. Dielectric
tubes are green, drive bunch is blue; test bunch is red, and black
outer shell is metal.

ity. In another configuration, parallel cylindrical dielectric
channels were used with a step-up coupling element be-
tween channels [7]; a prototype of that design was tested at
the ANL-AWA facility [8].

The two-channel coaxial wakefield accelerator structure
that will be investigated below is one version within a class
of multilayered dielectric-loaded accelerating structures in
which the central region and one of the concentric layers
are vacuum channels [9-11]. Use of multilayered concen-
tric dielectrics in a collinear acceleration scheme allows
concentration of the excited wakefields in the central vac-
uum channel for particle acceleration. As a consequence, it
is possible to reduce the high-frequency losses on metal
walls of a surrounding waveguide [9,11], or to discard the
surrounding waveguide altogether as in the design of the
optical Bragg accelerator [10].

It is expected that a high acceleration field (~ 1-
2 GeV/m) can be sustained in traveling-wave dielectric
structures without breakdown because the dielectric is
exposed to intense fields for only short times, according
to supporting experimental evidence [12]. The breakdown
limit of a wakefield structure is not determined by the slow
filling time of a resonant cavity by electromagnetic energy,
but rather by the much shorter time of the passing field
pulses set up by the short bunches which generate the
wakefield. The vacuum-based wakefield structure is geo-
metrically rigid and therefore could be a precisely repro-
ducible element in a staged system. Also, the structure is
capable of accurate microfabrication, an important consid-
eration when staging a large number of mm-scale modules
that must be identical. The two-channel wakefield accel-
erator is already a step forward in improving the perform-
ance and versatility of wakefield accelerators by avoiding
the requirement of collinearity between the drive bunch
train and the accelerated bunch which occurs in a single-
channel DWFA device. The continuous coaxial dielectric
configuration preserves the symmetry of the structure,
which might result in fewer beam transport difficulties
and provide a less complicated way to inject power into
the accelerated bunch line than does the point-to-point
power injection via transfer couplers as is required with
conventional accelerator structures [7]. Finally, operation
in a single-bunch mode should avoid beam disruptions that
can arise due to long-range wakes acting on following
bunches. These exceptional advantages for this accelerator
structure seem to justify continued analysis, leading to
design of a proof-of-principle experiment. This paper is
intended as a step towards that goal.

I1. DISPERSION EQUATION AND EIGENMODES

The coaxial two-channel dielectric wakefield accelerat-
ing structure analyzed analytically and numerically in the
following sections is a particular case of a general multi-
zone dielectric structure. One of the basic analytical meth-
ods for finding wakefields excited by charged particle
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FIG. 2. Cross section of an N-zone dielectric-lined coaxial
waveguide structure. The innermost vacuum zone of radius r,
is for transport of the accelerated beam.

bunches in such structures is decomposition into eigen-
modes, where the eigenfrequency and wave number for
each mode correspond to a phase velocity equal to the drive
bunch axial velocity. In this section we will derive the
general dispersion equation of a multizone dielectric struc-
ture. The equations we obtain will be valid for any number
of axisymmetric dielectric layers, each having its own
scalar value of dielectric permittivity.

The sketch of a generalized multizone dielectric struc-
ture is shown in Fig. 2. The external radius of the first layer
is ry, and its internal radius is ry. In general, the structure is
composed of a simply connected zone (for the case ry =
0), and several doubly connected zones. The external layer
of the structure (ry_; < r = ry) can be bounded by free
space or by a conducting metal pipe. Zones in which the
drive bunch and the accelerated test particle reside are
vacuum, wherein u = & = 1.

For deriving a compact form of the dispersion equation
for a multizone dielectric structure, a matrix approach with
use of corresponding transition matrices has proven effec-
tive. Recently this method has been applied for rectangular
multizone dielectric structures [1]. The essence of this
approach consists in knowing electromagnetic fields at
one boundary of a zone, from which it is possible to find
fields at the other boundary of the same zone, and then
carrying this forward to include all zones [13]. We apply
the method developed in Ref. [1] to obtain the dispersion
equation of an axially symmetrical multizone cylindrical
dielectric structure.

As trial solutions of Maxwell equations for components
of the electromagnetic fields in each layer of the dielectric
structure, we take the following:

ES = () expllitk.z — )]
ED = jel(r) explj(k.z — wi)] W

HY = h{(r) explj(k.z — w1)]

where k, and w are the longitudinal wave number and
frequency of a wave and i is the zone number (1 =i =

N). The absence of other components is valid when the
source function (drive beam) is axisymmetric. The func-
tions describing the transverse structure of the fields in the
absence of external sources are obtained:

k, del W _ kei @

el =
Keu; — k2 or’ ok

2

Taking into account Egs. (1) and (2), the solutions of the
Maxwell equations for the ith layer of a multizone dielec-
tric structure have the form

e = AD Jy(k;r) + BOY,(k;1),

3
) = A0 % g () - B0y (), )

Ki Ki

where «k? = k?g;u; — k%, J,,, and Y, are Bessel functions
and Weber functions of the nth order with n = 0, 1; and
A" and BY are arbitrary constants which are defined from
the boundary conditions. The boundary conditions com-
prise continuity of the longitudinal electric field ¢ and the
transverse component of the displacement vector sie(,i).
Taking this into account, the expressions can be rewritten
in the matrix representation,

g; ('ie(f)(r) .
& J¢ A

("'2 " ar ) = Mi(r)<B(i) ) 4
ez (r)

- ,%Jl(Ki”) - %Yl(Ki”)
J()(Kir) Yo(Ki’”)

where
Mi(’”) = < (5)

Thus, boundary conditions at r = r; can be represented by

A A+ .
Mi(rj) B(l) =Mi+1(ri) B(i+]) y 1<l<N—1

(6)
Applying boundary conditions sequentially at boundaries
r=r,n=i+1i+2...,N—1, we can express arbi-

trary constants A®) and B®¥) through constants AV and B
thusly:

AW B . . B
( ) = M; () STHDSED SNy (ry )

B
AWN-1)
X<BWI>’ (7)
where the transition matrices S?)(r;) are defined as follows:

(i) (i)
SO = My(r, M) = (Sgig(”—l’ ) St ) )
Sy(ricy, ri) Sy(ri—y, ry)
(8)

with
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; aa
S(lll)(ri—l’ r) = EKiri[Jl(Kiri—l)YO(Kiri)
- Yl(Kirifl)JO(Kiri)l
i a
S(llz)(”i—b r) = Esiri[‘ll(Kiri—l)Yl(Kiri)

- Yl(Kiri—1)J1(Kiri)],
)

>
i a Ki

S(zlf(”i—b r) = Ty [Jo(kiri—1)Yo(k;r;)
1

— Yo(k;ri—)Jo(k;ry)],

i a
S(zlz)(ri—b r) = _EKiri[JO(Kiri—l)Yl(Kiri)

— Yo(k;ri— )1 (k;r;)]

In Eq. (7), the constants AN~ and BV~ are connected
with the constants AY) and B™) in the outer layer of the
dielectric structure by a relation similar to Eq. (6). But the
constants A™ and BY) are not independent, and are con-
nected by an additional condition, taking into account the
outer border. Setting to zero the longitudinal electric field
component at the outer conducting boundary surrounding
the dielectric structure can be such a condition. The
Sommerfeld radiation condition for the dielectric structure
bounded by free space can be another possible condition.
Not concretizing this condition before consideration of a
specific dielectric structure, we will write down the bound-
ary condition at r = ry_; as

AWN=D 1
MN_I(rN_l)( -1 ) - (ZN )A<N>, (10)

where the value Z, represents a surface impedance (to
within a factor) and is given by

e;N)(rN—l)
ey 3e™M(ry_)

2
Ky ar

Zy = (1)

Expressing constants AV~ and B¥~Y from Eq. (10)
and substituting them into Eq. (7), we obtain

A e !
‘ _ Mi_l(ri)S(l+1)S(l+2) e S(N—l) A(N),
B0 Zy

| <i<N-1. (12)

At the boundary of the 1st and 2nd zones we write down a
condition from Eq. (10), namely,

A® (1 W
Mz(l"l)<B(2)> = (Z] )A , (13)
where
(1)
ez (rl)
'y el (1

K ar

1

Expressing constants A? and B? from Eq. (12) (with
i = 2), we substitute them into Eq. (13). After multiplica-
tion of the resulting matrix equation on the left by the row
(—=Z,, 1) we come to the final dispersion equation:

N—1=2

(-2, 1)( ]:[2 SW)(ZIN) = 0. (15)

The dispersion equation (15) is valid for N = 3. But it
can be generalized for a two-layer dielectric structure by
interposing a layer with coincident radii (see Ref. [1]).
Such an operation is similar to the condition that the
product of transition matrices S® in Eq. (15) is equal to
the unit matrix. The equation remains valid for a single-
zone structure (when the external boundary is a conducting
wall) if we furthermore set Z, = 0. In this manner, the
equation is valid for any number of layers of a multizone
dielectric structure.

