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Interest in “all-metal” surface periodic structures to control charged particle beam dynamics and
properties, and to generate coherent radiation in the THz frequency range has recently risen exponentially.
While such structures have the benefits of metal, they are capable of providing similar properties to a
dispersive dielectric. All-metal structures allow good temperature and space charge management.
Transportation of high energy charge particle beams in the vicinity of the structure without risking
material degradation makes them very attractive for particle acceleration and terahertz radiation generation
applications. Here, the results of theoretical studies (via numerical modeling) of the electron beam
dynamics and wakefield excitation and evolution along the cylindrical two-dimensional periodic surface
structure will be presented, and the properties of the wakefields generated will be discussed. The wakefield
acceleration of the witness bunch in the potential reaching 1 GV=m will be demonstrated. The challenges
will be identified and discussed, and the concept of the cascade accelerator based on such all-metal
wakefield accelerator (AMWA) structures will be presented.
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I. INTRODUCTION

In recent years, the applications of metal structures with
periodic surface perturbations have grown exponentially,
especially in the fields of accelerator physics [1–5], high-
power sources of coherent radiation [6–11], and particle
beam diagnostics [12–15]. One reason for this increasing
interest is that the dispersive properties of the structure
closely mimic those of a conventional dielectric without
the usual drawbacks associated with dielectric materials
including vacuum incompatibility; poor temperature and
space charge management; and diminished lifetime expect-
ancy under the stress of the harsh radiation environment
observed in accelerators and high-power microwave sys-
tems. Conventional methods in accelerator physics and
vacuum electronics technologies, which have been devel-
oped and perfected in the last century, have served to forge
new energy frontiers, and enable contemporary research
advances in accelerator physics, while also being exploited
to produce powerful, intense, coherent radiation at frequen-
cies up to several GHz. Despite these advances, a number
of challenges and hurdles, for instance, overcoming rf

breakdown at accelerating gradients above 150 MV=m,
remain. Novel concepts and fresh ideas, including the
exploitation of newly engineered and functional materials
for particle acceleration [1–4,16,17], EM field control
[16,18], and high-intensity THz radiation generation
[5,19–22] have been studied theoretically and experimen-
tally to maintain the momentum of the scientific progress in
these fields. In this paper, using the results observed in
previous studies [1–22], we will examine the wakefield
excitation by an electron bunch on the surface of a two-
dimensional (2D) periodic surface lattice (PSL) of chess-
board topology (−1;0;1) [16] [Fig. 1(a)] to enable the
acceleration of the witness electron bunch. The numerical
model of the periodic surface structure and the electron
beams propagating inside has been developed using the 3D
Particle-in-Cell (PIC) code, MAGIC. A full outline of the
model and a discussion of the wakefield dynamics and
properties generated by the beam driver are presented. The
acceleration of the witness bunch paired with the driver
bunch has been studied, and the results obtained from the
3D PIC model, are presented and discussed. In this paper,
the challenges associated with driving beams close to the
periodically structured conductive surface are discussed,
and the concept of a “cascade” AMWA is introduced. The
results of preliminary studies demonstrate that a peak
accelerating field up to 1 GV=m can be reached with the
average accelerating potential achieved around 300 MV=m
allowing the energy of the witness bunch to be boosted
from 7 to 10 MeV in a section of 12-mm length.
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Conventional dielectric wakefield accelerators are
based on waveguides where the radius is comparable to
the operating wavelength (usually around several hundred
μm) and lined either with continuous or structured dielec-
tric [17,19,23–28]. The waveguide dimensions are typically
chosen to allow beam transportation, with minimal beam
interception by the dielectric, and to ensure a single mode
and high gradient excitation of the wakefield. A compro-
mise must be reached when choosing the diameter of the
waveguide, due to the conflicting conditions for lossless
beam transportation (for which the electron bunch should
be located far from the dielectric) and single mode

