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Positron driven high-field terahertz waves via dielectric wakefield interaction
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Advanced acceleration methods based on wakefields generated by high-energy electron bunches passing
through dielectric-based structures have demonstrated > GV/m fields, paving the first steps on a path to
applications such as future compact linear colliders. For a collider scenario, it is desirable that, in contrast with
plasmas, wakefields in dielectrics do not behave differently for positron and electron bunches. In this article, we
present measurements of large amplitude fields excited by positron bunches with collider-relevant parameters
(energy 20 GeV and 0.7 x 10'° particles per bunch) in a 0.4 THz, cylindrically symmetric dielectric structure.
Interferometric measurements of emitted coherent Cerenkov radiation permit spectral characterization of the
positron-generated wakefields, which are compared to those excited by electron bunches. Statistical equivalence
tests are incorporated to show the charge-sign invariance of the induced wakefield spectra. Transverse effects on
positron beams resulting from off-axis excitation are examined and found to be consistent with the known linear
response of the DWA system. The results are supported by numerical simulations and demonstrate high-gradient

wakefield excitation in dielectrics for positron beams.
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I. INTRODUCTION

Relativistic positrons and electrons in high-luminosity lin-
ear colliders are essential tools for fundamental studies in
particle and nuclear physics. The large electron positron
(LEP) collider at CERN operated at up to 209 GeV center
of mass energy [1]; however, yet higher energy enables im-
portant studies into high-precision fundamental particle mass
measurements, exotic Higgs particle couplings [2], the search
for dark matter [3], or physics beyond the standard model
[4]. Achieving TeV-scale center-of-mass energy for positron-
electron collisions in a practical footprint [5,6] is a major
challenge given existing radio-frequency (RF) acceleration
technologies, which are limited by material breakdown to
accelerating gradients of ~80 MeV/m. While cryogenic RF
cavities have shown improvements to the breakdown limit [7],
even larger gains in accelerating electric fields are necessary
to enable the next generation of TeV-class machines with
reasonable cost and physical footprint. Advanced acceleration
methods based on wakefields in a variety of media are capable
of generating accelerating gradients up to three orders of mag-
nitude greater than present RF-based accelerators, offering
a path to more compact and affordable high-energy physics
instruments. For example, the concept of a high-gradient,
wakefield-based “afterburner” [8,9], where the terminal en-
ergy of a relativistic beam from an existing accelerator facility
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is multiplied severalfold beyond the design energy of the
machine, is an attractive approach for a future e™e™ linear
collider.

Wakefield acceleration techniques use one or more mod-
erate energy driver bunches to excite electromagnetic fields,
which can accelerate a trailing witness bunch by extracting en-
ergy from the driver, essentially transforming a high-current,
low-voltage system into a relatively lower current, high-
voltage system. Plasma wakefield acceleration (PWFA) has
demonstrated > GV/m accelerating gradients [10-12] by
exciting a nonlinear plasma oscillation, where the plasma
electrons are evacuated from the beam channel via the repuls-
ing space charge of the electron bunch driver. This leaves a
positively charged ion column, resulting in a linear restoring
force on the beam electrons. Such a configuration is able to
provide both strong accelerating gradients and linear focusing
fields for the body of the driver, as well as for electron witness
bunches. However, the nonlinear beam—plasma interaction is
not symmetric for positively charged witness beams, e.g.,
beams of positrons. Reconfiguration of the plasma profile
geometry to that of a hollow-core column alleviates some
issues related to positively charged beams and has shown
experimental progress [13,14], yet stable positron acceleration
in a PWFA remains an urgent challenge under study [15,16].
Dielectric wakefield acceleration (DWA), in contrast, relies on
wakefields excited by a driver bunch in a solid-state dielectric
structure rather than a plasma. High-gradient (GeV /m-class)
acceleration of electrons has been demonstrated in dielectric
wakefield accelerators [17] but, prior to this work, only elec-
tron bunches have been used in DWA. In light of the plasma
wakefield accelerator challenges described above, DWA has
advantages for use as a positron accelerator because, in the
linear limit, DWA is independent of charge-sign and can
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accelerate positrons with no fundamental change in the layout
of the interaction. Experimentally observed high-field damp-
ing effects in electron-driven DWA [18] provide a currently
presumed practical limit to the operational gradient; in simple
cylindrical SiO, DWA geometries, this is near 850 MeV /m.
It has not yet been established whether this highly nonlin-
ear process has a charge-sign dependence which may lower
this threshold. The exploration of very high fields driven by
positron wakes is technically very challenging, as recently
illustrated by positron-driven PWFA work, which was accom-
plished at the same frontier laboratory facility, FACET, as the
experiments reported here. As such, the present work concen-
trates on excitation of gradients, which while well above those
of current accelerators are below the onset of effects in the
electron-driven case.