We now provide examples for the expressions Z; and Z
for specific configurations of a multizone dielectric wave-
guide. If the dielectric waveguide has a sequence of con-
centric layers surrounded by a conducting pipe, then

Zy =2
N
. Jokyry—1)Yo(kyry) = Yolkyry—1)Jo(kyry)
—Jy(kyry—1)Yolkeyry) + Yy (kyry—)Jo(kyry)
(16)

If the dielectric structure is open to free space (ry — o,
ey = 1), then the value Z is described by

K, _
Zy = o(pnrN=1)

=PNg v a7
b Ki(pyry-1)

where py = 4/kz — k?, and K, and K are the Macdonald

functions of zero and first order.

If the first zone is a cylindrical (r, = 0) vacuum channel
then the impedance Z; at its outer surface » = r; is given
by

| Io(piry)
11(P1r1)’

Z, = - (18)

where p; =4/k2 — k%, and I, and I, are the modified

Bessel functions of a zero and first order.

Solutions of the dispersion equation (15) for fixed lon-
gitudinal wave number k, give eigenfrequencies w =
w,,(k.), and at fixed frequency w give eigen-wave-
numbers k., = k,,(w). However, in the case of the excita-
tion of a dielectric waveguide by a moving charge, the
frequencies and wave numbers are connected by an equi-
phase condition w,, = k,,vo (Where v, is the velocity of
the charge). Subject to this proviso the dispersion equa-
tion (15) gives frequencies and wave numbers for eigen-
modes that comprise Cherenkov (wakefield) radiation in
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dielectric structures that must move synchronously with
the drive charges. Having found from Eq. (4) with the use
of Eq. (12) the quantities egi) and e(ri), and having replaced
in the derived expressions the frequency @ and the wave
vector k, by their eigenvalues, we obtain the following
expressions for the electric field intensities of the eigen-
waves inside the ith layer (1 <i <N):

e = [S5)(r, 1), S (r, r)IAL, (19)

i km i i i
() = E[Sﬁ '(r, ), 8O(r, r)IAY. (20)

For determination of fields in the first zone we shall use
Eq. (13). After simple transformations we find
e (r) = (1) - (1,0A}),
(1 (1 (1) @D
€y (I") = ©@r (I”) : (1; O)Am .

In expressions (19)—(21) the quantity Af,i) is defined as

follows:

M s(, ) 1=i<n-1
N

1 C
ZN), i=N-—1.

AR =AW

(22)

Functions gagl)(r) and go(,l)(r) which define the radial
dependence of fields in the first zone are normalized so
as to satisfy Eq. (13), as follows:

eVr=rm =2, oMr=r)=1 (23)

Considering boundary conditions and Eq. (10), we write
down fields in the remaining Nth layer of the structure in
the form

() = oM AY, V() = e (nAY, 4)

where the functions gogN )(r) and, go(,N )(r) satisfy the con-
ditions

(N)

oNMNr=ry ) =2y, oNMNr=ry)=1 (25

We present as examples the expressions for functions
qo(,,l’N ) of some typical configurations. If the first zone is a

vacuum cylindrical channel, then

1 Iy(py7) a _ Lpir)
11(1’1”1)’ I](plrl)

If the cylindrical multizone dielectric structure is sur-
rounded by a metal sheath, then the radial structure of
fields in the last zone with index N is described by ex-
pressions

m_ _

Z

(26)

K
oM =N
EN
Jolknr)Yo(knry) = Yolknr)Jo(kyry)
—Ji(kyry-)Yolknyry) + Yi(knry—1)Jo(kyry)’
(27)

w _ Jilkyn)Yo(enry) = Yi(kyr)Jo(kyry)
' Jl(KN”Nﬂ)Yo(KN”N) - Yl(KN”Nﬂ)Jo(KN”N)
(28)

Finally, if the dielectric structure is surrounded by free
space,

Ko(pnr)

K, (er)
N T Y
K (pnry-1)

Ky (pyry-1)

™) _

(24 =

r

. (29)

II1. WAKEFIELD OF A THIN ANNULAR BUNCH

Next we find the fields (Green’s function) that are ex-
cited in a multizone coaxial dielectric structure by a
charged particle bunch having the shape of an infinitesi-
mally thin ring. The density of particles of such a bunch is
described by the expression

p= £5(V — 1)8(z = 20 — Vo), (30)
2mr
where r,, is the radius of the annular bunch, z, is its position
at the moment of time r =0, &(x) is the Dirac delta
function, v is the bunch velocity along z, and Q is charge
of a bunch.

Neglecting entry and exit boundary effects, we can
consider that the excited electromagnetic fields are defined
only by this external source. Therefore, the dependence of
fields upon time and longitudinal coordinates is defined
only by the combined variable ¢ = vyt — z. Then, from
Maxwell equations we obtain the following inhomogene-
ous differential equation for determining the longitudinal
electric field:

9’ES

19 [ er aEZG] ap
- — ‘ € = —4r—.
rarll — Biep or 0&? I3

Here By, = v,/c and the dielectric permittivity depends on
radius, € = &(r), u = u(r), i.e., the equation is true for
any axisymmetric radially nonuniform dielectric structure.
In the case we study here, ¢ = ¢;, w =1 when r;_; =
r<r;.

A Fourier transformation with respect to the variable ¢ is
then carried out, namely,

€1y

1 00
(B 0 = o [ de(ESp)explik €], (32)
T J -0

from which we obtain the equation for finding the Fourier
amplitudes of the longitudinal electric field:
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) dE!
! [L Z]—sk§E§=47rikzpk, (33)

rorll — Blew or
where
_ 0 .
pk = P —ik,zp). 34)

We will find the solution of Eq. (33) by decomposition
into waves, i.e.,

= ape.(r). (35)

Having substituted Eq. (35) into the left side of Eq. (33)
and having multiplied both sides of the equation by the
complex conjugate eigenfunction e, (r), and having inte-
grated both sides of the equation over the cross section of a
multilayered dielectric structure, we obtain for the decom-
position coefficients «,, the expression

ik, (0]

K2 — k2, mri_, e

ez""(rﬁ’z) expl—ik.zp)  (36)

a,, =

In deriving Eq. (36) we made use of the orthogonality
condition

m zi’l = ”ezm”25mm (37)

and that the eigenfunction e.,,(r) satisfies the equation:

10 [ er de,,(r)
rorll — B%s,u, ar

] —ek2en () =0, (38)

where §,,, is the Kronecker symbol, and |le_,,||* is the
normalizing factor of the eigenfunction e_,(r).

