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We present initial measurements from a UCLA-Argonne
S Wakefield Accelerator collaborative plasma wakefield ac-
& celeration (PWFA) experiment aimed at demonstrating the
£ dependence of transformer ratio on longitudinal beam shape.
§The transformer ratio or the ratio between the maximum
£ acceleration of the witness and the maximum deceleration
,E of the drive beam, is key to a efficient, beam-based, plasma
§Wakeﬁeld accelerator design. Utilizing the unique capabil-
£ities of the emittance exchange (EEX) beamline, we may
'g obtain transformer ratios approaching the theoretical limit
£in PWFA. We present the experimental beamline design,
Z relevant beam diagnostics and explore preservation of the
E longitudinal beam profile.

uth

TRANSFORMER RATIO FOR PWFA

The development of beam based plasma wakefield accel-

eration (PWFA) schemes has provided a potential path for
miniaturization of large scale accelerators, due to plasma’s
% ability to sustain accelerating gradients in excess of 10
2GeV/m [1, 2]. While this provides a substantial improvement
< over current state of the art accelerating schemes, practical
& realization of an accelerator based solely on PWFA requires
& further improvement of efficient transfer of energy.
©  One critical figure of merit that requires investigation is
§ known as the transformer ratio (TR). In a collinear wakefield
2 scheme the transformer ratio is defined as TR = |W,|/|W_]|,
2 the ratio between the maximum accelerating field that a wit-
> ness bunch would experience and the maximum decelerating
8 field that the drive would experience.
Y As adirect result from the Fundamental Theory of Beam
f Loading, Bane. et. al. showed that longitudinally symmet-
S ric drive beams have a maximum TR of 2 [3]. Further study
g suggested that using a longitudinal ramp in bunch current
é could increase the TR to Nw where N is the ramp length in
E characteristic wakefield wavelengths [4]. A further increase
gin transformer ratio could be attained by adding a small
5 "doorstep” or "double-triangle" feature at the beginning of
% the ramp. Until recently it has been difficult to create these
2 longitudinal distributions in a precise manner, but the recent
gdevelopment of pulse stacking [5, 6] and emittance exchange
= [7] methods have started to allow detailed study of this effect
£ in collinear accelerator schemes [8, 9]. We present experi-
£ mental work using emittance exchange to create and sample
Ehigh transformer ratio wakefields in a single stage PWFA
£ accelerator.
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EXPERIMENTS AT THE ARGONNE
WAKEFIELD ACCELERATOR

The Argonne Wakefield Accelerator facility at Argonne
National Laboratory is the ideal test-bed for exploring wake-
field effects from longitudinally shaped beams. A cesium
telluride cathode based photoinjector was used to inject a 12
nC beam into the drive beamline consisting of 4 L-band, nor-
mal conducting accelerating cavities. The resulting beam,
with the parameters listed in Table 1, is then sent into the
Emittance Exchange beamline (see Fig. 1) to shape the beam
longitudinally. A tungsten mask was first used to shape the
beam profile transversely. The emittance exchange process
[7] is then used to transform the transverse distribution into
a longitudinal one, creating a drive-witness pair.

Table 1: Design Beam Parameters

Parameter Value Unit
Energy 40 MeV
Drive Charge 1.0 nC

Drive Length 4 mm
Witness Charge 04 nC
Witness Length 4 mm

Enx ~800 mm.mrad

Two masks were developed to test different drive pro-
files. Both masks were designed to accept a uniform trans-
verse beam distribution created by a laser spot from a micro-
lens array on the photocathode [10]. The first mask was
designed to produce a single triangle drive bunch, whose
length was matched to span two plasma wavelengths (see Ta-
ble 2 for plasma parameters) along with a low charge, equal
length witness bunch to sample the wakefield. The second
mask was designed to create a double triangle like feature
at the head of the drive profile with a similar witness. This
consisted of a single triangle as before, but with an added
ramp in the first quarter wavelength of the main triangle.
These profiles have theoretical transformer ratios of Nt and
V1 + (2nN — 1)? respectively [11], where N is the length of
the main ramp in terms of plasma wavelengths. With the
mask designs used it should be possible to achieve a TR > 2
for these advanced shapes.

