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Wakefield based accelerators capable of accelerating gradients two orders of magnitude higher
than present accelerators offer a path to compact high energy physics instruments and light sources.
However, for high gradient accelerators, beam instabilities driven by commensurately high trans-
verse wakefields limit beam quality. It has been previously theoretically shown that transverse
wakefields can be reduced by elliptically shaping the transverse sizes of beams in dielectric struc-
tures with planar symmetry. We report here experimental measurements that demonstrate reduced
transverse wakefields for elliptical beams in planar symmetric structures which are consistent with
theoretical models. These results may enable the design of gigavolt-per-meter gradient wakefield
based accelerators that produce and stably accelerate high quality beams.

Next-generation acceleration schemes based on electo-
magnetic wakefields driven in dielectric-lined structures,
known as dielectric wakefield accelerators (DWA), have
recently demonstrated GeV/m accelerating gradients [1].
In DWASs, an intense drive beam generates a wakefield
that is used to accelerate an appropriately phased trail-
ing beam, or witness beam. With large amplitude wake-
fields, the trailing beam can attain very high energy in
short distances; this is an advantageous development that
may yield compact high-energy accelerators for future
colliders and X-ray light sources. However, these high
accelerating gradients are accompanied by commensu-
rately high transverse wakefields that may negatively af-
fect beam stability and quality [2]. This situation arises
in large part due to the need for using small-scale, high
frequency structures to obtain high wakefield coupling.
Demonstrating effective strategies for mitigating trans-
verse wakefields is thus a critical step towards developing
efficient, high gradient wakefield accelerators.

A transverse wakefield-driven instability is generated
when a beam travels off-axis through an accelerating
structure [3], giving rise to fields having net transverse
forces that cause the beam to undergo unstable mo-
tion, ultimately degrading beam quality. These fields
increase as the accelerating gradient is increased, and so
their effects must be ameliorated. Thus, the requirement
of preserving the quality of the beam during accelera-
tion requires a trade-off between accelerating gradient
and beam quality [4]. Several methods have been devel-
oped to mitigate the effects of transverse forces on beam
quality. For example, in radio-frequency accelerators the
transverse quality of the beam is preserved using a com-
bination of alternating gradient focusing and longitudi-
nally correlated energy spread that decouples the motion
of longitudinal slices of the beam, an approach termed
Balakin-Novokatsky-Smirnov (BNS) damping [4-7]. Al-
ternative methods to suppress transverse forces appropri-

ate for wakefield accelerators involve the direct reduction
of the coupling of the beam to transverse modes by ma-
nipulating the beam shape in structures with specific ge-
ometrical properties. Indeed, the method studied in this
Letter employs beams with highly elliptical aspect ratio
in a DWA having a planar geometry to inhibit coupling
to modes and generation of transverse forces. While this
scheme was proposed over two decades ago [8], it has only
been recently possible to experimentally explore its effi-
cacy in a high gradient DWA environment, as reported
here.

The use of elliptical beams in planar DWA structures
as a method of suppressing transverse forces has been
investigated analytically by direct solution to Maxwell’s
equations with appropriate boundary conditions [8], in
detailed simulations [9, 10], and using conformal map-
ping of Green’s function solutions [11]. In previous ex-
perimental work, DWAs in planar geometries have been
studied in the context of acceleration at moderate en-
ergy [12, 13], and spectral decomposition in woodpile [14]
and Bragg-reflector [15] configurations. However, the low
charge density and resultant gradients present in these
experiments prevented the observation of transverse ef-
fects to appreciably measurable levels. Here, we present
first measurements of the reduction of transverse forces
in planar DWA structures at high energy and high gra-
dients, with intense drive beams through the variation of
the beam’s transverse ellipticity.