The orthogonality relation Eq. (37) is similar to that
found in [2], and applies for eigenwaves with equal phase
velocities (appropriate for Cherenkov excitation) in a mul-
tilayered dielectric structure. But, it was derived in [2] a
cumbersome way starting with the overlap integral for
transverse components of electric and magnetic fields in
a particular dielectric layer. By way of transformation of
this integral and summation of overlap integrals of all
layers, it was reduced to the orthogonality relation for axial
components of electric and a magnetic fields. The general
notation of the relation Eq. (38), valid in any layer, with use
of nonuniform dielectric permittivity and magnetic perme-
ability allows one to obtain at once, and in a simpler way,
the orthogonality relation for the axial component of elec-
tric and magnetic fields. Thus, we write the equation
similar to Eq. (38) for a complex conjugate function
er,(r), multiply it by e,,(r), and subtract it from
the equation (38) multiplied by ef,(r). After integration
of the obtained expression by parts we arrive at an orthogo-
nality condition. It is necessary to make use of the follow-
ing boundary conditions: for the last zone
e.n(r =ry) =0; for the first zone e_,(r =ry) =0, if
rog # 0, or e,,,(r =ry) =0, if ry = 0.

Substituting Eq. (36) into Eq. (35) and executing the
inverse Fourier transform, we obtain the final expression
for the longitudinal component of the electric field for the
annular bunch:

2 .
ES(r8) = -2 ezml(lr)e ”2("’) W&+ 2, (39)
N 1 m Zm
where
_ [cos(k,£)0(&), k; >0
q’zm(g) B {X”m(f), kgn <0’ (40)

X (&) = e nleg(g) — elnlén(—¢)], @)

6(&) is the Heaviside step function. The function Xj,,(£)
describes the axial profile of longitudinal (nonradiating)
electric field in the case of purely imaginary solutions of
the dispersion equation that corresponds to the (self)
Coulomb field of a charge, present with or without
Cherenkov radiation.

After deriving the expression for the longitudinal field
ES(r, £), the other components of the electromagnetic field
are obtained from the Maxwell equations, as follows:

EG( g) Z erml(lr)e;ﬁ12(rh) \I}J_m(f n Zo), 42)
-1 m zm
HE(r, §) = BoES(r, ), 43)
where
1 2
V1) = {;i:c("g’)a(f)’ 22: g 8 (44)

X1 (é) = %[e—'km'fe(f) + elknlég(— )] (45)

The wakefield energized by finite-size annular bunches
is obtained by summation of the fields from infinitesimally
thin ring bunches. Let the charge distribution in a bunch
be described by the separable function p,(rp, zg) =

P1(z0)p L (rp). Then,

(E.E,H,) = [ dzodryry(EC, ES, HG)py(ry, 20), (46)

h

with
[ dzopy(z0) = 1. [ dryrp (r) = 1. (47)

Thus, for a finite-size bunch we can write down the field
components in the following form:

Er &) = -2 Z” en(DZi(), @)
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20
rlz\/*l m ”ezm

ng(rr f) = BOEr(r) g):

where

Ry,

E,(I", f) = ”2 : erm(r)ZJ_m(g):

(49)

Z)1m(&) = [dZoPu(Zo)‘I'u,Lm(f + 20), (50)

R, — f dry - rop L (r)eim(ry). 1)

For excitation of the dielectric structure by a sequence of
N, collinear bunches with a Gaussian distribution of
charge in each bunch, one has

1 & [zo + (n — 1)Lm]2]
Z0) = —— exp| — (52
1 (rb - rc)z
pi(r,) = 2 GXP[_ T'%] (53)
for functions Z ; ,, and R,, we find

Ny

Z||m(§) = Z Cm Cos(kmgn) + Sm Sin(kmgn): k%n >0
n=1

(54)

Ny,
Zym(§) = Z Ch e~ lknlén — gh olknl€, k2, <0 (55)
n=1

N,

ZJ_m(g) = Z Cm Sin(kmfn) - Sm COS(kmfn), k%n >0
n=1

(56)

N,
Zlm(f) = —j Z Czle_lkmlfn + Sglelkmlfn’ ki <0

n=1

(57)

- — 1)
R, :_zj’ drbrb'ejm(rb)expl:_w]’ (58)
o 20%

ri—1

where
1 fn/(rz 2
Cn = o [_ dx cos(k,,o,x)e /2,
” 59
1 fn/o'z . *x2/2 ( )
S, = \/7_77- f_ dx sin(k,, o ,x)e ,

1 &u/ o
ch= = [ axexplliylox - /21 60)
T J—x

1 00
227 Jeo.

&, =&6—m—-1)L,, L, is the space bunch-repetition
interval, o, and o, are the longitudinal and transverse
rms bunch dimensions, r, is the bunch center radius, and
[ is the zone number in which these drive bunches travel.

For the numerical study which is described below, we
shall use bunches having a rectangular transverse density
profile p (r,). Such a profile is often used in a full nu-
merical simulation by a particle-in-cell (PIC) code. In this
case the quantity R, should be calculated according to the
expression

sh dxexp[—lk,lo.x — x?/2],  (61)

R, = %[rbzefm(rhz) — rpieim(rp)} (62)
(riy = rp)kn
where 7y, and r;; are the outer and inner bunch radii.
Radiation power loss for a finite-size bunch can be
obtained by integration of the expression for radiation
losses of each particle of the bunch integrated over the
volume occupied by the bunch, ie. P,y=

—f v, PVoEAV. Py is equal to the work of retarding

forces acting on particles from the fields excited by the
bunch itself:

_ _ 20%y, IR, |?
Prad - Z Pm - 2 Z ||€ ”2 : (I)m) (63)
m,k%>0 N=1 pp2>0!'"zm
where
L,/2
o= [ dep&21(&) (64)
—L,/2

In the case of the longitudinal distribution of density of a
bunch according to Gauss’s law in Eq. (63), the limits of
integration —L;/2 and L,/2 should be replaced by —oo
and .

Equation (63) for energy losses allows one to define the
average braking force or drag acting on an elementary
charge ¢ within a bunch:

249
drag = 2
N-1 m,kﬁl>0”ezm

IR
P

D,, (65)

Using the definition for the transformer ratio 7" given in
the Introduction, we find, from Egs. (48) and (65),

_ Zm Rmzllm(f)ezm(r = rac)/”ezm”2

T(r=ry &)=
aC Zm,k,z,,>0 |Rm|2¢)m/”ezm”2

(66)

In Eq. (66), the sign on an elementary charge of an accel-
erated test particle is taken to coincide with the sign of the
charges of the drive bunch, and r, is the radial position of a
test particle.
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IV. NUMERICAL RESULTS

Using the analytical expressions for wakefields derived
in the previous sections, numerical calculations relevant to
specific coaxial dielectric accelerating structures have been
carried out. These are described and discussed here. The
simplest multizone coaxial structure is a four-zone struc-
ture having vacuum channels for the drive and witness
bunches and two dielectric shells. A schematic of this
structure is shown in Fig. 1.

To have much practical relevance, an accelerating mod-
ule should show promise for efficient high-energy gain of
accelerated particles, so that many (but not too many) such
modules can be arranged to achieve electron or positron
acceleration into the TeV energy range. We take for nu-
merical calculations an annular drive bunch with charge
(6 nC) and energy (5 GeV) similar to the SLAC bunch [12].
We ask what test bunch energy could be achieved by using
a sequence of 1-m long DWFA modules, each with an
effective acceleration gradient G = 500 MeV/m and a
transformer ratio 7 ~ 10. Taking a drive bunch energy
loss of 50 MeV per module would allow traversal of nearly
100 modules by the drive bunch before energy exhaustion,
with an overall energy gain of about 50 GeV by the test
bunch. After 10 similar groups of structures each fed by
5 GeV drive bunches (1000 modules altogether) in a total
length ~1 km, the test beam energy would ideally be
0.5 TeV. The challenge is to devise a module with G =
500 MeV/mand T ~ 10. As shall be shown, this challenge
could be met in the single-bunch mode using a mm-scale
coaxial DWFA structure.