excitation (where r ∼ λ). For instance, to get strong
interaction, one would bring the charged particle beam
as close to the dielectric as possible [17] which may cause
partial beam loss due to beam deposition on the dielectric.
Most of the dielectrics have poor electric and thermal
conductivities and the electric charge deposition may affect
the beam transport and the dielectric and mechanical
properties of the lining. Moving the beam away from
the dielectric lining and increasing the dimensions of the
channel will result in a weaker interaction and an increase
in the number of higher modes excited in the channel.
While the latter, in theory, may be used to control the shape
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FIG. 1. (a) 3D model basic cell of the 2D periodic surface lattice generated using CST MW Studio with the period of the lattice dz
indicated, (b) photograph (left figure) of the copper, cylindrical, 2D periodic surface lattice, which single cell can be approximated by the
“square element” shown in Fig. 1(a), with shallow sine corrugation constructed using 3D printing technique and 3D model (right figure)
of the 2D PSL with shallow square wave corrugation build using 3D PiC code MAGIC, with a single cell similar to one shown in Fig. 1(a).
Such a structure can be considered as a periodic composition of such elements along azimuthal (m̄ periods) and longitudinal coordinates.
(c) Numerical model ðx; yÞ and ðr; zÞ views of the periodic structure with driver and witness bunches, the insets on the right figure are
zoom-in of the driver and witness bunches and contour plot of the amplitude of the Ez field component in front of the driver bunch.
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of the wakefield, it may also lead to challenges with
efficient and equal energy transfer from the driver to the
different parts of the witness beam, as well as the “side-
kicks” which will affect the beam emittance and energy
spread. The typical transverse dimensions (diameters) of
the dielectric lined wakefield accelerator are several hun-
dreds of micrometers [23–28] while the beam is focused to
have dimensions of a few tens of micrometers, i.e., the
transverse dimensions of the structures and the beam are
comparable. Using small dimensions also means limited
power handling capability and thus the limitation of the
total accelerated charge.

II. MODEL AND THEORETICAL STUDIES
OF WAKEFIELD GENERATION

ON 2D ALL-METAL PSL

Toovercome the limitations aswell as hurdles linked to the
properties of the dielectric, using 2D shallow corrugations of
the metal surface [Figs. 1(a)–1(c)], i.e., two-dimensional
periodic surface lattices (2D PSL) [20–25] are suggested.
Here “shallow”means that the amplitude of the corrugation is
smaller than one-quarter of the operating wavelength, i.e.,
avoiding the conventional slow-wave structure configura-
tions. Figure 1(a) illustrates the fundamental cell of the
chessboard structure. The fundamental 2D chessboard
[Fig. 1(a)] topology [16] can be defined as a superposition
of two “waves” r ¼ r0 þ Δr½cosðm̄φþ k̄zzÞ þ cosðm̄φ −
k̄zzÞ� where Δr is the small amplitude of the corrugations,
i.e., ðΔr=r0Þ ≪ 1 and ðφ; zÞ are the corresponding coordi-
nates in the cylindrical coordinates, while k̄z ¼ 2π

dz
is the

component of the lattice’s eigenvectors (dz is the period of
corrugation) and m̄ is the number of the lattice azimuthal
variations. The parameter k̄z used in the studies has been
selected as advised in [20], while taking into account that the
goal of the studies, as well as time scales, is significantly
different from [20] the parameter m̄ has been considered to
allow broader (flatter) beam, i.e., the second dimension,
dm ¼ 2πr0=m̄, was slightly larger as compared with the
beam width. Here, unlike other studies of such structures
where the eigenmodes’ formation and evolution toward the
steady-state operation have been carried out, the wakefield
formation and evolution are considered. The wakefield
dynamics occur in a strictly time-dependent regime and
the results observed previously [16,20] for instance to define
the azimuthal period dm ¼ 2πr0=m̄ (m̄ > 2πr0=λγ, where γ
is the relativistic Lorentz factor and λ is the operating
wavelength), may not be applicable. The localizedwakefield
on the 2D surface will be generated immediately and locally
by the driver and will dissipate quickly (two or three field
oscillations) as soon as the driver moves forward with a
velocity close to the speed of light. The expected range of the
wavelength excited in the wakefield is defined by dz while
the transverse dimensions and the Q-factor of the localized