We thus report here the first demonstration of high-gradient
DWA driven by a positron beam at field levels relevant to the
acceleration gradient desired in the range of 500 MeV/m,
indeed comparable to that demonstrated previously with
plasma-based positron acceleration (inferred 230 MeV /m de-
celeration gradient in Ref. [13]). We establish that the positron
excitation of the modes is functionally equivalent to electron-
driven cases at this gradient level. The results we report
here should be considered a first exploration of the relevant
parameter space for positron acceleration in DWA; further,
future investigation of higher field scenarios is discussed in the
conclusions. This is an important initial step in understanding
relevant effects on relativistic positron beam propagation in a
collider-relevant parameter regime, a necessary milestone on
the road toward development of an e*-e~ collider based on
DWA technology.

II. EXPERIMENTAL METHODS

The issues related to charge symmetry in the DWA are
examined in a set of experiments conducted at the Facility for
Advanced Accelerator Experimental Tests (FACET) at SLAC
National Accelerator Laboratory [19]. The facility employs
high-energy electron and positron bunch modalities enabling
a variety of studies. In the positron bunch DWA experiment,
accessible properties of the excited wakefields are character-
ized, and compared with those excited by electron bunches.
When establishing the positron bunch parameters, it is impor-
tant as noted above to operate at accelerating gradients below
the threshold for the onset of high-field damping effects in
dielectrics [18]. Also, one should employ a suitable dielectric
media to avoid potential field emission from the bulk material
due to the high fields generated by the positron beam. Finally,
demonstrating equal charge-sign response requires employ-
ing statistical equivalence tests in data analysis, because the
positron and electron data sets were acquired at different times
under subtly differing systematic conditions.

At FACET, positron beams are generated by colliding a
20 GeV electron beam onto a tungsten alloy target, creating
et-e~ pairs. The positrons are then collected, cooled, and
transported to the interaction region [20]. For the set of ex-
periments, for both electron and positron drive bunches, the
initial energy was 20 GeV with N, = 0.7 x 10'° particles
per bunch, and oy = 0y = 0, ~ 40 um. The DWA structure
consists of silicon dioxide (SiO;), a nonpolar material, in
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FIG. 1. (Not to scale) Schematic overview of the experiment.
The particle beam excites CCR in the dielectric-lined waveguide
(shown with E, fields from numerical simulations) which is quasiop-
tically propagated to a THz interferometer.

a cylindrical geometry. The SiO, capillary is coated on the
outer wall with a ~10-um-thick copper layer. The inner
and outer radii of the dielectric structures are approximately
200 um and 300 um, respectively (i.e., having a 100-um
wall thickness), with an overall length of 3 cm. As the beam
transits the dielectric structure, coherent Cerenkov radiation
(CCR) is excited within the dielectric [21-24]; for the param-
eters of this experiment, the CCR is in the terahertz band.
The radiation propagates forward and is launched from the
end of the tube, which is impedance matched to free space
with a Vlasov-type antenna [25]. The CCR is propagated
quasioptically using a short-focal-length off-axis parabolic
mirror to the main diagnostic, a THz-sensitive interferometer
(see Fig. 1 for a schematic overview of the experiment). An
autocorrelation-based interferogram is produced on a multi-
shot basis by scanning the delay arm. Pyroelectric detectors,
coated for enhanced sensitivity in the THz spectral range,
are used in the interferometer. The interferometer signal is
processed to calculate the spectral content of the radiation,
which aids in revealing the presence of high-field damping
[17,18] or additional modes excited by off-axis propagation.

For a dielectric-lined waveguide with cylindrical geome-
try, the TM-mode (accelerating) frequencies are given by the
solutions that satisfy the dispersion relation [26]

I (kia) _ €-ky Jo(ka2D)Y | (kaa) — Jy (kaa)Yo(kab)
Iy(kia) ky Jo(kab)Yo(kaa) — Jo(kaa)Yo(k2b)

6]

where k; and k; are the radial wave numbers in the vacuum
and dielectric, respectively; €, is the dielectric constant (3.8
for Si0,); a and b are the inner and outer radii of the tube; and
1., J,,, Y, are Bessel functions. The solutions to Eq. (1) describe
the allowed longitudinal modes in the structure of a given ge-
ometry. The convolution of these functions with the temporal
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FIG. 2. Average CCR spectra for electrons and positrons on axis,
as well as positrons 60 um off axis. The peak in all cases has been
normalized to one.

profile of the driver beam yields the excited wakefields. In
this limit, the absorptive effects of the dielectric and the finite
conductivity of the metal cladding can be neglected, and as in
previous experimental cases with similar parameters [17,22],
employing the simple model yields sufficient accuracy [27].
For the scenario described, this expression estimates that the
fundamental frequency, TMy;, is 393 GHz.