To obtain such high accelerating gradients it is necessary
to use ultrahigh-frequency structures having a small cross
section. At a given frequency of a wakefield mode, the
necessary cross-section dimensions of the dielectric layers
are determined from the dispersion equation (15), together
with Eqgs. (16) and (18). It is necessary to observe that the
frequency and wave vector are connected by the
Cherenkov resonance condition w,, = k,,v,. In Table I
the dimensions of the dielectric shells calculated for an
operating frequency of 912 GHz are listed. The symmetric
Ey, mode is chosen, for which the longitudinal field inten-

TABLE 1.

sity has a different sign in the drive bunch channel and the
accelerating channel. We use the following simplifying
method to optimize the dimensions of the dielectric layers,
similar to that used to find the necessary cross-section sizes
of a rectangular two-channel [15] and a symmetric three-
channel [16] dielectric structure. Suppose that, at the radius
of the vanishing of longitudinal electric field in a dielectric
shell, we place a metal cylindrical surface; this will not
change the structure of the Ey,-mode fields. Thus, we can
split our four-zone structure into a two-zone one (an in-
terior dielectric waveguide with its internal vacuum chan-
nel) and a three-zone one (a coaxial metal waveguide with
dielectric layers on the internal and external conductors).
Having found the necessary zone dimensions, we can
perform the reverse procedure, i.e., assemble the required
four-zone structure from these two-zone and three-zone
structures. In order to obtain a high transformer ratio, it is
necessary that the radial thickness of the drive bunch
channel be considerably larger than the radius of the accel-
erating channel.

The thicknesses of the dielectric shells, and the cross-
section sizes of the vacuum channels are shown in Table I;
these coincide with the thickness of dielectric plates and
width of vacuum channels in a symmetric terahertz dielec-
tric rectangular accelerating structure, recently investi-
gated by us [16]. The latter provided a working
frequency of 1.003 THz. Two synchronously moving
bunches with energy of 5 GeV and a charge of 3 nC each
developed accelerating gradients G ~ 350 MeV/m in that
structure. For the computation results described below for
the coaxial device, the same drive bunch parameters are
chosen except that a single annular drive bunch having
total charge of 6 nC is used.

In Fig. 3, radial profiles of the longitudinal electric field
amplitudes of the dominant E,, modes of the wakefield are
shown. The radial dependence of E, is uniform inside the
vacuum spaces and steps up in the dielectric layers. The
ratio of the field amplitude in the accelerating channel to
the field amplitude in the drive bunch channel for the E,
mode is equal to 32.5. For phase synchronism with a 5 GeV
drive bunch, the frequencies of the first six modes in

Parameters for a two-channel coaxial dielectric wakefield accelerator module.

Frequency of the Ej, design mode

External radius of outer coaxial dielectric shell ry

Inner radius of outer coaxial dielectric shell 73

External radius of inner coaxial dielectric shell r,

Accelerating channel radius (inner radius of inner coaxial dielectric shell) r;
Relative dielectric constant of dielectric shells &

rms bunch length o, (Gaussian charge distribution)

Outer drive bunch radius (box charge distribution) r,

Inner drive bunch radius 7y,
Bunch energy
Bunch charge

912.459 GHz
1060.5 pwm
1047.5 pm

89.5 um
50.0 um
5.7
34.64 pm
718.5 pm
418.5 pm
5 GeV
6 nC
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FIG. 3. (Color) Transverse profiles E_(r) for the first six TM
modes, with the Ey, operating mode. Locations of the two
dielectric shells is highlighted in yellow, and location and width
of the 5-GeV drive bunch is shown in gray.

ascending order are 611.252 GHz (Ey;), 912.459 GHz
(Epn), 2417.845 GHz (Ey), 4018595 GHz (Ep),
5393.728 GHz (Eys), and 5665.204 GHz (Es). Only the
first three of these modes have appreciable field strength in
the accelerating channel; the amplitudes of the E; and the
E(, modes at the structure axis are ~350 MV /m.

In Fig. 4 the axial profiles of the composite longitudinal
force along the axis of the accelerating channel are shown.
The maximum [17] of the accelerating gradient G of
587.6 MeV/m is located at about 306 wm behind the drive
bunch center. The transformer ratio at this maximum,
according to Eq. (66), is 7.74. Although this value of
transformer ratio is high, it is significantly less than the
transformer ratio calculated using only the Ej, mode (see
Fig. 3). The reason is the strong coupling of the E(; and the
Ey, modes, which are approximately equal in absolute

600 Composite A
/ [\ /
0 £ A 59N
200 AN L ANNL /0N [ A\
= \ A LLXA TANNN LN LN
£ VAT N LA/ L] MU
2 Vo Te W\ T/ T\'¥Y VoI T
< 200 NS SN\ WA AL N
v YV / N/ \V/N\N./X ] I\
-400 E \ ] \¥
- \if \
-600 \\ / \\
-800

1
0 500 1000 1500
distance from bunch head center z (um)

FIG. 4. (Color) Axial profiles of the longitudinal composite
force and components of the force of the E(, modes acting on
a test electron along center of accelerating channel. The drive
bunch moves from right to left and its center is located at z = 0.

800 . 2
600 / /\v / P\ [
400 /A [ A 1
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=3 \ { \ §
u':‘ -200 \ \/ / / \ / =~
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FIG. 5. (Color) Axial profiles of the composite transverse force
(blue line) and composite longitudinal force (black line) acting
on a test electron at the distance of 25 um from center of the
accelerating channel. The drive bunch moves from right to left
and its center is located at z = 0. Parameters of the structure and
drive bunch are given in the Table L.

value but opposite in sign in the witness channel. By
carrying out computations using different dimensions of
the coaxial dielectric-loaded structures (CDS), we find that
it is impossible to suppress the E,; mode appreciably and,
thereby increase the transformer ratio.

The axial profile of the transverse force acting on a test
electron, moving at a distance 25 pum from the axis of the
accelerating channel, is shown in Fig. 5. The transverse
force at the maximum of the accelerating field is equal to
zero. If the center of a test bunch is placed at the maximum
of this accelerating field, the transverse force will be
focusing for the bunch head and defocusing for the bunch
tail and that will lead to slight pinching of the bunch. As
follows from Fig. 5, it is desirable to place a witness bunch
a little ahead of the maximum of the accelerating field.
Although there is some loss in acceleration, the radial force
there is focusing and thus there is better transverse stability
of the witness bunch. But even if we place a witness bunch
at exactly the maximum of the accelerating field, the radial
forces there are not dangerous for accelerating modules
having a small length, since they are insignificant in abso-
lute value. For example, if we take the accelerating module
to have a length 1 m (see above), a test electron, located
34.6 um behind the maximum of the accelerating field
(same rms length as the drive bunch) and at distance
25 pm from an axis, will deflect only 0.85 um in the
transverse direction.

The simplified procedure to choose the dimensions of
coaxial dielectric structure described above is preliminary
as it uses only one operating mode of the excited field (in
our example, the Ey,). However, the reference structure is
excited not only by the operating mode which is an eigen-
mode for the partial structures into which we have split the
reference structure, but also other modes. The composite
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FIG. 6. (Color) The value of the composite longitudinal electric
field at the first axial maximum and corresponding transformer
ratio versus the dimension of the drive channel. The thickness of
the outer dielectric shell is fixed and equal 13 um. The other
parameters are the same as those in Table I.

field is a complex superposition of all excited modes and,
therefore, to obtain the best characteristics of this accel-
erating structure it is necessary to optimize its parameters.
Such optimization and finding characteristics of the struc-
ture depends on the dimensions of vacuum channels and
dielectric layers, as discussed below.

The dependence of the accelerating gradient on the
width of the drive channel is presented in Fig. 6. With
decreasing drive channel width the maximum of the accel-
erating gradient grows approximately in inverse proportion
to the square of the external radius of the channel. The
transformer ratio changes little for considerable change of
width of the channel. The transformer ratio varies gradu-
ally from 6.83 to 7.83 as the width of the vacuum channel
changes from 338 to 1048 um. The coaxial wakefield
accelerating structure differs from the rectangular acceler-
ating structure [15,16] where the transformer ratio strongly
depends on width of drive channel. We also note that the
transverse forces operating at the accelerated test bunch
increase with decreasing drive channel width approxi-
mately in the same proportion as the accelerating field.

While decreasing the drive channel width, the longitu-
dinal distance to the first maximum from the center of a
drive bunch shortens (see Fig. 7). This shortening is not
large and, as follows from Fig. 8, it is connected with the
decrease of wavelength of the first two radial harmonics of
the field.