The physical mechanism underlying this transverse
wakefield suppression is the reduction of the coupling of
the beam to structure modes that produce net transverse
forces on the beam. For slab symmetric structures, the
coupling term is a function of the scaled beam width
parameter, x = o,/a, where a is the half width of the
vacuum gap of the dielectric-lined structure and o, is
the r.m.s. beam size perpendicular to that vacuum gap
(c.f. Figure 1). Point-like beams, x = 0, will couple



FIG. 1. a) Isometric and b) top-down view of the layout of
the experiment. Beams propagate from left to right, in the
2 direction. An initial displacement in the structure, Az, is
added by moving the structure perpendicular to the direc-
tion of beam propagation, along the & direction. The average
offset of the beam in the & direction, Z, is measured 6.64 m
downstream of the structure using a beam position monitor
(BPM). The black dot indicates the undisturbed beam prop-
agation direction, when the beam is on-axis in the structure.

to all modes supported by the structure, which results
in maximum longitudinal (acceleration) as well as trans-
verse forces. Conversely, beams that are large compared
to the vacuum gap (i.e. asymmetric beams with large
aspect ratios), x > 1, will couple less effectively to the
structure modes [11]. Theoretical work shows that cou-
pling to the transverse modes falls off faster than the
coupling to the longitudinal modes, 1/x® compared to
1/x [8][11]. This scaling can be exploited to reduce the
effects of transverse wakefields in high gradient, high fre-
quency accelerators with planar symmetry. Furthermore,
the theoretical work shows that the coupling is purely ge-
ometry dependent and not dependent on specific dielec-
tric material.

In this Letter we present parametric studies on the ef-
fects of beam ellipticity and dielectric material on trans-
verse wakefields in a planar DWA. The effects of trans-
verse wakefields over the length of the structure are mea-
sured as an integrated transverse kick experienced by
the beam, as quantified by the centroid displacement
from the nominal unperturbed trajectory (Figure 1).
These data demonstrate the feasibility of using transverse
bunch shaping to suppress transverse wakefields and con-
firms that the effect is geometric, and not dependent on
the dielectric material. Simulations and analytic models
of transverse wakefield induced integrated kick are shown
to agree with the measured data.

The experiments presented in this work were con-
ducted at the Facility for Advanced aCcelerator Experi-

mental Tests (FACET) at the SLAC National Accelera-
tor Laboratory [16]. A two-km linac provides 20.35 GeV
beams consisting of N, = 2 x 10'° electrons with a root
mean square (r.m.s.) bunch length of o, = 30 pm [17].
A diagram of the experiment is shown in Fig. 1. A mag-
netic optics focusing system consisting of two quadrupole
triplets is used to deliver electron beams in the interac-
tion region with with fixed r.m.s. transverse beam size
0y =90 um and o, adjustable from 90 to 450 pm. More
details on the electron beam optics can be found in Ref.
[18]. Beam sizes are measured using optical transition
radiation images. Additionally, a bench-marking experi-
ment was performed in an annular DWA structure using
nearly round beams with transverse beam size o, = 40
pm, o, = 52 pm, o, = 40 pym and N, = 0.7 x 101°
electrons. The baseline experiments operate at reduced
charge to mitigate high-field effects uncovered in previous
DWA experiments [19], and allow the precision measure-
ment of mode frequencies excited in the structure.

Due to the relatively short interaction length and other
experimental constraints, simultaneous measurement of
both transverse wakefields and accelerating gradients was
not possible. However, theoretical calculations, using
the same methods described below for determining the
transverse forces, show that the peak accelerating gradi-
ent in these experiments varies from 320 MeV/m for the
widest beams to 584 MeV/m for the narrowest. These
gradients are close to the desired goals for future accel-
erators. Measurement of stable acceleration using 1000
MeV /m accelerating gradients are planned at the forth-
coming FACET-II facility. The remainder of this Let-
ter concentrates on the measurement and mitigation of
transverse wakefields required for stable beam transport
at such high accelerating gradients.

Normalized beam size ratios, x = o,/a, in the range
x = 0.375-2.35 were used, where a = 240 um is the half
width of the vertical vacuum gap of the DWA, c.f. Figure
1. The DWA structures are positioned with respect to
the beam by a 5-axis motor system with approximately
pm precision, and assisted by an alignment laser that is
matched to the electron beam trajectory [1]. For each
normalized beam size x the initial displacement Az of
the beam with respect to the DWA symmetry axis was
scanned from —100 pym to 100 pm in steps of 20 pm.
The deflection of the centroid of the beam, Z, on a beam
position monitor (BPM) Az=6.64 m downstream of the
structure was used to quantify the integrated transverse
kick received by the beam as a function of initial dis-
placement in x inside of the DWA.

