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Driver-witness electron beam acceleration in dielectric mm-scale capillaries
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We investigated a corrugated mm-scale capillary as a compact accelerating structure in the driver-
witness acceleration scheme, and suggested a methodology to measure the acceleration of the witness
bunch. The accelerating fields produced by the driver bunch and the energy spread of the witness bunch in a
corrugated capillary and in a capillary with a constant inner radius were measured and simulated for both
on-axis and off-axis beam propagation. Our simulations predicted a change in the accelerating field
structure for the corrugated capillary. Also, an approximately twofold increase of the witness bunch energy
gain on the first accelerating cycle was expected for both capillaries for the off-axis beam propagation.
These results were confirmed in the experiment, and the maximum measured acceleration of 170 keV/m at
20 pC driver beam charge was achieved for off-axis beam propagation. The driver bunch showed an
increase in energy spread of up to 11%, depending on the capillary geometry and beam propagation, with a

suppression of the longitudinal energy spread in the witness bunch of up to 15%.

DOI: 10.1103/PhysRevAccelBeams.21.051301

I. INTRODUCTION

Dielectric wakefield acceleration (DWA) in planar and
circular dielectric structures has seen major developments
in understanding the maximum achievable accelerating
gradients [1], dielectric breakdown limits [2] as well as
applications for beam compression [3], modulation [4]
and correlated energy spread compensation [5]. Extremely
compact DWA-based accelerators have the potential to
drive the next generation of free electron lasers and linear
colliders [6,7]. In DWA schemes a high charge driver
bunch excites Cherenkov radiation in a dielectric material
that is reflected by metallic coating and can be used as an
acceleration mechanism for a low charge witness bunch
following the driver [8]. Key advantages of the DWA
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compared for example to dielectric laser acceleration [9,10]
are: dielectric structures are typically larger, hence can be
manufactured relatively easily using a variety of tech-
niques, and both the driver and the witness bunches can
be delivered by the same source and, therefore, naturally
synchronized.

Theories estimating transverse and longitudinal wake-
fields in a dielectric-lined waveguide [11,12] were developed
following the experiment that demonstrated the feasibility of
dielectric wakefield acceleration [8]. The longitudinal decel-
erating field eE, 4., within the driver beam was estimated in
[2] based on the classical problem of Cherenkov radiation in
the presence of a dielectric boundary [13]:

ve—1 4N,r,m,c?

eEz,dec = eEz,surf = s (1)
€ a[ 8—”€az + a}

e—1

where e is the electron charge, a inner radius of the dielectric
tube, o, ~ co, Tms bunch length, r, and m,c? the classical
electron radius and rest energy of the electron, ¢ dielectric
relative permittivity, and N, number of electrons in the bunch.
In theoretical investigations [14,15] a corrugated channel in a
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dielectric was considered as a source of both Cherenkov and
Smith-Purcell radiation (SPR), it was shown that the intensity
of radiation produced from a corrugated channel for small
values of the inner radius <1 mm can be an order of
magnitude higher than the radiation from a channel with a
constant inner radius. The Cherenkov radiation and SPR
follow a dispersion relation,

2am 1
kd  py/ey(w)

where © is the azimuthal angle with respect to the bunch
velocity, # normalized bunch velocity, kK wave number in the
dielectric, d groove period, m diffraction order and e,(w)
dielectric permittivity as a function of frequency. For m = 0
one gets the dispersion relation of the Cherenkov radiation,
whilem = —1,-2, =3, ... correspond to the SPR. The theory
gives a clear indication that high intensity fields with a distinct
frequency spectrum can be produced inside a vacuum channel
once the radiation is reflected back from the waveguide
cladding and diffracted at the corrugation. However, relation
(2) was derived for a corrugated vacuum channel in the
assumption of an infinite length dielectric, therefore limiting
its direct applicability to the problem of estimating the electric
field in a realistic capillary.