From Figs. 6-8, one can propose an accelerating struc-
ture for which the inner and external radii of the outer
dielectric shell are r3 = 777.5 um and ry, = 790.5 pum,
and the inner and outer radii of the inner dielectric shell are
ry =50 pm and r, = 89.5 pwm. With these dimensions it
is possible to obtain an accelerating field ~1 GeV/m at a
distance of 293 um behind the center of the drive bunch.
However, for technical reasons it might be desirable to use

310 -
1 x...ﬂ"
300
290
£ 280
é g
N 570 r,=r,+13um
| r,=50um
260 r,=89.5um
250

T T T T T T T T 1
400 500 600 700 800 900 1000 1100 1200
inner radius of outer dielectric shell ry (um)

FIG. 7. The location (from drive bunch center) of the first
maximum of the accelerating field versus the width of the drive
channel. The thickness of the outer dielectric shell is fixed and
equal to 13 um. The other parameters are as in Table L.

thicker dielectric tubes as they are more sturdy and are
simpler to manufacture and mount.

In Fig. 9, we show the dependence of the accelerating
field and transformer ratio at the first axial maximum upon
the external radius of the inner dielectric tube r,. Upon
increasing, the increase in r, from its original size to
110 pm, there is an abrupt decrease of the accelerating
gradient to 775 MeV/m. A further increase in the thick-
ness of the dielectric tube causes an increase in the accel-
erating gradient, and for r, = 150 um it is 888.5 MeV/m.
Though such an acceleration gradient is less than optimum,
it is high enough to recommend a structure with a thick
inner tube as a possible candidate for a prototype of the
wakefield accelerator. An increase in the outer radius of the
inner shell causes the location of the first maximum of a

11004
] \ ——f,
1000 DN —
j \“*o-..._;.
900
O .
% i r,=r,+13um
S 8004 — =50ji
\\‘\ f2=89.5|.1m
700 4 \-\‘\\“‘.‘\‘_
600

T T T T T T T T 1
400 500 600 700 800 900 1000 1100 1200
inner radius of outer dielectric shell r, (um)

FIG. 8. (Color) Dependence of the first two frequencies of
excited modes upon the width of the drive channel. The thick-
ness of the outer dielectric shell is fixed and equal to 13 um. The
other parameters are as in Table I.
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FIG. 9. (Color) The value of the composite longitudinal electric
field at the first axial maximum and corresponding transformer
ratio versus the external radius of the inner dielectric shell. The
radii of the outer dielectric shell are r; = 777.5 um and r, =
790.5 pm. The rest of the parameters are the same as in Table L.

field to change nonmonotonically (see Fig. 10). This is
caused by the complex interference of some of the radial
modes that form the composite field.

Having fixed the position and a thickness of the inner
dielectric cylinder, we can investigate the dependence of
the accelerating field on the thickness of the outer dielec-
tric shell. Let the radii of the inner shell be taken as 50 and
150 wm. In Figs. 11 and 12, dependencies of the first
maximum of accelerating field and its axial location and
transformer ratio, upon the inner radius of the outer dielec-
tric shell r3, are given. Dependence of the accelerating field
on the thickness of the outer dielectric shell has two local
maxima. The first is near the initial shell thickness of
13 um (r; = 777.5 pm) and the second is when shell
thickness is approximately 83 um (r; = 707.5 um). The
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320 /
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280
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external radius of inner dielectric shell r, (um)
FIG. 10. The location (from drive bunch center) of the first

maximum of the accelerating field versus width of the drive
channel. The parameters are the same as those in Fig. 9
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FIG. 11. (Color) The value of the composite longitudinal elec-
tric field at the first axial maximum and corresponding trans-
former ratio versus the inner radius of the outer dielectric shell.
The radii of the inner dielectric shell are 50 and 150 wm. The
external radius of the outer dielectric shell is 790 um. The other
parameters are the same as those in Table 1.

amplitude of the field at the second maximum exceeds the
amplitude at the first maximum and is equal 1.28 GeV/m,
located at a distance of 689 wm from the center of the drive
bunch. The transformer ratio at the second maximum is
7.92. The dependence of the transformer ratio qualitatively
follows the dependence of the accelerating field maximum
behavior. The axial distance from the center of the drive
bunch to the field maximum increases on the average when
we increase the thickness of the outer dielectric shell.
When increasing the thicknesses of the dielectric shells,
the number of modes giving an important contribution to
the composite field increases. As an example, in Fig. 13 are
shown the radial profiles of E;,, mode amplitudes of lon-
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FIG. 12. The location (from drive bunch center) of the first
maximum of the accelerating field versus the thickness of the
inner radius of the outer dielectric shell. The parameters are the
same as those in Fig. 11.
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FIG. 13. (Color) Transverse profiles E_(r) for the first six TM
modes. Radii of the inner dielectric shell are 50 and 150 um,
radii of the outer dielectric shell are 707.5 and 790.5 pm.
Locations of the two dielectric shells are highlighted in yellow,
and location and width of the 5-GeV drive bunch is shown in

gray.

gitudinal electric field, and, in Fig. 14, axial profiles of the
composite longitudinal force and its components which act
upon a test electron at the axis of the accelerating channel
in a coaxial dielectric waveguide having radii of r| =
50 pm, ry, =150 pum, r3=707.5 pum, and ry=
790.5 pm. Six modes give significant contributions to
the composite field excited by the electron bunch.
Comparing Figs. 13 and 14 with similar, but considerably
smaller, thicknesses of dielectric shells (Figs. 3 and 4)
allows one to come to the conclusion that the increase in
the thicknesses of the dielectric shells leads to enrichment
of the spectrum of excited modes. As one might expect, as
the frequencies of excited modes decrease, the longitudinal
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FIG. 14. (Color) Axial profiles of the longitudinal composite
force and components of the force of the E(, modes acting on
a test electron along the center of the accelerating channel. The
drive bunch moves from right to left and its center is located at
z = 0. The dimensions of the dielectric shell and parameters of
the drive bunch are the same as those in Fig. 13.

distance from the center of a drive bunch to the first
maximum increases. The frequencies of the first six reso-
nant waves in Figs. 13 and 14 in ascending order are
238.491 GHz (Ey;), 440.861 GHz (Ey,), 922.488 GHz
(Ep3), 1052.853 GHz (Ey), 1677.309 GHz (Ey5), and
1733.222 GHz (E ).

V. PIC SIMULATIONS

In this section we show results from numerical simula-
tions of excitation by an annular electron bunch of a
coaxial dielectric structure, for which analytical studies
were carried out in the previous sections. For this simula-
tion we used the PIC solver of the CST PARTICLE STUDIO
code of the CST STUDIO SUITE. A ring cathode with internal
and external radii specified in Table I was placed at the
input end of the structure as an electron source for the drive
bunch. Its length has been chosen to be 10 wm, and the
cathode surface is a perfect electric conductor (PEC). As
for the emission model, a Gaussian emission longitudinal
profile with a fixed electron energy of 5 GeV and bunch
charge of 6 nC has been chosen. The rms length of the drive
bunch was taken to be the same as for the analytical
investigations in the previous section, i.e. 34.64 um, and
the cutoff length of the bunch has been chosen to be 2.5 rms
lengths of the bunch, i.e., it is equal to 86.6 um. For
boundary conditions we take the vanishing of the tangen-
tial component of electric field at all boundary surfaces,
except for the output end of the structure where we applied
an open boundary condition. For the best matching with
free space, a vacuum gap of 50 um was added onto the
dielectric structure.