wakefields will be defined by dm and the conductive proper-
ties of the material [16].
In Fig. 1(b), photograph of the cylindrical copper structure

and 3D model generated by 3D PiC code MAGIC are shown.
Such structures with sinusoidal corrugation (left figure) can
be studied using a numerical model with the square wave
approximation (right figure) due to the small amplitude of the
corrugation. In the work presented in this paper, the cylin-
drical structure [Fig. 1(b)] has been chosen to accommodate
intense electromagnetic fields and facilitate electron beam
transportation [Fig. 1(c)]. In Fig. 1(c), the ðx; yÞ and ðr; zÞ
views (left and right figures, respectively) of the numerical
model studied are shown. The red “clusters” near the walls
indicate the driver (front) and witness (following) bunches.
The insets show the zoom of the driver and witness bunches
prior to the entry of the periodic structure, the left figure, the
contour plot, ðx; yÞ view, theEz field component amplitude at
the front of the driver beam, and the right figure. In the figures
and the left inset, one notes that the clusters consist of
microparticles [29] and each microparticle is made of 1000
electrons. Specifically, in these studies, approximately
60,000 microparticles were used to simulate both bunches.
To avoid excitation of numerical instabilities, the 3D mesh
has been constantly and continuously varied, with a maxi-
mum deviation from its mean value by ∼ 30%. The mean
values of the mesh have been calculated to be equal or
less as compared with 1=10 of the expected operating
wavelength [10,16].
In previous studies [1–4,30–34], different topologies of

the 2D periodic structures were considered and it is under-
stood that chessboard configuration allows minimizing [31]
the transverse dispersion of the wakefield, i.e., localizing the
wakefield without using small diameter capillary structures
[[1–4,17,19,23–26]] and thus maximizing the efficiency
[3,19,35] of the energy transfer between driver and witness
bunches without compromising beam transport. It allows
avoiding the use of dielectric [32,33], as in conventional
metamaterials, improving thermal andmechanical properties
and thus longevity of the system. The chessboard surface
structures can bemachined relatively easily with dimensions
from several millimeters to several micrometers using differ-
ent methods including direct machining, electrochemistry,
3D printing, or laser machining [36–38]. One notes that the
typical tolerances for the periodic structure dimensions
should be better than a tenth of the value of either a specific
dimension or the operating wavelength (the smallest is
appropriate). One will also need to consider a correct low-
loss material if the amplitude (Δr) of the corrugation is very
shallow ðΔr=r0Þ ≪ 1, i.e., the wave coupling parameter is
low [38].
In this work, the propagation of the electron bunches off-

center of the cylindrical waveguide and in the vicinity of
the periodic structure will be studied and the evolution of
the bunches will be presented [Fig. 1(c)]. To study the
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wakefield excitation, the distance between the driver and
the periodic surface will be varied [Fig. 1(c)]. In both cases,
namely a single electron bunch (driver) and two-electron
bunches (driver and witness, γd ≠ γw), propagation will be
considered with the aim of studying the witness bunch
acceleration. Thus, the dependence of the witness bunch
acceleration on the distance between driver and witness zdw
as well as on witness bunch charge and length will be
investigated.
Let us assume that the driver propagates near the 2D

corrugation (periodic surface lattice, PSL) machined on
the inner surface of the hollow metal cylinder [Figs. 1(b)
and 1(c)], where it excites a full set of the eigenmodes,
providing the resonance conditions are satisfied:

m̄ ¼ mv þms; k̄ ¼ k̄s − k̄v

where mv;s is the number of azimuthal variations of the
volume and surface modes, k̄v;s are the volume and surface
wave vectors, and the synchronism condition is