The CCR autocorrelation data were collected by the inter-
ferometer in steps of 42 um, recording several shots per delay.
The resulting data set was Fourier transformed to yield the
spectra shown in Fig. 2. Fitting the fundamental mode peaks
for the electron and positron runs gives estimates for the struc-
tures’ fundamental modes of 387 and 400 GHz, respectively,
in good agreement with the analytic value. Slightly differing
cylindrical structures were used for the positron and electron
data sets and the frequency discrepancy in measurements is
attributable to a spread in tube dimensions consistent with
manufacturing tolerances; a 4 um difference in radius, within
the manufacturing tolerance, yields 13 GHz variation in fre-
quency. To permit comparative analysis, the autocorrelation
data for the on-axis electron and positron runs were scaled to
compensate for the observed frequency difference and then
normalized in amplitude and offset to minimize the mean
average error with the results shown in Fig. 3.
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III. RESULTS AND ANALYSIS

One effect that should be considered is the onset of high-
field damping in SiO, DWA structures. In previous studies,
it was discovered that the damping has a threshold value
(|E;| = 850 MV/m [18]) for electron drivers. To orient our-
selves to the relevant fields achieved in the experiment, the
peak longitudinal field in a DWA driven by a Gaussian beam
can be estimated by [21]

4Npr,m,c?

aqe( /j—’_’leraZ + a)

where N, is the number of particles in the drive bunch, r, is
the classical electron radius, m, is the electron mass, and g,
is the electron charge. For these measurements, this estimate
yields 300 MV /m. However, simulations reveal that higher-
order modes are being excited, increasing the peak field to
500 MV/m (see Fig. 4). This value is chosen because it is
comfortably below the threshold for the onset of high-field
damping yet still quite significant for high-gradient accelera-
tion; this gradient is indeed comparable to recent experiments
on positron PWFA [13]. The interferograms in Fig. 3 agree
with expected results and do not display the characteris-
tic, strong decay signature of induced conductivity-enabled
damping. Furthermore, as evident in Fig. 3, the interferograms
generated by positrons compared with those generated by
electrons do not reveal evidence of charge-dependent effects.
The statistical equivalence of the interferogram data is rigor-
ously demonstrated below.

The electron and positron data can be demonstrated to
be statistically equivalent but, due to the nature of the data
and the fact that different structures were used at different
times, direct application of typical statistical analytic ap-
proaches, such as paired tests, is not appropriate. Instead, a
two one-sided equivalence test is performed on transformed
populations. For each delay arm position, multiple shots are
recorded (5 for the electron data set, 10 for the positron data
set) but these delay arm positions are not the same between
data sets. The interferometer reading from each of these shots
is denoted as ay ) «(z;) Where e or p indicates the species as
either electrons or positrons, respectively; k is the shot number

E;~ @

Delay arm position [mm]

FIG. 3. Frequency scaled and amplitude normalized interferograms for on-axis electrons and positrons, shown with one standard deviation
error bars. The connecting lines show the linear interpolations, my, ,;(z), employed by the statistical analysis.
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FIG. 4. PIC simulation of on-axis DWA. Top: Longitudinal electric field, £,, measured on axis along the length of the dielectric structure.
The excitation of higher modes leads to a higher peak value than predicted by Eq. (2). Bottom: Cross-section of the last 5 mm of the dielectric
structure showing the E, fields, illustrating how the CCR excited inside the structure is coupled out into free space for measurement.

at that position; and z; is the physical location of the delay
arm for the ith delay arm position. For each species, at each
position, we calculate the median of these values; a linear
interpolation of these medians in z yields two continuous
functions with respect to delay arm position: my, ,)(z). The
mean trend line is defined m;(z) = %(me(z) ~+ mp(z)). The
trend line is subtracted from each measurement creating two
new populations,

Al py k(@) = Qe py k(@) — my (22), (3)

shown in Fig. 5. By applying a two one-sided test [28,29]
to these transformed populations, we can demonstrate the
equivalence of the electron and positron responses. To this
end, we assert that the smallest effect size of interest (SESOI)
is 0.05 (in the units of Fig. 3), approximately equal to the
per-position standard deviation for both species. The null hy-
pothesis, Hy, is that of nonequivalence to a meaningful extent,
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FIG. 5. Histogram showing the data from Fig. 3, transformed
according to Eq. (3). The vertical axis is scaled for each population
according to the total number of samples. Inset: Mean values of these
transformed points with 95% confidence interval bars.

ie., |uwe — up| = SESOI, where u, and ), are the means of
the transformed populations a;, and a/,, respectively, while the
alternative hypothesis, Hy, is that of effective equivalence,
[te — p| < SESOL At the 95% confidence level (p = 0.000)
we may reject the null hypothesis and conclude that the elec-
tron and positron responses are functionally equivalent.