E,(t=13.2psec,y=0) MV/m

500 331.3

X (um)
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FIG. 15. (Color) Map of the axial wakefield in the coaxial
DWFA. The origin of the Cartesian coordinate system is at the
axis (x = 0, y = 0), at the input end (z = 0) of the structure. The
annular bunch drives these fields, and its center is located on the
far left from the entrance into DWFA at the z = 3880 wm. The
wakefield pattern moves with the drive bunch, towards the left,
and it has been followed here for = 13.2 psec.
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In Fig. 15, the image/contour plot of axial electric field
in the x-z plane (y = 0) of the coaxial structure for time
t = 13.2 psec is shown. The bunch head is approximately
at a distance of 3967 um from the entrance to the struc-
ture. One can see the Cherenkov cones of the radiation at
the forward front of wakefields in the inner dielectric tube.
The wakefield in the accelerating channel at short distances
from the drive bunch is very strong. With increasing dis-
tance behind the drive bunch the field energized in the
structure becomes more and more irregular. This irregular
character of the wakefield is caused by interference be-
tween Cherenkov radiation, the quenching wave, and tran-
sition radiation [4]. The quenching wave interferes with the
field of the Cherenkov wakefield radiation behind the wave
group velocity front of the Cherenkov radiation. When we
use thin dielectric shells, the group velocity is close to the
bunch velocity and therefore the excited field has consid-
erable amplitude only for small distances behind the drive
bunch. This conclusion is confirmed by results of the
numerical computations presented in Figs. 15 and 16.
Behind the drive bunch there is only one strongly pro-
nounced maximum of the accelerating field. The acceler-
ated bunch would be positioned at the center of the intense
blue stripe at z = 3500 wm.

Sections of the image/contour plot of the electric field
are presented in Fig. 16 where one-dimensional profiles of
electric field along the centers of the accelerating and the
drive channels are presented. The accelerating field has a
maximum of 520 MV /m, located at z = 3500 um, i.e., in
longitudinal direction it is displaced 380 wm from the
center of the drive bunch. The position and the value of
the first maximum of the accelerating field show good
agreement between the analytical results of the previous
section and the results of the particle-in-cell simulation.
However, as Figs. 15 and 16 show, the validity of the
analytical results presented in the previous section is ap-
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FIG. 16. (Color) Axial wakefields at the centers of drive (red
line) and accelerating channels (blue line) of the coaxial DWFA
for time + = 13.2 psec when the drive bunch center is located at
z = 3880 wm from the entrance from the structure (z = 0).
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FIG. 17. (Color) Map of the transverse component of electric
field along the structure for time ¢ = 13.2 psec. The annular
drive bunch is at the left side of the map.

proximately limited here to a region extending from the
drive bunch to the first maximum of the accelerating field.
As the longitudinal electric field in the transverse section of
the drive bunch is nearly homogeneous, from the data of
Fig. 16 it is possible to calculate a transformer ratio 7 ~ 6.

The image/contour plot of the transverse electric field is
shown in Fig. 17; in the transverse direction this field
vanishes at the structure axis and inside the drive bunch,
but it has a maximum at the bunch surface (from the space
charge field) and at the inner surfaces of the dielectric
shells. The maximum of the transverse field intensity is
~880 MV/m.

One important feature found by the PIC simulation is
that in the vicinity of the accelerating field maximum the
transverse force is focusing (see Fig. 18): the transverse
force is negative while the displacement from the axis is
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FIG. 18. (Color) Axial (blue line) and transverse (red line)
forces acting upon electron versus z, at r = 26.51 um from
the central axis in a witness bunch channel. The witness bunch
would be placed at z = 3500 pm.
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FIG. 19. (Color) The front view of drive bunch electrons after
13.2 psec of the travel (bunch head is located at 3.967 mm from
the structure input). Different colors of simulated electrons
indicate different energy losses. Dielectric tubes are shown in
green.

positive, thereby providing a stabilizing force for the radial
motion of a witness particle. This is a distinct improvement
in comparison with the case of the rectangular dielectric
waveguide [15,18]. A restoring transverse force
~12.5 MeV/m on a typical 5 GeV witness electron at z =
3500 pwm gives a betatron period of stable oscillation of
~0.92 m. Further studies have shown that the peak of this
focusing transverse force tracks the motion of the longitu-
dinal force accelerating peak as the drive bunch moves
along the channel. Also, we find that it occurs even when
the dimensions of the structure are altered in important
ways. It appears to be caused by the quenching wave
disturbance that originates at the input end of the structure.
The second feature shown in the PIC simulation results is
the strong influence of the quenching wave at distances
beyond one period of the accelerating field, a result that is
absent in the analytical formulation.

Though the electric and magnetic fields are strong on the
surface of the drive bunch, the transverse force acting on
the peripheral electrons is small because of their high
relativistic factor. The maximum of the force acting on
the drive bunch electrons is approximately the same as the
force acting on the accelerated electrons. Therefore the
transverse displacement of drive bunch particles will be
insignificant. In Fig. 19, the front view (vertical projection
onto the output end face plane) of the drive bunch electrons
at the time when the bunch head is near the exit from the
dielectric structure is shown. Notice that no particles have
contacted the dielectric walls and the transverse profile of
the bunch does not differ from the profile at the cathode.

We have also studied a six-zone structure where we use
three annular vacuum channels. The inner one contains the

witness bunch, the outer one contains the drive bunch, and
the middle one is empty. This structure can provide a larger
transformer ratio ( ~ 15) via a stepwise increase of longi-
tudinal field that can occur at each dielectric shell.

VI. EXCITATION OF A TWO-CHANNEL COAXIAL
STRUCTURE BY A BUNCH TRAIN

In principle, a periodic sequence of electron bunches can
be used to increase the accelerating field amplitude
[19,20]. In a dielectric-lined structure operating in a
single-mode excitation regime, the wakefields of a train
of bunches spaced by the period of the wake wave are
superimposed linearly. As a result, the excited field grows
proportionally to the number of bunches. However, the
negative influence of the quenching wave in longitudinally
bounded dielectric structures restricts the number of
bunches that can increase the overall wakefield amplitude
by such superposition [4]. The greater the group velocity of
wake wave, the more considerable is the interference by
the quenching wave. When we decrease the thickness of
the dielectric tubes or reduce their dielectric permittivity,
the group velocity of the excited waves increases and the
region of uncomplicated wakefield operation is narrowed.
As shown in the previous section, this region of excitation
of the dielectric structure by a single bunch can be as small
as the distance to the first wakefield maximum. Therefore,
in such a structure, using a sequence of drive bunches
would not support a buildup of a larger accelerating field
amplitude unless a much longer structure is provided.

We now study a different structure to demonstrate the
possibility of coherent addition of wakefields in a coaxial
two-channel accelerating structure that is to be excited by a
train of periodically spaced bunches. The dielectric tubes
in it are made from alumina, and this accelerating structure
is designed for a frequency of the operating mode (Ej,
wave) of ~30 GHz. The group velocity of the excited
oscillations is less than the corresponding group velocity
of waves in the THz structure investigated above.
Therefore, the quenching disturbance lags further behind
the leading drive bunch and so one can expect a coherent
field addition of a short train of bunches; the structure and
bunch parameters are listed in Table II.

In Fig. 20 we show the dependence of the longitudinal
electric field in the accelerating channel axis versus dis-
tance from the center of the first bunch. The structure is
energized by a sequence of four bunches. These results are
calculated by using the analytical expressions of Sec. III,
which do not include the quenching wave effects. The
bunch spacing is taken to be the period of the Ey, mode,
and as one would expect, the amplitude of the Ej, mode
increases linearly with distance from the first bunch and its
amplitude after the fourth bunch is greater by 4 times than
amplitude of the Ej; mode after the first bunch. The
composite field also grows from bunch to bunch. But,
because of the considerable amplitude of the E,; mode,
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TABLE II.
alumina dielectric tubes.

Parameters for a GHz two-channel coaxial wakefield accelerator module using

Frequency of the Ej, design mode

External radius of outer coaxial dielectric shell ry

Inner radius of outer coaxial dielectric shell 73

External radius of inner coaxial dielectric shell r,

Accelerating channel radius (inner radius of inner coaxial dielectric shell) r;
Relative dielectric constant of dielectric shells &

rms bunch length o, (Gaussian charge distribution)

Outer drive bunch radius (box charge distribution) r,

Inner drive bunch radius 7y,
Bunch energy
Bunch charge

28.092 GHz
14.05 mm
13.51 mm
3.18 mm

2.0 mm
9.8
1 mm
10.39 mm
6.39 mm
14 MeV
50 nC

the rate of rise of the composite field is less than linear.
After the fourth bunch the accelerating gradient is about
50 MeV/m; use of a single bunch results in a maximum
value of accelerating gradient of ~19 MeV/m.

