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Abstract

Simulation studies were carried out to optimise the per-
formance of various FEL designs, with examples includ-
ing longitudinal current profile shaping for a seeded FEL,
and selection of the chicane delays for the High-
Brightness SASE technique. In these examples multi-
objective genetic algorithms were applied to a single
section of the overall facility simulation, i.e. the undula-
tor, as is the common approach. Further studies are also
reported in which a full start-to-end simulation chain was
optimised, with the aim of delivering a more holistic
facility design optimisation.

INTRODUCTION

Simulations are a key component in the design and op-
eration of modern FEL facilities. The full machine is
often modelled with a ‘start-to-end’ (S2E) chain of differ-
ent simulation codes, each developed for specific sections
of the facility (e.g. gun, accelerator, FEL, photon beam-
line), shown schematically in Fig. 1 (a). Optimisation
within this simulation chain is often segmented in the
same way, e.g. the accelerator section is often optimised
to meet a set of target electron beam properties, which
themselves are specified to allow the FEL section to de-
liver the target photon output, see Fig. 1 (b).

( FEL facility — main stages (simplified):
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Figure 1: (a) Example of the main stages in a FEL facili-
ty, (b) a segmented optimisation approach requires speci-
fication of intermediate parameters, (c) joining up stages
allows optimisation on the final outputs.
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A problem with this method is that mapping from elec-
tron bunch properties to photon output is a complex non-
linear process. Intermediate parameters such as emittance
and bunch length are often overly reductive as a predictor
of FEL performance when applied to realistic — some-
times highly non-Gaussian — distributions. One solution is
to develop more prescriptive specifications of the inter-
mediate parameters; however this can become increasing-
ly elaborate, as illustrated in the first section of this paper.

An alternative approach, considered in the second sec-
tion, is to combine multiple stages of the simulation chain
into a single optimisation problem, Fig. 1 (c). This allows,
e.g. the accelerator parameters to be directly optimised on
the FEL output, without the need to specify intermediate
targets. Previous studies have combined accelerator simu-
lation codes with FEL analytical models, however not all
effects are included [1]. Here we present a combined
accelerator + FEL simulation framework with examples.

In the final section a more advanced FEL scheme is
considered. In each case multi-objective genetic algo-
rithms (MOGA) are used as the optimisation technique.

SINGLE-STAGE OPTIMISATION

This section considers an example of optimising a sin-
gle stage of the S2E chain, as shown in Fig 1 (b).

At the interface between the accelerator and FEL sec-
tions a common starting point is to specify the longitudi-
nal profile in terms of peak current and electron bunch
length. For non-Gaussian distributions these measures can
be poor predictors of FEL performance, such that more
refined targets (e.g. bunch shape) are required. A simple
case was set up to optimise the current profile for a seed-
ed FEL, using parameters of the CLARA project [2,3]. 3D
FEL simulations were carried out using the Genesis 1.3
FEL code [4] (version 2, utilising the OCELOT frame-
work [5]), in which the current profile was described by a
36-element array, entered via the ‘beamfile’ method (with
all other properties kept constant). Optimisation was car-
ried out using the NSGA-II [6] MOGA method, inside
DEAP [7] and FEL performance was optimised on peak
power and bandwidth at the end of the undulator (further
refinement is discussed later).

In the first instance the system started from random
current distributions. The mutation effect was to randomly
modify a randomly selected subset of the current array
elements. The crossover effect was to interleave elements
from two existing current profiles. In both cases a further
step to maintain constant charge was applied. Figure 2
shows the results of the optimisation. Some effects were
expected — concentrating charge into a high current region
in order to increase pulse energy: indeed surpassing the
pulse energy of a Gaussian but with larger bandwidth.
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E However an unexpected alternative solution concentrated
g charge into a series of high current regions. This is proba-
Z bly not desirable for users but it is an interesting finding.
%Individual Genesis runs took ~1 minute with 24 proces-
2 sors, Figure 2 took ~2 days to complete 38 generations.

0.6 =

FEL2019, Hamburg, Germany

JACoW Publishing
doi:10.18429/JACoW-FEL2019-THP0O65

The optimisation framework comprises ASTeC’s in-
house S2E framework (SimFrame) [8] in combination
with OCELOT and DEAP as shown in Fig. 4.
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Figure 2: MOGA optimisation of FEL current profile
starting from noise (top left) to an approximately flat-top
solution (right) or a series of peaks (bottom left). The
black points are the Pareto front after 38 generations. The
result for a Gaussian profile (star, bottom right) is shown.

Further cases were performed to investigate current
profile evolution beyond a Gaussian or a flat-top, as
shown in Fig. 3. Some findings are obvious: a long,
smooth bunch gives narrow bandwidth/low power; and
vice versa. Some are less so, e.g. spiking at the bunch tail.
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Figure 3: Pareto fronts and example profiles (inset — red)

vs starting profiles (inset — black) for four different MO-

GA optimisations of FEL current profile. The black

dashed line shows results for a range of Gaussian profiles.
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The benefit of the approach taken in this section is that
§ it helps to understand one property of the bunch in isola-

S tion. However the degree of complexity possible in speci—
>,fymg a single property also illustrates the difficulty in
g specifying a set of intermediate parameters.

INTEGRATED S2E OPTIMISATION

This section describes combining multiple S2E stages
into a single optimisation problem, as shown in Fig. 1 (c),
thereby avoiding the issue of intermediate parameters.
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Figure 4: Schematic of S2E optimisation framework.

