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Abstract

Compact, high-gradient structure wakefield accelerators
can operate at improved efficiency using shaped electron
beams, such as a high transformer ratio beam shape, to drive
the wakes. These shapes have generally come from a pho-
tocathode gun followed by a transverse mask to imprint a
desired shape on the transverse distribution, and then an
emittance exchanger (EEX) to convert that transverse shape
into a longitudinal distribution. This process discards some
large fraction of the beam, limiting wall-plug efficiency as
well as leaving a solid object in the path of the beam. In this
paper, we present a proposed method of using integrated
photonics structures to control the emission pattern on the
cathode surface. This transverse pattern is then converted
into a longitudinal pattern at the end of an EEX. This re-
moves the need for the mask, preserving the total charge
produced at the cathode surface. We present simulations of
an experimental set-up to demonstrate this concept at the
Argonne Wakefield Accelerator.

INTRODUCTION

Beam-driven structure wakefield accelerators — either
dielectric wakefield accelerators or structures made using
metamaterials — are a promising path for ~1 GV m~! accel-
erating gradients for high energy lepton colliders or X-ray
free-electron lasers [1-3]. Achieving an efficient transfer of
energy from the drive beam to the witness beam requires
specially shaped bunches to achieve a high transformer ratio.
These shapes have been achieved [4, 5] using a transverse
intercepting mask followed immediately by an emittance ex-
change beamline (EEX) [6]. While this technique produces
the desired longitudinal current distribution to achieve high
transformer ratios, the masks discard up to 80% of the bunch
charge [7]. This limits the wall-plug efficiency available for
these accelerators. A technique which would eliminate the
need for the mask would restore the efficiency and introduce
new flexibility in structure shaping. In one approach nano-
engineered field emission arrays coupled with EEX have
been shown to generate bunchlets with spacing as small as
13 nm [8].

We describe a configuration which uses integrated pho-
tonics structures (IPS) to shape the transverse profile on the
photocathode surface, and transport that engineered shape
through the EEX with no substantial loss of initial bunch
charge. We propose to generate a horizontal bunchlet comb
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whose centroids become, after emittance exchange, a longitu-
dinal bunchlet comb suitable for driving a terahertz dielectric
wakefield accelerator.

This technique would reduce requirements on laser and
rf power at fixed final bunch charge, or enable substantially
higher final bunch charge at fixed power requirements. The
technique is also extremely flexible — although we will focus
on resonant wakefield excitation [9, 10].

THEORY

Emittance Exchange (EEX) is a tool to manipulate the
phase space of a beam, shaping the downstream longitudinal
properties by controlling the upstream transverse properties.

The EEX beamline at the Argonne Wakefield Accelera-
tor (AWA) considered throughout this paper consists of a
double-dogleg where a transverse deflecting cavity (TDC)
is positioned between two identical doglegs, a configuration
that provides an exact emittance exchange [11]. A TDC is
an rf cavity operating in dipole mode, and has a longitudinal
electric field with a spatially-varying gradient, such that the
field strength varies linearly with transverse distance from
the axis. We specifically consider the AWA EEX beamline
parameters for which the TDC is a 1.3-GHz RF cavity oper-
ating on the TM |, mode [12]. Placement of the TDC in
a dispersive region at the center of the double-dogleg, and
careful selection of the TDC voltage and rf wavelength rela-
tive to the dogleg dispersion, enables complete exchange of
the horizontal and longitudinal phase space coordinates [6].
The bunch evolves as
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and « is the bending angle, L, is the length of the dipole
magnet, L, is the distance between dipoles, L,,. is the dis-
tance between the dipole and the TDC, L. is the length of
the TDC, 7 is the dispersion of the dog-leg, and x is the
deflecting cavity kick strength [7].

Assuming the ideal initial distribution, the transfer matrix
yields:

(Ovo’xé’-xO?K)T = M(x0709070)T (3)
Extending this to a case with i bunchlets, initial coordinates
X, = (x;,0,0,0), the transfer matrix yields the final coordi-
nates X5, = (0,0, x&x;, 1), so a set of discrete horizontally
spaced bunchlets entering the EEX will be transformed lon-

gitudinally.