For comparison with these analytical results, in Fig. 21
we show the results of a PIC simulation of the excitation of
this coaxial dielectric structure by the same bunch train.
From the head of the bunch train, the accelerating gradient
amplitude grows almost linearly as we move away from the
wakefield front. Just after the last (fourth) drive bunch, the
gradient reaches a maximum of 47.4 MeV/m, and then
begins to decrease because of destructive interference be-
tween the wakefield and the slower-moving quenching
wave disturbance. The accelerating gradient from a single
bunch at the first field maximum is 16.3 MeV/m. Thus,
there is a good correspondence between the analytical
calculation and the PIC simulation for the value of the
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FIG. 20. (Color) Results of analytical computations of axial
profiles of the longitudinal composite field (green line) and
longitudinal fields of the E,,, modes (labeled as E,,,) excited
by the train of four bunches along the center of the accelerating
channel. Drive bunches move from right to left and the center of
the first bunch is located at z = 0. Bunch spacing is about
10.7 mm.

accelerating gradient maximum. For the PIC simulation,
there also is a nearly linear buildup of field amplitude
behind the front edge of the wakefield. A likely explanation
is that the E; wave has a greater group velocity than the
Ey, mode and, consequently, it is not being enhanced much
by the subsequent bunches.

In the previous section we showed from a PIC simula-
tion of the excitation of a THz coaxial dielectric structure
by a single bunch that the transverse force in the vicinity of
an accelerating field maximum in the witness bunch chan-
nel is focusing (see Fig. 18). As seen in Fig. 21, this
excellent property can also occur when the GHz structure
is excited by a bunch train. At the maximum of accelerat-
ing field (z = 127.7 mm), the value of the focusing force
acting on a witness electron that is located at a distance of
0.98 mm from the axis is 1.68 MeV/m. We have found in
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FIG. 21. (Color) Results of PIC simulations of axial (blue line)
and transverse (red line) forces acting upon an electron versus z,
at r = 0.98 mm from the central axis in a witness bunch chan-
nel. The coaxial structure is excited by the train of four bunches.
Drive bunches move from left to right. The head of the first
bunch is located at z ~ 174 mm. Bunch spacing is 10.7 mm. The
cathode length is 3 mm, the length of dielectric tubes is 173 mm,
and the length of the extra vacuum gap is 10 mm.
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subsequent simulations that it is possible to adjust the
difference of phase between the longitudinal and trans-
verse forces at a maximum of an accelerating field by
making a small change of the bunch-repetition period.

The transverse forces acting on the electrons of the drive
bunches (as well as for the case where the dielectric
structure is excited by a single bunch) are insignificant
and do not increase progressively from a leading bunch
to a following bunch. For example, at the time ¢ =
0.57 nsec the inner edge electrons (at x = 6.32 mm) of
the second drive bunch experience a maximum defocusing
transverse force ~0.44 MeV/m, the third bunch
~0.71 MeV/m, and the fourth bunch ~0.63 MeV/m. At
such values of deflecting forces the trailing drive bunch
electrons should travel a longitudinal distance ~60-70 cm
before they begin to strike the walls of the inner dielectric
tube. In Fig. 22, the front view of electrons in the fourth
drive bunch near the output end of the dielectric structure is
shown. It is seen that the cross-section location of the
bunch electrons nearly replicates the cathode outline.
Their transverse displacement is insignificant and these
numerical simulations have found even less displacement
than the linear estimates above. The investigation of the
radial dynamics of all bunches has shown that the greatest
radial displacement is suffered by electrons in the third
bunch (although this is comparable with those of the last
bunch). Such dependence proves also to be true for the
longitudinal distribution of radial forces at the surfaces
corresponding to the initial internal and external radii of
a bunch. Though these particles are in a smaller braking
field, the maximum of the defocusing force acting on these
peripheral electrons is greater than the force acting on the
particles of the fourth bunch.
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FIG. 22. (Color) Front view of the last bunch in a train of four
bunches after 0.67 nsec following injection of the first bunch.
The head of this bunch is located at 170 mm from the structure
input. Different colors of simulated electrons indicate different
energy losses. Dielectric tubes are marked with yellow color.
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FIG. 23. (Color) The same case as in Fig. 22, but for bunches
which are displaced initially by 1 mm to the right from the
structure axis.

The off-centered drive bunch causes a deflecting force
on the axis of the witness channel amounting to somewhat
more than the focusing force, so in practice a somewhat
smaller offset would be necessary to assure stable motion
of the witness bunch.

Thus, the flat radial profile of the axial electric field
E_.(r) allows the bunch train to move stably for long
distances. For additional study of the radial and azimuthal
stability of the drive bunches, we investigated their dynam-
ics when the initial position of their centers was displaced
from the structure axis. In Fig. 23 the front view of parti-
cles of the fourth bunch is shown at the same time as for the
case of the train of the centered bunches (Fig. 22). The
offset of all four bunches is 1 mm. As in the case of the
train of the centered bunches, the radial displacement of
particles of the last bunch is insignificant. Comparing the
energy distributions of electrons in Figs. 22 and 23, it is
possible to see a much more nonuniform distribution with
azimuthal angle. If in the case of the centered bunches an
azimuthal inhomogeneity develops owing to the discrete-
ness of the initial distribution of macroparticles on a spatial
grid, in the case of the off-centered bunches, the excitation
of the higher of the azimuthal modes should be facilitated
by the initial nonuniform distribution of a charge along the
azimuth. But we find that in both cases, an energy modu-
lation of particles has not led to a significant development
of transverse instability of the bunches. Numerical study of
the drive bunch motion is limited by computing power, and
thus these results may not be applicable for bunch motion
over a long distance.

A problem with using the multiple drive bunch train
technique in general is that the drag forces increase on the
trailing bunches, and this might complicate the design of a
staged collider. In our example, the average drag force on
the first drive bunch is ~2.4 MeV/m, whereas the drag on
the fourth bunch is ~7.1 MeV/m. However, deploying a
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multiple drive bunch is a useful option if the charge avail-
able for a single drive bunch is limited for technical
reasons. In that case the sum total of the charge in the
multiple bunch train would be the same as that of the single
bunch, and the aggregate drag would be approximately the
same.

VII. DISCUSSION

A coaxial, two-channel, dielectric-loaded cylindrical
structure has been studied using analytic theory with nu-
merical examples, as well as a numerical simulation using
the PIC solver of the CST PARTICLE STUDIO code, for the
purpose of gaining understanding of a possible new high-
gradient accelerator based on dielectric wakefield accel-
eration principles. The analytic theory takes the assump-
tion of a structure that is infinitely extended along the axis,
whereas the PIC simulation includes the effect of injection
of charge bunches into a finite length of structure. The
effects of the latter are important, because the quenching
waves emitted by the necessary open input boundary con-
dition move with a group velocity that is a large fraction of
the speed of light in cases where the dielectric loading is
slight, and thereby cause interference with the Cherenkov
wakefields that trail the drive bunch with relativistic elec-
tron bunch speed. This interference is substantial because
the quenching waves have amplitude comparable to the
Cherenkov wakefields, as they must cancel the latter at the
input boundary. Good agreement between the results of
analytic theory and the PIC simulation has been obtained in
the spatial region where both can apply.

A small, but not excessively small, structure has been
examined for suitability as a linear accelerator of electrons
(or positrons). Two-channel coaxial operation can achieve
a gradient exceeding 1 GeV/m with a transformer ratio
~8, and possibly higher, in an optimized design, by using a
single annular 6 nC, 5 GeV drive bunch to excite the
structure. A trailing witness bunch in the second, central
channel can thereby be accelerated stably to high energy
using several modules that could be precisely fabricated
and aligned. Radially uniform axial electric fields in the
two vacuum channels permit a uniform drag (for the drive
bunch) or acceleration (for the witness bunch) on all the
particles in these bunches, and allow both types of bunches
to move appreciable distances without distortion or wall
contact. Stable transverse motion of the witness bunch
particles should permit the preservation of bunch shape
during acceleration without the use of external focusing
structures. Use of a short train of drive bunches to enhance
performance has been found to be practical when the
quenching wave effects can be offset by choice of design
parameters. A cathode structure that emits a ring-type
bunch of charge has been studied in the past, in connection
with a wakefield transformer experiment [21].