After shaping, the beam was then transported into the ex-
perimental beamline. A hollow cathode arc plasma source
[12] was used to produce a plasma with the parameters seen
in Table 2. Due to stringent vacuum requirements of CsTe
cathode operation (P ~ 10~ 10 Torr), the plasma source cham-
ber (P ~ 1072 Torr) was separated from the rest of the beam-
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Figure 1: Overview schematic of the beamline at AWA showing the drive linac, emittance exchange beamline and
experimental beamline including dipoles (DIP), transverse deflecting cavities (TDC) and Beryllium windows.

line using 125 um thick Beryllium windows on either side.
Quadrupole triplets were used to focus the beam at the win-
dow locations to reduce emittance growth from multiple
scattering [13]. After on-line optimization the normalized
beam emittance going into the plasma source was estimated
to be on the order of 0.5-1 mm.rad and 0.4 mm.rad after the
second Be window (due to the significant particle loss at the
plasma source).

Table 2: Hollow Cathode Arc Plasma Parameters

Parameter Value Unit
Plasma Density 03-15x10" cm™
Plasma Wavelength 6.1-2.7 mm
Plasma Length 60 mm
Plasma Width 8§ mm
Neutral Gas Pressure 50 mTorr
Discharge Duration 0.2 ms

Optical transition radiation was used to measure the beam
size at the plasma interaction point. This beam size diag-
nostic consisted of a silver plated dielectric mirror that was
inserted into the beam path using a motorized actuator. The
mirror was inserted at a 45° angle with respect from the
beam axis and imaged using a CCD camera. The dielectric
substrate for the mirror also emitted a detectable amount
of Cherenkov light, which enabled coarse beam alignment
before focusing was enabled. To protect the mirror surface
quality, the mirror was shielded from the plasma during dis-
charges using an aluminum shield. The rms transverse size
of the beam was 0.9 mm x 0.5 mm in the horizontal and
vertical direction respectively.

The longitudinal phase space diagnostic consisted of a
slit, transverse deflecting cavity, and a rectangular dipole
[14]. The L-band (1.3 GHz) cavity provided a longitudinally
dependant deflecting force on the beam with a measured
strength parameter of k = 1.84 m™!. A dipole with a mea-
sured peak field of 0.14 T and a magnetic length L = 0.365
m provides a 20° bend such that the dispersion at a down-
stream YAG is 7 = 0.312 m. A horizontal slit with a width
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of 100 um was used to collimate the beam vertically in or-
der to increase the timing resolution of the measurement by
reducing the vertical emittance. This had the added benefit
of preventing off axis particles from receiving a longitudi-
nal energy kick from the transverse deflecting cavity, which
could possibly blur wakefield energy gain.

LONGITUDINAL DISTRIBUTION
EVOLUTION

Optimization of the longitudinal beam profile delivered
from the EEX has been the subject of intense study [7] as
the transformer ratio is highly sensitive to the quality of the
linear ramp and the subsequent tail. To maintain the optimal
profile through the experimental beamline, simulation codes
OPAL [15] and elegant [16] were used to perform beam-
line optimization. The beam is given a positive longitudinal
energy chirp due to the emittance exchange process. This
results in chromatic aberrations which limits strong focusing
of the beam. The beam also retains a strong longitudinal
correlation with the vertical direction (Fig. 2a) as no transfor-
mations happen to coordinates not in the EEX bend plane.
The need for strong focusing at both the Be windows and at
the plasma interaction point causes this correlation to distort
the longitudinal beam profile. Off axis particles have longer
travel paths than core particles in the case of strong focus-
ing, which causes them to lag behind. For the mask designs
shown here, this effect is felt by the particles at the end of

the ramp, which contributes to the growth of a tail (Fig. 2b).

This effect is mitigated by reducing the beam size in
the vertical direction throughout the experimental beamline.
The profile continues to develop a tail at each focus location,
which includes both Be windows, the plasma source and
the final longitudinal diagnostics. Given this, is expected
that the profile at the plasma source has a smaller tail than
the measured profile at the longitudinal diagnostic (Fig. 3).
The longitudinal projection shows a significant difference
relative to the idealized profile with a significant tail. This
is primarily due to the effects described previously and not
due to vertical emittance growth as the beam has been colli-
mated in that direction. The beam centroid also retains its
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20 Preliminary longitudinal phase space measurements were

also shown and are consistent with simulations.
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