In this paper we describe our initial steps in understanding
wakefield acceleration in a mm-scale corrugated dielectric
capillary in contrast to a capillary with a constant inner
radius. We discuss how the corrugation changes the fre-
quency spectrum of the accelerating field. We compare the
measurements and simulations of the witness bunch accel-
eration and energy spread of both witness and driver bunches
in corrugated and conventional dielectric lined capillaries
with the same inner radius. In the rest of the text the former
will be referred to as a corrugated capillary and the latter as a
flat capillary. The term mm-scale is used to differentiate the
cylindrical dielectric structures with typical transverse sizes
in the order of a millimeter [ 16] from capillaries with aperture
sizes in the order of hundreds of micrometers [17,18].

cos® =

(2)

II. EXPERIMENT

The experimental study was carried out at the laser
undulator compact x-ray facility (LUCX) in High Energy
Accelerator Research Organization (KEK), Japan [19]. The
mme-scale capillaries used in the experiment (see Table I)
were constructed as sets of dielectric cylindrical rings
mounted into copper casings and secured by copper holders
on both sides.

The axial cross sections of both the corrugated and flat
capillaries are shown in Fig. 1(a), a cross section of the
corrugated capillary assembly with the holders is shown in
Fig. 1(b). The inner radius r; was chosen to be 2 mm: wide
enough to avoid the beam clipping and study the electron
beam propagation with a transverse offset with respect to
the capillary axis. As an approximation, a corrugation depth

TABLE L. KEK: LUCX, beam parameters at rf gun section and
capillary parameters.

Parameter Value
Driver bunch charge Q. 20 pC
Witness bunch charge Q,, ~Qy/3
Driver bunch ¢t 230 um
Witness bunch o}, 90 pum

Driver bunch o& " 0.5 ps (0.15 mm)

lon,
Witness bunch oy, 0.35 ps (0.105 mm)

Repetition rate, max 3.13 Hz
Normalized emittance, typical 1.5 x 1.5 mm mrad
Driver-to-witness separation 1.6-3.6 mm
Capillary length, L 60 mm
Capillary material Fused quartz
rys Iy 3 2;2.2;2.7 mm
Corrugation period, d 1 mm

of 0.2 mm was chosen to yield the maximum of SPR intensity
at 300 GHz by analogy with a lamellar diffraction grating,
which yields the maximum radiation intensity at a chosen
wavelength, 4, when the depth of the grating is ~1/4 [20,21].
The alignment of the capillaries with respect to the electron
beam was performed using the so-called “gamma scans’:
The beam is scanned transversely across the capillary and the
bremsstrahlung radiation, produced when the beam hits
the material, is detected by an air-Cherenkov detector.
Where the weakest signal is detected, this corresponds to
the beam propagation through the capillary aperture.

An electron beam (see Table I) was produced by illumi-
nating a Cs,Te photocathode by an up-converted titanium-
sapphire laser beam with femtosecond pulse duration. A
twofold Michelson interferometer was used to produce two
laser pulses that generated two electron bunches with a
variable delay, directly from the photocathode. Driver and
witness bunches of unequal charges were produced by
introducing a laser pulse intensity imbalance [22]. The
distance between the bunches was adjustable in a range of
1.6 to 3.6 mm. The two bunches were accelerated to about

(a) (b)

Holders

Composite
corrugated
structure

FIG. 1. Cross sections of corrugated capillary and capillary (a),
cross section of corrugated mm-scale capillary with holders (b).
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FIG. 2. Schematic view of driver-witness experiment.

8 MeV in a 3.6 cell S-band rf gun. A detailed explanation of
this beam generation technique can be found in [19]. The rf
gun introduced a time-energy correlation in the beam, thus
producing driver and witness bunches of energies differing
by around 80 keV. The beam was dispersed by the bending
magnet (Fig. 2), so that the different time slices were
projected to the different transverse coordinates on the
yttrium aluminium garnet screen (YAG).

