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@ Abstract
=
£ Collinear beam-driven structure wakefield acceleration

§(SWFA) is an advanced acceleration technique that could
= support the compact generation of high-energy beams for
‘2 future multi-user x-ray free-electron-laser facilities [1]. Pro-
% ducing an ideal shaped drive beam through phase space
:£ manipulation is crucial for an efficient SWFA. Controlling
= the final longitudinal-phase space of the drive beam neces-
£ sitate staged beam manipulations during acceleration. This
g paper describes the preliminary design of an accelerator
£ beamline capable of producing drive beam with tailored cur-
2 rent distribution and longitudinal-phase-space correlation.
 The proposed design is based on simple analytical models
£ combined in a 1-D longitudinal beam-dynamics simulation
é‘ tracking program supporting forward and backward (time
« reversal) tracking.

INTRODUCTION

Collinear beam-driven wakefield acceleration (SWFA)
2 achieves high accelerating gradient with a smaller physical

Z footprint than conventional accelerators. The transformer

gratio R = ‘%‘, defined as the ratio of the maximum of the

& accelerating field behind the bunch E., to the maximum of
%the decelerating field within the bunch E_, quantifies the
2 efficiency of beam-driven acceleration. According to the
§ beam loading theorem, R < 2 for a symmetric longitudi-
S nal current distribution. However, it was recognized that
> tailoring the current distribution could enhance the trans-
8 former ratio to arbitrarily large values [2], although at the
% expense of a reduced peak accelerating electric field [3].
f Over the years, several beam shaping techniques have been
o proposed and investigated including photocathode laser shap-
g ing techniques [4—6], transverse-to-longitudinal phase-space
» emittance exchange [7, 8], and multi-frequency linacs [9].
5 Most of the shaping schemes (except for the transverse-to-
2 longitudinal phase-space-exchange technique) are based on
—g manipulation within the longitudinal degree of freedom only
Z and can be assisted by collective effects acting in the lon-
2 gitudinal phase space (LPS). Hence, the transverse beam
%‘dynamics can be ignored at the early design stage of the
~ bunch-shaping optimization process. Here we report our
£ recent efforts in LPS manipulation to produce an optimized

istribution o
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driver beam for SWFA. We start with the ideal current distri-
bution required for the SWFA. We employ backward track-
ing technique [4] using the LPS macroparticle-tracking code
TwICE [10] to investigate the current distribution needed from
the electron gun. The accelerator configuration was obtained
through purposeful manual tuning of a generic accelerator
layout supplemented with multi-objective optimization.
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Figure 1: Longitudinal wakefields generated by an exact
doorstep bunch (red-shaded area) and a modified doorstep
bunch (green-shaded area) as the bunch passes through a
220 GHz corrugated waveguide [11]. The achieved trans-
former ratio is R =~ 5.

SIMULATION MODEL

Single Particle Dynamics

The single particle dynamics of an electron beam in
relativistic regime, is described by a simple LPS co-
ordinate transformation (¢;,E;) — ({r,Ef). The ac-
celeration through a radiofrequency (RF) linac is as-
sumed to only affect the energy so that ({;,f) —
((f’ = {, Ef = E; + eVRp cos ((;5 - @gﬂ-)), where eVRr is
the accelerating voltage, and f and ¢ are the operating fre-
quency and phase associated with the linac. Likewise, an
arbitrary longitudinal transformation in a longitudinally-
dispersive section is modelled by the transformation
(6iny) = (& = & = (Rsebi + Tse667) . Ef = E;) where
0; = % is the relative momentum offset. The + sign
indicates forward tracking, conversely the — sign indicates
backward tracking. The indices i and f are used to describe
LPS coordinates before and after the transformation, which
it can be either forward or backward tracking.