ω ¼ kzvz þ nΩd;

where Ωd ¼ 2πvz=dz, n is the harmonic number, and vz is
the longitudinal beam velocity. The geometrical parameters
of the lattice (specifically the amplitude and period of the
corrugation which both are small in comparison to the
wavelength) allow the following two approximations to be
made: (1) simplification of the sinusoidal corrugation to a
square wave corrugation and (2) description of the structure
in terms of an “effective metadielectric” lining on the
surface of an unperturbed metal waveguide of radius, r0.
The inner radius of the effective metadielectric is smaller
than the minimum radius of the 2D periodic surface
structure corrugation [16] and thus the surface field extends
beyond the corrugation’s boundary. As a result, the electron
beam can efficiently excite the wakefields without inter-
secting the structure and the wakefield can be described in
terms of the surface currents induced on the metal
[5,6,12,16,20,21]. The field excited, as in a dielectric-lined
waveguide, will have both longitudinal electric and mag-
netic field components, Ez andHz, for which the transverse
structure inside the “dielectric,” i.e., close to the 2D PSL,
can be defined as [16]:

Ez ¼ C1½ðJm̄ðks⊥rÞYm̄ðks⊥rwÞ
− Ym̄ðks⊥rÞJm̄ðks⊥rwÞÞ� sinðm̄φÞ expðik̄zzÞ

Hz ¼ C2½ðJm̄ðks⊥rÞY 0̄
mðks⊥rwÞ

− Ym̄ðks⊥rÞJ 0̄mðks⊥rwÞÞ� cosðm̄φÞ expðik̄zzÞ ð1aÞ

and outside the dielectric

Ez ¼ −ðks0⊥Þ2C3½Imðks0⊥rÞ� sinðm̄φÞ expðik̄zzÞ
Hz ¼ −ðks0⊥Þ2C4½Imðks0⊥rÞ� cosðm̄φÞ expðik̄zzÞ; ð1bÞ

where Ci are constants. The radial decay of the waveguide
surface field toward the center is described using modified
Bessel functions Im̄ðks0⊥rÞ and the imaginary transverse

wavenumber of the surface field is ks0⊥ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k̄2z − k2
p

, Ym̄ is
the Bessel function of the second kind which must be
considered for the field defined in the layer away from the
center of the structure. The beam width is considerably
smaller than the azimuthal period, dm and the transverse
dimension of the localized field is limited by dm. The
wakefield excited will be a superposition of the set of the
eigenfields (1) with different azimuthal indices m̄. Such a
nonuniform distribution of the wakefield will lead to
a high gradient or pondermotive force which will push the

bunch from the high field intensity area F⃗ ¼ −∇⃗UðrÞ ¼
−ð e2

4m0ω
2Þ∇⃗ðEðrÞ2γðrÞ Þ creating a significant challenge for high

gradient structures. A similar phenomenon observed in
planar waveguides lined with a dielectric (DWA structure)
has been recently reported in [39]. This phenomenon can
affect the acceleration and beam quality and it will be
studied using the numerical model in the following section.

III. ALL-METAL WAKEFIELD
ACCELERATION–NUMERICAL STUDIES

A. Wakefield formation

In this work, the numerical models developed to study
both the beam dynamics and wakefield evolution were
created using the 3D PiC code MAGIC3D. Numerical results
showing the single bunch dynamics through the structure are
shown in Fig. 2(a). A single bunch of total charge, 10 nC, and
single particle energy, 7 MeV, has been considered. The
effect of the potential depression is relatively strong (for a
beam possessing a large charge) and manifests itself as a
small perturbation at the head of the beam, as shown in
Fig. 2(b). Initially, a monoenergetic beam [blue strip in
Figs. 2(a)) and 2(b)] has been launched through the uniform
cylindrical waveguide of unperturbed radius, r0 ¼ 6 mm.
The beam (with no appliedmagnetic field) travels a length of
1.5 cm along the uniform structure. Due to potential
depression, the bunch undergoes a spread in energy prior
to entering the 2D periodic structure with an axial period,
dz ¼ 0.6 mm. One notes that the driver bunch parameters,
such aswidth, energy, and charge, weremaintained constant.
To study the evolution of the wakefield and driver, the