The YAG screen was placed in the location where the
dispersive beam size contribution to the measured profile
ndE/E =990 ym was larger than the betatron size con-
tribution [,e,/y]"/? = 180 um, where y, f,, dE/E and 1,
are the Lorentz factor, horizontal beta function, energy
spread and horizontal dispersion, respectively. Energy mea-
surements were made relative to a no structure reference
measurement. Therefore, the effect of image broadening on
the YAG screen neither affected the driver-to-witness mea-
surements nor significantly influenced the accuracy of the
measured energy spread. The rms resolution of the beam
CCD measurement was approximately 5.5 keV.

III. SIMULATIONS

Simulations of the driver-witness beam interaction with
the capillaries were performed using Computer Simulation

Technologies (CST) Particle Studio Particle In Cell (PIC)
solver [23]. The driver and witness bunches were simulated
as sets of variable weight macroparticles with a Gaussian
distribution of charge both transversely and longitudinally
(refer to Table I for beam parameters). The holders [Fig. 1(b)]
were not taken into account in simulations, and the metallic
boundary was represented as a perfect electric conductor
coating. The dielectric (fused quartz) was assumed to be
loss free.

Initially, in order to see the fields created by the driver
bunch in the structure, the driver was simulated separately.
These simulations resulted in spatial distributions of the
accelerating electric field (Fig. 3). Then both the driver and
the witness bunches were loaded in the domain and by
using open boundary conditions the electromagnetic waves
were allowed to escape the domain without reflecting back
on its borders, which could affect the fields acting on the
witness bunch. The driver-witness beam was loaded on axis
or 1.2 mm off axis at the capillary entrance. The domain
was extended longitudinally for the beam to fully exit the
capillary. This way, the energy spread and mean energy in
both the witness and driver bunches were estimated after
propagation through the accelerating structures. The sim-
ulation suffered the effect of numeric Cherenkov noise
caused by the mesh size limited resolution at high frequen-
cies [24]. The mesh settings (Table II) were chosen to
sufficiently resolve the longitudinal beam profile, while
keeping reasonable computational time (6—8 hours on a
ten-core computational node) and memory consumption
(limited to 128 GB). A controlled dispersion approach was
used, in which the vacuum in the wave to macroparticle
interaction region of the simulation domain is replaced by a
material with the transmission of less than 1% for frequen-
cies above the chosen 360 GHz cutoff.

V/m (log)

6.5%10°

4.5x10°
3.0x10°
2.0x10°
(b) 1.25%x10°
0.7x10°
0.3x10°

0
—0.3x10°
—0.7x10°
—1.25x10°
—2.0x10°
—3.0x10°
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—6.5x10°

FIG. 3.

Field maps for on axis [(a) and (b)] and 1.2 mm off axis [(c) and (d)] beam propagations in capillaries.
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TABLE II. Mesh and macroparticle parameters for second
simulation setup. PBA—perfect boundary approximation.

Parameter Value

Mesh type Hexahedral with PBA
Average longitudinal size of cell 26 ym
Average transverse size of cell 24 ym

N of cells 180 million

N of macroparticles in driver 86 697

N of macroparticle in witness 55738

The accelerating fields produced by the driver bunch are
plotted in Fig. 3. The field maps are shown as slices in the
zx plane, where z coincides with the capillary axis and x is
the transverse direction in which the offset is introduced
when the beam propagates off axis. The field maps are
shown for four cases: on-axis beam propagation in the flat
[Fig. 3(a)] and corrugated [Fig. 3(b)] capillary and off-axis
propagation with a transverse offset of 1.2 mm in the flat
[Fig. 3(c)] and corrugated [Fig. 3(d)] capillary. In all four
cases five distinct acceleration-deceleration cycles of the
E, field are visible before the oscillations decay almost
completely. When the driver beam propagates off axis, the
field pattern becomes distorted, with the maximum of the
accelerating field shifting closer to the dielectric layer. In case
of the corrugated capillary, the accelerating-decelerating
cycles are more closely spaced. In Fig. 3 the maximum
decelerating field for the case of axial beam propagation in
the flat capillary is 87 kV/m. The corresponding maximum
decelerating field predicted by formula (1) is 97 kV/m.