Collective Effects

The treatment of collective effects is implemented as a
{-dependent energy-kick approximation on the beam AE({;)
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with E;({;) — Ef({i) = Ei(§) £ AE(S) and & — {f = ¢
The collective effects that we have taken in account includes
wakefield modelled by user-defined Green’s function, co-
herent synchrotron radiation (CSR) implemented as a one-
dimensional steady-state model [12, 13], and longitudinal
space charge (LSC) described by an impedance model [14].
The latter LSC impedance model requires the transverse
beam size which, as in the present studies, is estimated from
simple consideration but nevertheless provides a starting
point to estimate the desired initial distribution along with
the linac configuration required.

Doorstep Distribution

A recent study indicates that adaptive energy chirp is re-
quired to circumvent the beam-breakup instability [15]. The
doorstep distribution proposed by Bane et al., with further
modification on its linear ramp and both ends, results in a
linear variation of wakefield within the bunch, allowing us
to dynamically control the drive bunch’s chirp as it travels
the corrugated waveguide, as shown in Fig. 1(inset). The
modified doorstep profile optimized following the parame-
terization

I(u) = IpS(u)(1 — erf(16m(uy — u))) where, (1)
(di +27(0.75 —w)(1 + do(1 —u)'®) uel,
(1 +27(0.75 = w)(1 + d3(1 —u)"¥)  well,
S(u) = 31+ dy(ds — u)® u € 1III,
1 uelv,
0 elsewhere,

where the parameters 1 and d; are constants. Here u = £/A
is the longitudinal position normalized to the fundamental-
mode wavelength of the SWFA. The constant and bound-
aries of the piece-wise regions (I, II, III, IV) are optimized
to maximize the transformer ratio and precisely control the
linear chirp imparted on the drive bunch. A 10-nC “modi-
fied doorstep" distribution with parameters given in Table 1
appears in Fig 2.
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Figure 2: LPS (left) and current (right) distributions at the
end of beamline.

Beamline

We use a widely adopted linac architecture used in XFELs
shown in Fig. 3. Given the required high charge and antici-
pated long bunch out of the photoinjector, our linac consists
of two 650 MHz superconducting accelerating cryomodules
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Table 1: Parameters Associated with the Modified Doorstep
Distribution

Bunch Property Value Value
Number of macroparticles 100593 ——
Charge 10 nC
Reference energy 1 GeV
Rms length 320.3 pm
Rms fractional energy spread 248 %o
Rms fractional slice energy spread 0.1 %o

(shown as L1 and L2), with a 3.9 GHz harmonic linearizer
(L39), together with two bunch compressors (shown as BC1
and BC2). Since a positive chirp is required for SWFA (the
bunch head has higher energies), we need Rs¢ < 0 to com-
press the bunch. Hence the second bunch compressor is
moved to the end of the linac. It also enables the use of
a longer bunch in the linac and reduces collective effects.
We model the bunch compressors with Rsg and Ts¢6. For
chicane-like compressor (as currently considered), we di-
vide a compressor in two sections with same Rs¢ and T,
where such an approximation is valid for the Rsg as long as
the compressor is symmetric with respect to its midpoint but
it is generally not applicable to the T5¢5. The CSR energy
kicks are applied in each section after the dipole magnets.
We assume all dipole magnets to be 40-cm long with a 8°
bending angle.

L = sei N - b ©

Figure 3: Diagram of the linac used in the simulations to
produce the tailored bunch. L1 and L2 are 650 MHz linacs,
L39 is a 3.9-GHz linac, and BC1 and BC2 are magnetic
bunch compressors.