beam was propagated through the relatively long structure
of length 24 mm, i.e., L ¼ 40dz while the length of the
driver was approximately 0.6 mm (2 ps) with an initial
radial thickness of 0.1 mm. Figures 2(a) and 2(b) show the
beam energy distributions and evolutions in the cross
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sections ðr;φÞ—right column, and ðr; zÞ—left column at
several time intervals: (i) 2.74 ps (entry into the structure),
(ii) 18.77 ps (first half of the structure) before the beam is
pushed to the wall, (iii) 50.84 ps (second half of the
structure), and (iv) 80.9 ps (the remains of the beam are
deposited in the structure). Each figure shows two distri-
butions of the electrons to better illustrate the evolution of
the beam. The beam [Fig. 1(c)] is initially narrow in radial
extent (0.1 mm) before it is radially spread by the ponder-
motive force. This is similar to the effect observed in

laser-plasma interactions where electrons are pushed away
from the high intensity laser field creating a bubble. The
pondermotive force leads to the exhaustion of the driver,
and the dependence of the normalized charge depletion rate
on the charge radial position with respect to the grating is
shown in Fig. 3(a).
Figure 3(b) illustrates the results of the studies of the

dependence of the wakefield amplitude, excitation, and
evolution on the radial distance Δrb [inset to Fig. 1(c)]
between the electron beam and PSL (beam PSL
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FIG. 2. Results of numerical studies using 3D PiC code MAGIC. Distributions of the electrons inside the driver bunch in ðx; yÞ (first
column) and ðr; zÞ cross sections measured at different moments of times (a) and (b) 2.74 (solid blue dots) and 18.77 ps (hollow orange
dots); (c) and (d) 18.77 (hollow orange dots) and 50.84 ps (hollow green dots); (e) and (f) 50.84 (hollow green dots) and 80.9 ps (solid
red dots). The 2.74 and 80.9 ps are corresponding to injection in and exit from the AMWA structure, while dashed lines in Figs. 2(b)
and 2(f) show the entrance and exit of the AMWA.
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separation), the distance between the corrugation (unper-
turbed radius r0) and the driver (center of the bunch) was
varied from 0.2 to 1 mm. As expected, the depletion of the
charge [Fig. 3(a)] leads to the decay of the wakefield
accelerating potential as illustrated in Fig. 3(b). Beyond a
certain threshold, increasing the length of the corrugation
surface will no longer lead to the witness beam acceleration
due to the exhaustion of the driver. Figures 3(a) and 3(b)
also show that changing the radial position of the beam

with respect to the PSL (i.e., increasing the distance) leads
to a decrease in the average accelerating gradient, which
then becomes more “monotonic.” One also notes that for a
beam-grating separation of 1 mm, the accelerating potential
of 1 GV=m has been observed for a significant distance.
Moreover, the dip in the accelerating potential observed at
the time interval between 20 and 30 ps occurs for all beam
positions and is most pronounced for the case where the
beam is closest to the surface. Taking these results into
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FIG. 3. Results of the numerical studies using 3D PiC code MAGIC. The time dependences of the wakefield driver bunch depletion (a)
and the amplitude of the wakefield (b) as the electron bunches propagate through the structure. The results observed for different values
of the bunch grating separations Δrb ¼ 1 mm (dotted line); Δrb ¼ 0.9 mm (short-dashed line); Δrb ¼ 0.8 mm (dashed line); Δrb ¼
0.6 mm (dash-dotted line); Δrb ¼ 0.4 mm (solid line). The graphs in Figs. 3(a)and 3(b)are observed for the same bunches and illustrate
the wakefield amplitude drops in all cases at approximately 50 ps indicating that electron loss and radial dispersion of the bunch are
responsible for the amplitude decay. (c) The dependence of the amplitude of the Ez field component of the wakefield inside the periodic
structure [waveform (left axis)] taken at two different times t1 ¼ 31.9 ps (dashed blue line) and t2 ¼ 36.4 ps (solid orange line) induced
by the high intensity (20 nC, 2 ps, injected bunch CM energy 7 MeV) electron bunch which positions at different times, in respect to the
wakefield, are also shown (solid blue/orange dots). The electron energy distribution shown on the right axis of the figure.
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account, we can speculate that this dip is due to interference
of the wakes excited at different cells of the PSL structure.
As the beam moves away from the structure, the wakefield
is less “monochromatic” and has more spectral components
of the same amplitude leading to a shallower dip in the
accelerating potential. Figure 3(c) shows a typical wake-
field waveform for the case where the beam propagates near
the surface (1-mm distance) and prior to the bunch
depletion. This shows the “regular” sinelike wakefield
forms at two-time points: (i) 31.9 and (ii) 34.9 ps which
correspond to the case where the bunch is positioned near
the center of the 2D PSL. The time interval Δτ indicates the
width of the accelerating bucket,Δτ ≅ 1 ps, and shows that
even when the bunch depletion (charge and energy) is
weak, the amplitude of the wakefield oscillates as it
propagates through the structure. The position of the driver
and energy distribution of the particles are also shown for
both cases. In the case of the relativistic electron beam with
finite δγ energy spread, the velocity range δvz is defined as
δvz ∼ δγ=γ3 explaining the relatively low sensitivity of the
synchronism condition ω ¼ kzvz þ nΩd to the driver deg-
radation with time and the continuation of excitation of the
quasimonochromatic field. It has been observed that the
wakefield amplitude decay is more sensitive to the spatial
spread of the driver and charge loss rather than to energy
spread. As a result, the beam focusing mechanisms needed
to overcome the pondermotive force will be beneficial to
avoid early exhaustion of the driver bunch.