In addition to direct observation of beam deflection
using a BPM, the spectral content of the wakefields in
the cylindrical structure reveals the excitation of trans-
verse modes when the beam is not aligned to the symme-
try plane of the DWA. The frequency spectrum confirms
that the effect under investigation is directly related to
the transverse forces excited by off-axis beam passage
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FIG. 2. a) Spectral content of an annular DWA when an elec-
tron beam travels down the symmetry axis (blue, dashed) and
60 um offset from the symmetry axis (red). When traveling
off-axis, the electron beam couples to hybrid electromagnetic
(HEM) modes that result in transverse forces on the beam.
b) The measured average offset of the beam on the BPM, Zz,
as a function of the initial displacement in the structure, Ax
is shown. The red line represents a fit to the data and is used
to calculate the strength of the linear forces on the beam.

through the structure. The spectra were obtained us-
ing a Michelson interferometer [1, 19]. A set of off-axis
parabolic mirrors are used to collect and image the beam
exit point from the DWA to the interferometer. The
system is designed such that the radiation emitted from
the structure is preferentially directed 30° away from the
beam axis. This Vlasov-type antenna [20, 21] improves
the signal to noise ratio in the interferometer by reduc-
ing the collection of axially directed (i.e. transition radi-
ation) beam-derived coherent emissions. A fast-Fourier
transform of the autocorrelation generated by scanning
the interferometer delay is performed to generate the
modal content of the wakefields excited in the DWA. For
each set of measurements in this work the spectra are
normalized to those obtained for round, on-axis beams.

To demonstrate the dependence of transverse forces on
system geometry, three dielectric wakefield accelerators
were used in these experiments, two with planar symme-
try, and one with, as noted above, an annular geometry.
The parameters of each DWA structure are outlined in
Table I. All DWAs were of length L=1 cm. The width in
x of the planar structures is W=2.54 c¢m, which satisfies
the condition that the structure width be much wider
than the beam dimensions in all cases [11], 0,,,/W < 1.
The slabs are cut to size from bulk wafers using a di-
amond saw and are held in place by precisely machined
aluminum holders that also form the metallic walls of the
DWA. The fabrication process for the annular structures
has been described in previous work [1].

Figure 2a shows the spectral content of the wakefields
collected for the annular DWA. As expected, in the an-
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FIG. 3. The measured average final offset of the beam as
observed downstream of the planar structures, Z, as a function
of Az. The colors represent different beam sizes normalized
the to vacuum half gap, x = oy/a. For each value of x a
linear fit is performed and used to calculate the integrated
transverse forces on the beam.

nular structure there is no excitation of the undesired
transverse (HEM) modes when the beam is on axis (blue,
dashed line). However, transverse modes (HEM;; and
HEM;j5) are evident when the beam is displaced off-axis
by 60 pum (red line). Figure 2b shows the average offset
of the beam Z measured by the downstream BPM, as
a function of the beam’s initial displacement inside the
structure, Ax. The offset is fit to a model that incorpo-
rates both the dipole (linear) and higher order transverse
(cubic) terms [3, 22] as Z(Ax) = a+b(Az—c)+d(Ax—c)?,
where the coefficients b and d represent the contributions
of the dipole and higher-order mode terms, respectively.
The model fit is shown in Fig. 2b in red, and has a lin-
ear slope of b = 1.91 £+ 0.25um/pm. From this slope the
average transverse force per pm offset is calculated to be
F, = 3 h = 0.57 4 0.08 4V
AzL mepm
the quoted errors represent the 95% confidence interval.
As planar structures generate smaller wakefields in gen-
eral, and higher order mode excitation also decreases as x
increases, the cubic component cannot be resolved in the
planar structure measurements. For the planar structure
measurements d is not considered in the fitting model.
The DWA length is small compared to the distance
between the structure exit and the diagnostic BPM, L <«
Az, so the calculation of the integrated transverse force
has a weak dependence on the component of Z achieved
inside the structure. 3D simulations using VORPAL [23]
support this assumption and further show that transient
effects from the entrance and exit of the structure account
for < 10% of the kick for a given offset. This effect is
captured by the larger error bars in the measured offset
Z for larger initial displacements, c.f. Fig. 2b.