SIMULATIONS

The beam optics and propagation was simulated with
the OPAL code [13]. The simulations were performed in a
piecewise manner using the OPAL-t forward propagation
capability to study each section of the AWA before sim-
ulating end-to-end. Simulations were first performed of
horizontally spaced electron bunchlets entering the EEX
using the lattice of the EEX beamline in order to validate
that emittance exchange occurred with our beamline param-
eterization. Secondly, forward simulations were performed
to propagate discrete bunchlets from the cathode surface. A
synthetic dataset was generated consisting of three rectan-
gular bunchlets, spaced horizontally, consisting of macro-
particle electrons distributed uniformly across each emitting
surface. The initial momentum distributions were uniformly
distributed. These simulations revealed the Larmor rotation
of the feature pattern in the solenoid sections of the AWA
beamline upstream of the EEX. Next, a pattern was gener-
ated that accounted for the rotation induced by the solenoids
so that the bunchlets were horizontally spaced at the EEX
entrance. Finally, this feature pattern was validated with
end-to-end simulations.

The initial pattern consisted of three 1 mm x 1 mm square
features with the center of the middle bunchlet at (x,y) =
(0,0) and the other two spaced symmetrically about it. The
total simulated charge across all three bunchlets is 200 pC.
This relatively large size was chosen to minimize the effects
of space charge within the gun and to allow the bunchlets to
remain discrete. By shrinking this feature down to 2 um x
2 um, we can see in Fig. 1 that space charge effects drive a
significant expansion of the transverse bunchlet size, leading
to poorer separation at the EEX exit.

The center-to-center spacing of the two other bunchlets
was varied to explore the relationship between the cathode
feature spacing and the longitudinal spacing at the EEX exit.
We found that the longitudinal spacing at the exit of the EEX
is linear with respect to the center-to-center spacing of the
emitter shapes at the gun cathode surface. This relationship
is preserved across a range of cathode feature sizes, as shown
in Fig. 2.
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Figure 1: A comparison of simulated cathode features of
sizes 1 mm? and 4 um? and their transverse distribution at
the EEX entrance, as well as the resulting longitudinal dis-
tribution at the EEX exit. In both cases the cathode features
were initially separated by 0.5 mm.
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Figure 2: The longitudinal/temporal spacing of the bunchlets
exiting the EEX beamline is determined by the transverse
spacing of the features on the cathode surface. The longi-
tudinal separation is preserved for many different cathode
feature sizes, here described by the edge length of square
features.
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Figure 3: Possible methods for coupling the 262 nm drive
laser into an IPS device installed in the gun.

IPS DESIGN

IPS devices generally treat light in an analogous way to
electrons in an integrated circuit. There are many design
considerations for an IPS device so that it could couple in
laser light while it is installed in the AWA gun. The existing
laser could be coupled into an IPS waveguide using a mirror
and a normally incident laser. Alternatively, grating couplers
could be used to take in a laser at an oblique angle (Fig. 3),
or from behind.

The IPS photoemitter layer needs to be very thin (= 10 nm)
so that the electrons can both absorb the evanescently cou-
pled light and also transport to the emitting surface very fast.
The depth of the IPS waveguide layer depends on the laser
wavelength and also the size of the emittance features, to
ensure even power distribution between the three patches
and high efficiency. If the waveguide is too thin then the
first emitter feature absorbs all of the energy. If it is too
thick, then the coupling is very inefficient across all three
emitter features. One possible resolution to this is to manip-
ulate the laser so that it can couple in to each emitter feature
independently through mirrors and gratings (Fig. 3d).

The initial 1 mm x 1 mm emitter features considered in
OPAL simulations are too large for FDTD simulations, how-
ever the existing IPS tools are designed for features on the
order of tens of microns. Our follow-up OPAL simulations
indicate that the smaller emitter features will likely be suc-
cessful at producing discrete longitudinal bunchlets at this
scale.

CONCLUSION

We have shown that Integrated Photonics Systems can be
used in conjunction with an emittance exchange beamline
to produce tailored longitudinal bunch trains, for driving
structure wakefield accelerators or for other purposes, with
high wall plug efficiency and transformer ratio. We have also
shown how the properties of the EEX beamline can be used
to engineer a cathode pattern giving a desired longitudinal
distribution at the exit of the EEX.
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We have shown that current IPS technology can create the
emitter patterns required for THz-scale drive bunches in a
structure wakefield accelerator. It is also feasible to couple
laser light in to an IPS device while it is installed in a gun.

The IPS techniques described here relatively simple com-
pared to the state-of-the-art. There is great promise for the
combination of IPS devices and electron guns for a number
of advancements outside of structure wakefield accelerators.
These include shapes not achievable with intercepting masks,
such as annular beams.
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