The Simulation Framework (SimFrame) is a python-
based framework for performing accelerator simulations
using a transparent interface to multiple tracking codes
(ASTRA [9], Elegant [10], CSRTrack [11] and GPT [12]).
It interfaces with the Master Lattice [13, 14] (written in
YAML [15]), which is the central repository for machine
and element information (mechanical and magnetic prop-
erties, errors, control system names etc.). SimFrame
doesn’t interface to a dedicated FEL code, relying instead
on OCELOT’s python interface to Genesis. Integration
between the frameworks was relatively straightforward,
allowing S2E from the cathode to the end of the FEL.

As shown in Fig. 4, the main class inherits from the ac-
celerator simulation class (SimFrame functionality), OC-
ELOT (FEL simulation functions) and DEAP (MOGA
functions). A python script defines the MOGA parame-
ters, FEL lattice and the accelerator parameters to be
varied. Once the main class is instantiated, the accelerator
lattice and a set of starting beam files is specified, allow-
ing the simulation to start from a previously simulated
location, thereby minimising duplication. DEAP functions
are used to generate a population, which is evaluated and
modified over a number of generations, with accelerator
and FEL simulations performed for each individual.

The MOGA framework was used to optimise the per-
formance of a S2E simulation of the proposed XARA [16]
upgrade to CLARA. A key factor to achieving a success-
ful outcome was establishing a simulation method that
was suitably detailed while also suitably fast in order to
perform the many hundreds of simulations required in a
reasonable time. The ‘distfile’ method of input to Genesis
was chosen since it retains the 6D information more com-
pletely than the ‘beamfile’ method, however it requires
more macroparticles (2!°=32k). The baseline injector
modelling (up to the exit of linac 1) was performed in
ASTRA with 2'® (262k) particles and then sampled to
create the 32k macro-particles used in Elegant. Individual
runs took ~10 minutes, split 2/8 mins in Elegant/Genesis.
The input parameters varied were: phase and amplitude of
linacs 2-6 and the 4th harmonic cavity; bunch compressor
angle; de-chirper gap; and laser heater interaction strength
(modelled as momentum scattering). For simplicity the
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FEL mode was SASE rather than seeded and the target
FEL parameters were maximum pulse energy and mini-
mum bandwidth, evaluated at the position of maximum
brightness to allow for different saturation lengths. Fig. 5
shows the Pareto front in the pulse energy-bandwidth
space, with a clear trade-off evident between the two.
Fig. 6 shows two individuals at different parts of the front
— examples of the range of different radiation pulse dura-
tions, and corresponding electron bunch properties.

Bandwidth (%]

Pulse Energy [11)]

Figure 5: Final Pareto front and solutions for each genera-
tion of the S2E MOGA run. Individual points are shown
in grey. The two example solutions are highlighted.
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Figure 6: FEL output and bunch parameters (left: pulse
energy, bandwidth and beam-size, right: longitudinal
phase space, current, power, emittance) for example solu-

tions at 230 uJ (top) and 600 pJ (bottom).
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STABILISED HB-SASE

The MOGA framework was applied to the simultane-
ous optimisation of two FEL schemes which utilise the
same configuration of delay chicanes inserted between
undulator modules. In the first scheme, HB-SASE [17],
the delay chicanes increase slippage and hence coherence
length. Here we use dipole-only chicanes as these are
more compact than isochronous chicanes. Studies using
such chicanes in monotonically increasing or decreasing
delay sequences show an increase in coherence length
limited to a factor of 5-10. In this implementation the first
fitness value (Figure 7, horizontal) is the FEL pulse ener-
gy multiplied by the coherence length, representing scaled
brightness. We average over 9 shot noise seeds per data
point. The second scheme aims to improve the shot-to-
shot stability of the SASE FEL by varying the chicane
dispersion to manipulate the electron bunching, and intro-
duce a passive, negative feedback into the FEL mecha-
nism [18]. The second fitness value (Figure 7, vertical) is
the rms. of the scaled brightness over the shot noise seeds.

Figure 7 shows initial results, with the fitness values
calculated at 13 m along the undulator, and tuned to
100 nm at 250 MeV/c. The points are colour coded from
dark blue to light green as the generations increase. The
‘Hall of Fame’ (HOF) points are shown along with the
Pareto front, indicated with the dotted red line. The
equivalent SASE scaled brightness and rms. brightness
variation are shown as green diamonds, for undulator
lengths from 11-17 m. The delays corresponding to max-
imumolgrightness and minimum fluctuation are shown.

<104

Mean Brightness <B> (a.u.)

Figure 7: Initial results of optimisation to maximise {B),
HB-SASE output brightness averaged over an ensemble
of shot noise seeds, and minimise gz/(B), rms shot-to-
shot brightness fluctuation within the ensemble.

These results show solutions with brightness increased
by an order of magnitude but with increased fluctuations,
and solutions with slightly less brightness increase but
with fluctuations damped compared to SASE. It should be
noted that in regular SASE the fluctuations should scale
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& approximately as ag/{B) « (B) so the results favourably
g violate this scaling. The chicane settings for maximum
-Z brightness and minimum fluctuations appear qualitatively
% similar to each other, while very different to the monoton-
+ ically varying sequences employed in previous studies.
These are interesting findings for further investigation.
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