Throughout this work

This procedure is also performed for the planar struc-



Fo [30]

Structure X =oy/a Measured  Theory
Annular SiO2 0.260 0.587 0.546
Slab SiOq 0.375 0.614 0.627
a = 240 pm 0.700 0.442 0.402
b = 450 pm 1.013 0.312 0.254
€=3.38 1.275 0.220 0.175
1.875 0.023 0.085

Slab ZTA 0.350 0.514 0.566
a = 240 ym 0.671 0.276 0.371
b = 355 pm 1.163 0.146 0.186
e=11 2.348 0.088 0.046

TABLE I. Summary of the data presented in Figure 4. For
the annular structure the radius of the vacuum channel was
a = 200 pm and the outer radius was b = 300 pm [24].

ture, with beams of varying transverse aspect ratio. For
the planar SiOs structure, Fig. 3 shows Z at the down-
stream BPM as a function of Az for different normalized
beam sizes, x, and the associated linear fits. As with
the annular structure case, the slope of those fit lines is
used to calculate the average transverse force per pm off-
set. It is apparent that for the round beam, y = 0.375,
the measured offset £ due to transverse forces is great-
est for greater initial displacements. As the beam trans-
verse profile is made more elliptical, the transverse wake-
field excitation, and thus the observed effect of the initial
displacement, is diminished. For the highest aspect ra-
tio beams produced during the experiment, x = 1.875,
the transverse forces are suppressed to near zero, as evi-
denced by the slope shown in Fig. 3.

The results for the structures and materials available
during the experiment, including annular SiOs, planar
SiOq, and planar Zr-toughened Al,O3 (ZTA), are sum-
marized in Table I. These data are shown in Figure 4.
The measurement data (circles) agrees well with theo-
retical calculations (red diamonds). Theoretical values
are calculated using the measured experimental beam pa-
rameters, with models formulated in Ref. [11] and exact
solutions of the Maxwell system for this case from Ref.
[10]. Discrepancies between theory and measurements,
within the quoted errors, are attributed to deviation in
the bunch shape from the theoretically used bi-Gaussian
distribution, imperfect alignment of the x and y axes of
the beam and the DWA, and the aforementioned tran-
sient effects at the entrance and edges.

Figure 4a shows a compilation of the data from the two
different planar structures normalized by their respective
theoretical maximum values Fr’maz. Also shown is the
analytical prediction of the x-scaling given by [11]
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The normalization F_xﬁmw is calculated using the meth-

4

ods described in Ref.[10] for x = 0 and with all other
beam and structure parameters as described above. Nor-
malization amplitudes Fj ,,,, were found to be 0.812
MeV/m/pm and 0.738 MeV/m/pm for the SiOy and
ZTA cases, respectively. After normalization, the com-
parison shown in Fig. 4a demonstrates the suppression of
the transverse wakefield is geometric in origin and not de-
pendent on material type, one of the main predictions of
Ref.[11]. Figures 4b and 4c plot the un-normalized data
and show reasonable agreement between theory Ref.[10]
and experimental results.

Wakefields in beam-driven planar structures have
lesser amplitude than those generated in annular struc-
tures of equal vacuum apertures [8, 11, 22, 25, 26]. With
all other parameters held constant, the ratio of the form
factors for transverse wakefields in planar compared to
annular structures is éq—; ~ 0.761. In these experiments,
the form factor comparison is made by dividing the av-
erage transverse force F, in the planar structure by F,
in the annular case, while accounting for the difference
in charges, apertures and x. The ratio of the form fac-
tors is calculated to be 0.8 & 0.1 and 0.6 £ 0.2 for SiO4
and ZTA, respectively. The results presented here are
in good agreement with the expected value of the form

factor ratio.

In conclusion, we have experimentally demonstrated a
method for transporting beams in high-gradient wake-
field accelerators without commensurately large trans-
verse wakefields. Transverse wakefields are reduced by
elliptical shaping of the transverse beam sizes in planar
dielectric wakefield accelerators. This approach is sepa-
rate from methods that rely on external magnetic focus-
ing channels, or those which impose specific longitudinal
energy spread correlations in the beams. Comparison of
the smallest transverse force to the largest measured in
each structure (c.f. Table I) gives a 15-fold reduction
in the measured, average transverse forces through el-
liptical shaping of the beam. These measurements repre-
sent a significant step towards efficient, GeV/m wakefield
based accelerators, where advanced geometries allow for
the design and purposeful control of the modal content
for the reduction of beam coupling to undesirable modes
[14, 27, 28]. Future work at the forthcoming FACET-
IT facility will explore effects in advanced structures to
demonstrate meter scale, high-gradient acceleration, and
permit deeper examination of transverse stability issues.
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