In order to analyze the spectrum of the observed cycles a
field probe was placed at the beginning of the simulated
structure on the beam axis. The accelerating field intensity
of the first five acceleration-deceleration cycles was
recorded as a function of time. A Fourier transformation

15 T T T
1ol — Flat capillary (axis)

—— Corrugated capillary (axis) |

ot
T

ol — Flat capillary (1.2 mm off-set) |
— Corrugated capillary (1.2 mm off-set)

Wit. energy gain (keV) Wit. energy gain (keV)
o

0 10 20 30 40 50
Driver-to-witness separation (mm)

FIG. 4. Predicted on-axis and 1.2 mm off-axis acceleration-
deceleration vs bunch separation.

TABLE III. Measured charge imbalances.

Parameter Value
Reference measurement 2.21 +£0.05
Corrugated capillary, center 2.56 £ 0.07
Corrugated capillary, off center 2.55+0.03
Flat capillary, center 2.55+0.06
Flat capillary, off center 3.20 £ 0.04

of the time domain data showed that in the case of the
corrugated capillary the frequency of the dominant accel-
erating mode increases to 55 GHz compared to 50 GHz in
the case of the flat capillary. Corrugation changes the phase
velocity of the wakefield, and therefore shifts the frequency
of the main accelerating mode and modifies its dispersion
relation, which is reported, for example, in [7].

In the experiment the witness bunch was moving
colinearly to the driver beam in both on-axis and off-axis
regimes. The accelerating field along the witness bunch
trajectory was integrated resulting in the bunch energy gain,
Fig. 4, in the assumption that the distance between the
bunches does not change over the length of the structure.

In two-beam simulations, the ratio of driver to witness
bunch charges was set in accordance to the average
intensity imbalance between the bunches measured exper-
imentally with the YAG screen (Table III). The distance
between the bunches for each case was set to the peak of the
acceleration, as determined in the case when only the drive
beam is present. The energy of each macroparticle was
recorded in order to calculate the standard deviation of the
energy distribution of both the driver and witness bunches.

The fractional relative decrease of the energy spread in
the witness bunch was calculated using

AGW o Wreference - O-Wcapillary
= (3)

’

GW GWrcfcrcncc

where oy, is the witness energy spread in the reference
simulation that assumed the driver-witness pair propagation
in free space (still filled with the dispersive material as
described above). Similarly, the fractional relative increase
of the energy spread in the driver bunch was calculated as

AGD _ O-Dcupi]]ary - O-Dreference (4)
- 9
GD Dreference
where o is the driver energy spread in the reference
reference
simulation.

Simulated results are presented together with the exper-
imental ones in the following section.

IV. RESULTS AND DISCUSSION

During the experiment the energy distribution in the
driver-witness beam was measured as a function of the
bunch-to-bunch separation. The bunch-to-bunch separation
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FIG. 5. CCD image of YAG screen.

was continuously scanned, while CCD images from the
YAG screen were recorded.

To obtain the energy difference between the driver and
the witness, each image was projected in the vertical
direction within a narrow vertical region of interest (white
lines in Fig. 5) and fitted with a skewed-double-Gaussian
function [see Eq. (5)] to provide information about the
energy distribution in the driver bunch.

f(xs ,uw3 Gwv aw’ /’tdr’ Udra adr)

1 + erf.(aw(-\’f/_iﬂw)) ( <x _ MW)2>
= X exp — a3
\V2ro,, 2oy,

L+ erf(e3e) (x = e
+ xexp(|———=5—]. (5)
Vv 27r6dr 2Gdr

where x is a horizontal coordinate, y,, o, ®, are mean,
standard deviation and skewness parameter for the energy
distribution of the witness beam, and pug,, 64, @4 are the
same parameters but for the driver beam, erf(---) is the
error function.