In the structure described in this paper, the lateral walls
of the coaxial structure are lined with a suitable dielectric

that has demonstrated ability to withstand high electric
stress and resist wall surface charge buildup. (We have
found that the dielectric need not be the same for each
cylindrical wall.) A DWFA having microwave-scale di-
mensions that uses drive bunches of several MeV energy
might support the inner dielectric cylinder with a low-Z
metallic foil, through which the annular drive bunch can
pass with negligible energy loss or structural damage to the
foil. In that case, a wall thickness ~200 pwm of aluminum
might be suitable. (We point out that the entry boundary
condition we used for the PIC simulation was a metallic
one, namely, zero radial and azimuthal electric fields at
z=20). For a small high-gradient structure having
millimeter-scale transverse dimensions, the supporting
“foil” might be a carbon nanotube fabric having thickness
~25 pm and good electrical conductivity. Support of the
inner dielectric tube inside a lengthy accelerator module
might require the periodic use of an adjustable supporting
carbon nanotube filament. Answers to questions regarding
the utility and durability of such materials and the tech-
niques to maintain precise alignment in a coaxial DWFA,
as also the matter of production of an annular drive bunch
with adequate charge, require a significant research and
development effort and are beyond the scope of this study.

We compare the results obtained here with our study of
the two-channel rectangular DWFA [15]. The cylindrical
and rectangular configurations share many common ad-
vantages, such as the separated bunch lines, the enhanced
transformer ratio, and the continuous coupling of energy
from the drive bunch to the witness bunch. However, in
order to obtain useful gradients, the rectangular structures
cannot be tall, and therefore it suffers from significant
deflecting forces that act upon both the drive bunches
and the witness bunches. Furthermore, the accelerating
gradients are smaller for rectangular units than for the
cylindrical ones, the latter benefiting from the » = 0 point
of symmetry. While it is possible to position a witness
bunch at an axial position behind the drive bunch where
the axial gradient is large and the transverse force is
comparatively small in the rectangular unit [15], never-
theless these transverse forces do vary along the length of
the witness bunch and this will result in bunch distortion as
the bunch traverses the accelerating module. In contrast,
the cylindrical structure provides a stabilizing transverse
force for the witness bunch, a gift, surprisingly enough, of
the quenching waves.

Recently [22], analysis was published for wakefields on
a four-zone coaxial structure energized by an infinitesi-
mally thin ring drive bunch, without consideration of the
quenching wave.
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Improved ramped bunch train to increase the transformer ratio of a two-channel
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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 = 28.1 mm,
ID = 27 mm; inner shell, OD = 6.35 mm, ID = 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 7 = 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 7' = 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, 7 ~ 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.

DOI: 10.1103/PhysRevSTAB.14.031302

L. 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 (T), 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
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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

© 2011 American Physical Society
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dielectric(ceramic)
pipes

metal

drive bunch

test bunch

FIG. 1. Schematic of the CDWA structure, showing a single
annular drive bunch followed by an accelerated witness bunch
that moves along the axis.

drive bunch sets up a gradient of G = 50 MeV/m for the
witness bunch and T = 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 = 28 MeV/m, but T = 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 between T and G: 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.

TABLE L

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 (1 — fo)v, = z = (1 — 1y)v,, where 1, is entry
time of the first bunch in the structure, ¢ is current time,
v, is bunch velocity, and v, is the group velocity of

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

Design mode

External radius of outer coaxial cylinder
Inner radius of outer coaxial waveguide
External radius of inner coaxial cylinder

Accelerator channel radius (inner radius of inner coaxial cylinder)

Relative dielectric constant &

Bunch axial rms dimension 20, (Gaussian charge distribution)

Full bunch length used in PIC simulation

Outer drive bunch radius (box charge distribution)

Inner drive bunch radius
Bunch energy

Total bunch charge
Number of bunches

28.092 GHz
14.05 mm
13.512 mm
3.175 mm
2.0 mm

9.8

2.0 mm

5 mm
10.34 mm
6.34 mm
14 MeV
200 nC

4
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the resonance wave. Within this region, the envelope
of a Cherenkov signal is about constant. The plane
78 = (t — ty)v, is the trailing edge of the wakefield.
This edge moves behind the electron bunch at the group
velocity v,. In this plane, the fields from the number

X = (t — 1p)(vg — v,)/Azgp + 1 of bunches will be
added [16], where Az 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 = 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
7 <100 mm: this shows that the superposition of wake-
fields is limited to a zone behind the drive bunch depending

20~

r=0

r=8.316mm

Fz (MeV/m)

‘20 T T T T T T T T T T T T T T
40 60 80 100 120 140 160 180
z (mm)

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 = 171 mm and the
bunch travels from left to right.

T T T T — T
40 60 80 100 120 140 160 180
z (mm)

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

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 = 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

I

T T T T T T T T T
40 60 80 100 120 140 160 180
z (mm)

FIG. 4. Same as for Fig. 3, but now the bunch charge is
increased as the ratio of odd numbers.
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FIG. 5. Axial wakefields excited by a ramped bunch charge of
drive bunches spaced by 1.5 wakefield wavelengths.

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] Q,, = Q;[1 +
T(n — 1)], where Q, 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

304

r=8.3435
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-30
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FIG. 6. In this example the bunch charges and spacings vary so

as to enhance T.

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 Q,, = Q[1 + T, ], where T, _;
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

il

Q
£
[
=g
g 3
(S] 1st bunch
2nd bunch
3rd bunch
47 —— 4th bunch

-5 T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Time (ns)

FIG. 7. Spacing and charge, emitted per one computation time
step (At = 4.4 X 10™* ns), of the four drive bunches used for
the computation of wakefields shown in Fig. 6.
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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
0, to the first bunch charge Q; 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/Q, = 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%

40 T T T T T T T 20

38

36

34

32

Fz(MeV/m)

304

28

26

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.

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 = 17, which is to be compared with
a wakefield ~500 MeV/m with T = 5.5 from a single
6 nC bunch [1].

t=42.6ps

300+
T=17.34 [\ 285.13 MeV/m Q,=6nC
Q=1:2.35:4.48.7.677

total

200
6,=138.56um

100

Fz (MeV/m)
T

-100

-200

-300

0 11 12 1

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 o, T, and charge ratios are displayed
on the graph. The head of the first drive bunch is located at
z=12771 pm. The bunch spacing is approximately 1890 um
and the bunch length parameter is o, = 139 um. The bunches
move from left to right.

T T T L L LA R |
3 4 5 6 7 8 9
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L , :
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Tine 1.1000+000 ns
Particles 1583890

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.

z=319mm

—s— HBT
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£
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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.

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

TABLE II.

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 0.76 MeV. 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

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

Design mode

External radius of dielectric tube
Inner radius of dielectric tube
Relative dielectric constant &

Bunch axial rms dimension 20, (Gaussian charge distribution)

Full bunch length used in PIC simulation
Drive bunch radius (box charge distribution)
Bunch energy

Total bunch charge

Number of bunches

~23.7 GHz
14.05 mm
13.512 mm
9.8

2.0 mm

5 mm

5 mm

14 MeV
200 nC

4
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Plottype  Energy

Sample ( 59/65) =
Time 1.1650+000 ns.

Particles 1491627

FIG. 12. Right side view of four drive bunches, initially cen-
tered on the structure axis, moving from right to left, along a
cylindrical collinear DWA structure specified in Table II. 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
and are shown after 1.16 nsec of travel.
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Energy(MeV)

FIG. 13. Distribution function of HBT particles after traveling
319 mm in the cylindrical collinear DWA structure.

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 = 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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