B. Witness bunch wakefield acceleration

The results of the wakefield studies have enabled the
driver-witness bunch pair (DW pair) to be constructed in
such a way as to observe the witness bunch acceleration.
The results indicate that effective deceleration (radiation
generation) of the witness bunch can also be observed
by locating the witness bunch within the decelera-
tion phase of the wakefield [Fig. 3(c)]. Accurately
positioning the witness bunch into the accelerating poten-
tial (negative field) leads to acceleration as shown in
Fig. 4(a).
Initial DW-pair studies have been carried out with the

0.1-nC witness bunch (0.6 ps duration) positioned behind
the 2-ps long, 8-nC driver at several time intervals. The
initial DW pair of the bunches with the single-particle
energy of 7 MeV has been launched from some distance
(10 mm) from the structure. The DW-pair separation, i.e.,
the interval between bunches varied from 0.8 to 4 ps. The
length of the corrugated structure has been shortened from
24 to 12 mm to minimize the effect of the driver depletion
on the witness bunch acceleration (such studies are outside
the scope of this paper). The radial thickness of the bunches
at the injection point was 0.1 mm and the corrugation depth
was 0.16 mm. The radial distance between the center of the

bunches and the unperturbed surface (at the injection point)
of the structure was 0.3 mm.
Figure 4(a) illustrates the dependence of the witness

bunch’s final energies if the DW-pair separations were 0.8
(dashed lines) and 1.35 ps (solid lines). The lines show the
center-mass (CM) energy (center lines), and maximum and
minimum single electron energies observed (top and
bottom lines), respectively. The inset illustrates the depend-
ence of CM final energy dependence on DW-pair separa-
tion, showing that with the large separation, the witness
bunch shifts into decelerating phase leading to the decel-
eration of the bunch. Figure 4(b) shows DW-pair separation
at the “intermediate” state at 3.5 ps (dashed lines) with CM
energies near the same as the injected energy of the bunch
and if the witness bunch is shifted into decelerating phase at
4 ps (solid lines). The inset to Fig. 4(b) illustrates the
maximum, CM, and minimum energies observed in the
witness bunch as a function of thebunch length.One sees that
initially, energy spread grows with the growth of the bunch,
and with reaching some length value, the “saturation” of the
energy spread is observed. This can be explained by the
electron trapping and long bunch microbunching observed
and demonstrated in Fig. 4(c). Figure 4(c) illustrates the
energy distributions of short (0.05 ps, red dots) and long
(1.25 ps, blue dots) electron bunches at the exit from the
acceleration section (periodic structure). Themicrobunching
of the long pulse, also seen in the case of the long driver
(Fig. 2), “limits” the energy spreadwhichwouldotherwise be
expected to increase as the length of the witness bunch is
made longer. For the short-length witness bunch, no micro-
bunching and a reduced energy spread were observed.While
the energy spread depends on both the longitudinal and
transverse dimensions of thewitness bunch in this study, only
the longitudinal dimension has been changed. Therefore,
taking the following steps such as, minimizing the lengths of
both the witness and driver bunches, minimizing the witness
bunch radial thickness, and making the wakefield amplitude
radial gradient smaller, will help to reduce the energy spread
(Fig. 4) while also maximizing the CM energy of thewitness
bunch.
One notes that addressing challenges associated with