Pixel units were then converted into the distance on the
screen, using the calibration curve of the CCD optical
system. For each bunch-to-bunch distance the difference
between the centroids on the YAG screen was binned and
the mean and rms error computed. As a final step, the
energy difference in terms of the distance on screen was
converted into the units of energy using the distance-energy
calibration (Fig. 6).

The measure of the witness bunch acceleration was the
relative energy difference between the driver and the

Electron beam energy (MeV)

—— Linear fit P
¢+ Binned data

81 L L L L
5 10 15 20 25

Image centroid position on YAG screen (mm)

FIG. 6. Bending magnet energy calibration. Linear fit: A 4 Bx,
A =18.60+0.01 [MeV], B=-0.020 + 0.001 [MeV/mm].

witness with respect to the reference measurement, which
was performed when the beam propagated in the vacuum
chamber without a capillary in its path. AE ference —
AE qpinary gives the acceleration of the witness bunch as
a function of the bunch-to-bunch distance (Fig. 7). Where
the value of the energy difference on the YAG screen
AE qpittary < AEreference» W Observe acceleration (see Fig. 5
for two typical CCD images), while AE ysiary > AEreference
corresponds to deceleration.

The scanning range of the bunch-to-bunch separation of
1.6-3.6 mm was chosen to match the region of the linear
growth of the driver-witness energy difference in the
reference measurement. The electron beam charge stability
was within 0.3% for all measurements. Measured accel-
eration dependencies were compared to the simulations of
the first acceleration cycle, shown by green fillings in
Figs. 7(a) and 7(b).

There is a good agreement between the measurements and
simulations in terms of the maximum achievable acceleration
(Table I'V) both for the flat capillary [Figs. 7(c) and 7(d)] and
the corrugated capillary [Figs. 7(e) and 7(f)]. The simulations
predict that in the case of the corrugated capillary accelerat-
ing cycles become more closely spaced, however this effect
is small for the driver-to-witness separation region where the
experimental data were obtained. It is more prominently
visible in the case of the off-axis beam propagation in the
corrugated capillary [Fig. 7(f)].

We also studied the change in the energy spread at the
maxima of acceleration. The standard deviation of the
longitudinal energy spread was averaged over narrow
regions of the bunch-to-bunch separation for the exper-
imental measurements and simulations, shown in Fig. 7 by
vertical dashed lines. To obtain average simulated values, in
each case ten separate PIC simulations were performed for
ten equidistant bunch-to-bunch separations in the marked
regions. Results are presented in Table V. The measured
values of the witness bunch energy spread suppression are
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FIG. 7. First three acceleration-deceleration cycles [(a) and (b)], from Fig. 4, and comparison with experimental data for on-axis [(c)
and (e)] and 1.2 mm off-axis [(d) and (f)] beam propagation in capillaries.

in a wide statistical region of 3.5%-32%; the simulations
indicate a narrower region of 13.7%—15.5%. For the driver
bunch the measured values of the energy spread increase
are in the region of 0%—16.8%; the simulated values are in
the region of 3.7%—11.2%. Considering an intersection of
the simulated and the experimental ranges, we may con-
clude that the driver bunch showed an increase in the
energy spread of up to 11%, the witness bunch showed a

TABLE IV. Maxima of witness bunch acceleration.

suppression of the longitudinal energy spread of up to 15%,
for the given experimental conditions.