This experimental scenario was also simulated using a
particle-in-cell (PIC) code, CST [30]. Figure 4 shows the
on-axis longitudinal field, E;, and illustrates that higher-order
modes are excited, with peak fields reaching, as noted above,
500 MV/m. The nature of the Vlasov antenna CCR out-
coupling is also illustrated with the radiation propagating
quasioptically to the interferometer diagnostic. The spectrum
of these free-space fields is calculated and shown in Fig. 6; the
TMjy, frequency agrees with the analytic estimate of Eq. (1)
and the measured positron and electron spectra.
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FIG. 6. Average CCR spectra for electrons and positrons on axis,
shown with the spectrum of a PIC simulation of this scenario. No
charge-sign symmetry-breaking effects were included in the simula-
tion so the results are the same for both electrons and positrons. The
peak in all cases has been normalized to one
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FIG. 7. With the positron beam nominally positioned 60 um off
axis in the x direction, the beam centroids are measured downstream
relative to the no-structure positions using BPMs. These positions
are shown as points, with 1 standard deviation error bars, and a
linear fit. CST simulations were performed for this offset beam,
incorporating uncertainty in other experimental parameters, and the
simulated centroid positions are shown as colored regions.

In addition to acceleration from longitudinal fields, high-
frequency dielectric structures also generate commensurately
large transverse fields [31,32]. For the nominal structure
dimensions, the HEM, mode is, for linear response, expected
to have a frequency of 569 GHz, consistent with the mea-
sured value for a positron beam propagated 60 um off axis
(Fig. 2) of 584 GHz. As with the TM modes, this difference
is attributed to the manufacturing tolerances of the capillaries.
With the structure nominally positioned off the beam axis by
60 um in the x direction, the position of the beam centroid is
measured by two downstream beam position monitors (BPM)
after free-space transport. These results, shown in Fig. 7, can
be compared with CST simulations of the same scenario,
which incorporate uncertainty in experimental parameters,
namely, the structure position. During the alignment of on-
axis runs, the structure position has feedback in terms of
minimizing the beam deflection on the BPMs but for off-axis
runs, the position must be dead reckoned, leading to greater
uncertainty.

IV. DISCUSSION

These results provide key experimental support for the pro-
posed application of DWA in a future ete™ collider operated
at high accelerating gradient in a regime relevant to current
designs [33], where head-on interactions with witness beams
in the 0.8-3.2 nC range are conceptualized to achieve high lu-
minosity. Gradients competitive with reported positron-driven
PWFA [13] are inferred without the onset of anomalies as-

sociated with known nonlinear effects. The positron-driven
wakefields described in this article are analogous to those
induced by the positron witness beams in such a collider
and our results provide evidence that long-range acceleration
may be achieved without disruption by charge-sign-specific,
higher-order effects. We demonstrate that positron-driven
DWA fields behave in an equivalent fashion to electron-driven
DWA fields, as confirmed by the modal analysis, for gradients
up to 500 MeV/m and with collider-relevant bunch size and
charge in a relatively simple accelerating medium compared
with formation of sophisticated plasma configurations for
PWFA [13-15].

With these results in hand, a scenario where both electrons
and positrons can attain high final energy before interaction,
with similar dielectric-lined structures, may be enabled. This
approach can reduce the final footprint of the collider ac-
celerators by at least one order of magnitude beyond the
current state of the art. The degree of this reduction in
size is dependent on demonstrated effects such as high-field
damping and as yet unexplored effects. For example, field
emission driven by the intense electric field from a posi-
tively charged bunch should be considered as a possibility
at very high fields. Indeed, continued experimental inves-
tigations on positron-driven DWA are planned to explore
the possible onset of possible charge-sign-dependent effects.
Upcoming experiments at FACET-II [34] aim to excite and
characterize such effects by driving higher strength wake-
fields in smaller structures and exploring different media
responses. These effects may include the above-mentioned
damping [18] or the emission of electrons from the dielectric
surface into the DWA vacuum channel. These dark-current
electrons may be pulled from the dielectric by strong, ra-
dial fields instead of by ionization of residual gas and may
subsequently induce an electron-cloud-like interaction [35].
This mechanism clearly differs when changing the charge-
sign of the beam and thus merits investigation. We note that
high-field damping and electron-cloud formation may be mit-
igated by the introduction of advanced dielectric structures
[36,37], high band-gap materials [38], or cryogenic cooling.
Additionally, field emission effects may be controllable by
shaping the electric field or by choice of dielectric material,
so the use of advanced diagnostic techniques for precise spec-
tral characterization is critical for high-frequency structures
[39].
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