driver bunch charge depletion and witness bunch energy
spread will be the key goals if the multistage wakefield
accelerator is to be constructed. The schematic of such an
accelerator is shown in Fig. 5(a). The application of the
oversized structure for wakefield acceleration may simplify
the overall design of the cascade system. Figure 5(a) shows
AMWA sections (squares) based on 2D periodic structures,
conditioning systems (arrows) to reduce the energy spread
after the AMWA sections, and driver injection and extrac-
tion to/from each AMWA section. Figure 5(b) illustrates the
change of the beam energy from 7 to 15 MeV (doubling
energy) in three sections with the length of the accelerating
sections less than 40 mm. The results were obtained under
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the assumption that electron beams (at 7, 9, and 12 MeV)
with 1% energy spread (typically obtained after condition-
ing, including collimation) are injected into the accelerating
sections. The other properties of the driver and witness
bunches are maintained the same as discussed above, i.e.,
the witness (∼0.1 nc) and driver (∼8 nc) bunch lengths
were 0.05 and 2 ps, respectively, and the initial DW-pair
separation was 1.35 ps. Figure 5(b) illustrates that the
energy spread at the exit from the AMWA section does not

depend on the witness bunch’s initial energy and the
ΔE=Efinal is getting smaller with the increase of energy
of the injected bunch.

IV. CONCLUSION

In this paper, investigations of the wakefield formation
and evolution, excited by the driver (high charge and low
energy electron bunch), on the surface of a cylindrical 2D
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periodic surface lattice have been carried out, it has been
demonstrated that an accelerating field gradient up to
1 GeV=m can be achieved and preliminary results dem-
onstrating the concept of a “cascade all-metal wakefield
accelerator” have been presented. In this work, the key
challenges have been identified, including the energy
spread of the witness bunch and the depletion of the driver
due to charge loss and radial beam dispersion. In particular,
it has been shown that the electrons in the bunch
gain radial momentum due to the pondermotive force

F⃗ ¼ −ð e2

4m0ω
2
d
Þ∇⃗ðEðrÞ2γðrÞ Þ and that the bunch spreads radially

in the positive (toward the metal surface) and negative
(toward the axis of the cylindrical structure) directions. It
has been suggested that some of these issues can be
overcome by optimizing the geometry of the surface
periodic structure and by introducing an external magnetic
field to focus the beam and reduce the pondermotive forces.
In this work, several important factors have been

analyzed and considered in this paper including the
dependence of the wakefield amplitude and the electron
dispersion of the driver bunch and electron beam loss on the
bunch grating separation; the dependence of the acceler-
ation of the witness bunch in the driver-witness pair
separation while demonstrating a shift from the accelerat-
ing phase to the decelerating phase when the driver-witness

separation becomes larger as compared with the width of
the accelerating bucket. The witness bunch energy spread
on the witness bunch length has been investigated. Results
show that increasing the length of thewitness bunch initially
increases the energy spread of the electrons up to a certain
length, at which point the amplitude of the energy spread
saturates. The results confirmed expectations from previous
work and demonstrated the potential to generate a wakefield
similar to that observed in a conventional, dielectric wake-
field accelerating structure by constructing an “all-metal
wakefield accelerator” basedon a 2D surface structure. There
are clear benefits in being able to eliminate the dielectric
material including improved longevity of the system and
better thermal and static charge management. The results
observed will be used to plan, carry out, and analyze the
possible future experiments, which are currently discussed at
the University of Strathclyde [40].
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