L39

SIMULATION AND OPTIMIZATION

We employed forward and backward tracking simulation
to study the LPS manipulation for producing an ideal cur-
rent distribution. With a well-defined distribution shown
in Fig. 2, backward tracking simulation using the beam-
line from Fig. 3 allows us to estimate the target distribution
required from a photoinjector. After obtaining an initial
distribution at the beginning of the beamline, we checked
the beam parameters to investigate the feasibility of it to
be produced from a photoinjector, and beamline parame-
ters to produce it. The process is iterated to fine-tune the
beamline parameters. Additionally, we modify the initial
distribution to eliminate unusual discontinuity in LPS and
assess the impact of these alterations on the final distribu-
tion. We employed multi-objective optimization using DEAP
framework [16] to optimize the accelerator parameters with
self-defined constraints. An electron gun coupled to a short
linac, would precede our beamline, and hence imposes con-
straints on beam parameters. The initial distribution needs to
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A
?,, have a peak current lower than 300 A, a mean energy lower
Efthan 70 MeV, a full energy spread lower than 10% and a
-Z total bunch length smaller than 4 cm. We also require that
%the energy chirp of the beam has the same sign before BC1
2 and at the beginning of L1.
£ To translate such conditions into objective functions for
£ optimization, we did a polynomial fitting of LPS 6 = ¢o +
sci1l + 0? + ¢3¢ and minimized ¢, /c; before BC1 and
= before L1.

RESULTS AND DISCUSSION

The optimized accelerator parameters are summarized in
2 Table 2 and initial distribution obtained from these settings
o with backward tracking are shown in the upper plot of Fig
4. The initial LPS is dominated by the linear correlation of
E ({ E). Removing its linear chirp revealed its highly nonlin-
= ear part at the tail edge of the beam, as shown in the right
g panel of Fig 4.
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Figure 4: Initial bunch LPS with its current distribution (a),
and its LPS after removing linear chirp (b).

We manually altered its tail edge to make it smoother, as
= shown in Fig. 5(a) and performed forward tracking with the
Q same parameters to check the final distribution produced.
3 ‘o The result, shown in Fig. 5(c), differs from the ideal distribu-
= tion in Fig. 2, as expected from our modification. However,
; through the use of masks in the middle of BC1, we can fur-
o« ther shape the bunch to match the ideal distribution. The
E comparison of final distributions, with and without apply-
ging masks, with generated wakefields as the beam passes
o through a corrugated waveguide, is shown in Fig. 6. The
< beam loss after applying a mask for dispersive collimation is
2 6.8%. The differences in wakefields play an important role
& in the beam transverse dynamics.

The modified initial distribution [Fig. 5(a)] will need to be
enerated from a photoinjector. Such an effort is presently
nderway. The fast oscillation visible in Fig. 5(b) can be
introduced using a corrugated pipe [17].

CONCLUSION

Using Twice backward-tracking capabilities we have op-
S timized the longitudinal dynamics associated with an SRF
« linac capable of producing drive bunches with current dis-
= tributions needed for efficient excitation of wakefields in
£ SWFAs. The backward-tracking technique was combined
= with forward tracking and optimization tools to explore pos-
%‘) sible initial distributions that need to be produced by the
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Figure 5: Modified-bunch LPS and current distribution (a),
and LPS after removing the linear chirp (b). Final bunch after
forward tracking without (c) and with dispersive collimation
in BC1 (d).
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Figure 6: Comparison of generated wakefields from final
bunches, the beam loss after dispersive collimation (green-
shaded area).

Table 2: Optimized Accelerator Parameters

Parameter Value Unit
Accelerating voltage L1 209 MV
Phase L1 18 deg
Frequency L1 650 MHz
Accelerating voltage .39 7 MV
Phase L39 219 deg
Frequency L39 39 GHz
Rs¢ for bunch compressor 1 (BC1) —0.16 m
Tse6 for bunch compressor 1 (BC1)  0.22 m
Accelerating voltage L2 850 MV
Phase L2 28 deg
Frequency L2 650 GHz
Rs¢ for bunch compressor 2 (BC2) —-0.14 m
Tse6 for bunch compressor 2 (BC2) —0.25 m

photoinjector. The optimized accelerator configuration will
guide the design of the bunch compressors and photoinjector,
before proceeding with full-fledged simulations including
the transverse beam dynamics.
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