Additionally, we observed a high energy leading edge in
the driver bunch (Fig. 5), which was clearly present in
the majority of the recorded images. The average skewness
of the energy distribution of the driver bunch was calcu-
lated to ensure a correct interpretation of the relative energy
gain of the witness bunch. The reference measurement had

Witness max acceleration, keV

Driver-to-witness separation, mm

Geometry Measured Simulated Measured Simulated
Corrugated capillary, axis 6.85 +1.11 5.84 2.80 +0.07 2.81
Corrugated capillary, off axis 991 +1.55 11.26 2.33+0.08 2.43
Flat capillary, axis 439 +£1.48 5.71 3.03 £0.07 3.02
Flat capillary, off axis 10.37 £ 1.40 10.29 276 £0.12 2.63
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TABLE V. Relative energy spread in witness and driver bunches calculated by Eqgs. (3) and (4).

Aow ¢ Lop g

oy’ op’
Geometry Measured Simulated Measured Simulated
Corrugated capillary, axis 220+£7.9 13.7 49+48 3.8
Corrugated capillary, off axis 92+£57 14.5 122 +4.6 11.2
Flat capillary, axis 19.8 £12.2 15.3 4.6 +4.6 3.7
Flat capillary, off axis 13.2 £ 6.8 15.5 5.1£48 11.1

an average skewness of the driver bunch of a4, = 0.588 &
0.233. The average value of the driver beam skewness did
not change significantly with introduction of the structures,
and was, in fact, less or equal to the value obtained in the
reference measurement. Consequently, the core of the
driver bunch did not experience deceleration with respect
to its head. Considering reasonable agreement between the
measured and simulated acceleration dependencies, one
can argue that any changes in the energy difference
between the driver and the witness bunches come from
the acceleration or deceleration of the witness bunch.

V. CONCLUSIONS

We compared performance of the corrugated and the flat
capillary as accelerating structures in the driver-witness
acceleration scheme and as devices capable to reduce
energy spread of the witness bunch. The maximum accel-
eration of 170 keV/m at 20 pC driver bunch charge was
measured for the beam propagation with a transverse offset
in both capillaries, assuming that the energy gain increases
linearly with the number of periods for the corrugated
capillary. An approximately twofold increase in the witness
bunch energy gain on the first accelerating cycle for the oft-
axis beam propagation was confirmed by the experiment
and simulations. Both the corrugated and flat capillaries
demonstrated similar performance in reducing the energy
spread of the witness bunch, while the measured and
simulated energy spread of the driver bunch were only
moderately higher for the corrugated capillary. We should
point out that the corrugated beam pipe walls [25] and the
corrugated planar structures with orthogonal orientations
[26] were also reported to significantly reduce energy
spread in relativistic electron bunches.

Both the corrugated and flat capillaries are capable of
supporting multiple modes due to a relatively large thick-
ness of the dielectric layer compared to the inner radius of
the capillaries [7]. We are currently considering to extend
the method of polarization current density [14,27] with the
addition of the mode analysis. It would allow a compre-
hensive description of the fields acting on the electron beam
and ensure better coupling between the two analytical
approaches.

We showed that the corrugation changed the phase
velocity of the wakefield and shifted the frequency of
the main accelerating mode from 50 to 55 GHz. This effect

was more prominently visible for off-axis beam propaga-
tion. For the chosen corrugation depth and period there was
no measurable increase in the accelerating field compared
to the flat capillary. An optimization of the corrugated
capillary parameters is required to explore its capability
to provide accelerating gradients higher than in the flat
capillary. The linear scaling of the accelerating gradient as a
function of the driver bunch charge was confirmed by PIC
simulations. However, with introduction of the corrugation,
the dependencies of the accelerating gradient on the
capillary radius, dielectric constant [see Eq. (1)] and
thickness of the dielectric layer are modified, and there
are additional parameters such as the corrugation depth and
period as well as the number of periods. There is also a
question of synchronicity of the accelerating field and the
witness bunch for longer accelerating structures. This
requires both extensive analytical and numerical modeling
of corrugated capillaries. Further speculation leads to
modifications to the metallic boundary and self-similar
fractal corrugations of the dielectric engaging higher spatial
harmonics of the field in acceleration.
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