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Abstract
We present simulation results to decouple the emittance

contributions that are intrinsic from the injector lattice ver-
sus emittance contributions due to the quality of the cath-
ode out of a 100 MeV electron injector system. Using AS-
TRA driven by the NSGA-II genetic algorithm, we opti-
mized the LCLS-II injector system with a zero emittance
cathode. We then imposed FEL specific energy constraints
and show how the Pareto Front solution shifts. Lastly, we
reoptimized at various cathode emittances to map out the
dependence of cathode emittance versus final emittance out
of the injector system. We then determined the cathode
quality needed to hit a 0.1 mm mrad 95% rms transverse
emittance specification out of the current LCLS-II injector
system.

SIMULATION MOTIVATION
SLAC National Accelerator Lab is currently construct-

ing a MHz repetition rate Free Electron Laser (FEL), the
Linac Coherent Light Source II, to follow up the success of
the 120 Hz LCLS. LCLS-II will initially run with a 4 GeV
superconducting linac but plans are underway to upgrade
the linac further to accelerate electrons to 8 GeV for LCLS-
II HE (High Energy), increasing the maximum deliverable
x-ray energy up to almost 15 keV[1]. Even after the up-
grades to the LCLS-II facilities, FEL users would still like a
higher photon range from the LCLS-II complex. At higher
electron energies, the x-ray energy range becomes throt-
tled by emittance if the number of undulator magnets are
not increased[1]. Emittance directly determines how effi-
ciently the electron beam microbunches, which is required
to start the exponential growth of x-ray production in the
undulators[2]. Currently, LCLS-II expects a transverse nor-
malized emittance of 0.4 mm-mrad at the first undulator for
a 100 pC electron beam. As shown in Fig. 1, simulations
predict that decreasing the normalized emittance at the un-
dulators from 0.4 to 0.1 mm-mrad with an 8 GeV electron
beam would expand LCLS-II HE x-ray energy upper bound
from 15 keV to 22 keV. The benefit from lower emittance
is even more drastic for FELs driven with higher electron
energies with a similar undulator hall.

The quality of the electron beams produced in an accel-
erator facility is inherently limited by the emittance of the
beam produced in the injector system. We define the in-
jector system as the beamline that takes the beam from a
cathode to around 100 MeV, when space charge effects are
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Figure 1: Expectations for how the emittance will effect the
photon range for the LCLS-II and potential upgrades for
various linac energies. The curves are predicted from the
Ming Xie equations that numerically find the power gain
length for x-ray generation[1].

no longer a concern. The current LCLS-II injector system
simulations predict transverse emittances around 0.3 mm-
mrad out of the injector, indicating that injector improve-
ments are necessary and the correct place to start looking
to improve the emittance [3]. In these proceedings, we in-
vestigate the emittance benefits for the LCLS-II injector we
could expect from improving the cathode quality and deter-
mine how much we would have to improve the cathode by
to deliver a beam with a 0.1 mm mrad 95% rms transverse
emittance for the LCLS-II HE project.

OPTIMIZATION METHODOLOGY
We started with the optimization end point from the

original LCLS-II optimization[4][5]. We used the particle
tracking code ASTRA[6] driven by the multi-objective ge-
netic algorithm NSGA-II [7] to compute and optimize two
competing quantities, bunch length σz and the 95% rms
horizontal emittance[8]. We get a set of solutions, called a
Pareto Front, that visually documents the trade off between
these two competing variables. We used a population size
of 80 and ran all simulations with a bunch charge of 100
pC.

The first study documented the Pareto Front limit of an
injector system. To isolate the lattice emittance contribu-
tions that are due to space charge, we turned off the cathode
emittance by using ASTRA’s generator program to create
a radially uniform beam emerging from a zero longitudinal
and transverse emittance source.

We imposed constraints to guide the optimizer to rea-
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WG3: Electron sources and injectors



Table 1: Parameters that were varied for the injector sys-
tem. Zero degrees is defined as on crest for max accelera-
tion and the field gradients are the value of the maximum
field in the field file.

Knob Variable Range

Transverse rms at cathode 0.05 - 2 mm
Bunch length at cathode 5 - 50 ps
Gun gradient 20.04 MV/m
Gun phase -45 - 10 deg.
Solenoid 1 field 0.01- 0.2 T
Capture cavity gradient 0 - 2 MV/m
Capture cavity phase -120 - 0 deg.
Solenoid field 0 - 0.2 T
Cavity 1 field 0 - 32 MV/m
Cavity 2 field 0 MV/m
Cavity 4 field 0 - 32 MV/m
Cavity 1 phase -90 - 90 deg.
Cavity 4 phase -90 - 90 deg.

Figure 2: The field layout for the LCLS-II injector with the
APEX gun.

sonable solutions. Constraints are binary conditions where
configurations are initially ranked on the number of con-
straints violated. We required: a) The end energy is > 90
MeV, b) rms bunch length is less than 1.5 mm, c) 100%
rms emittance is less than 1.0 mm mrad, d) Final energy
spread < 500 keV, e) Higher Order (HO) Energy spread <
50 keV, f) The average xposxangle is negative so we have a
converging beam. HO energy spread is calculated by fitting
a second order polynomial to the energy spread and finding
an rms energy spread after subtracting out the polynomial
of best fit.

We obtained a suitable front with a zero emittance cath-
ode and then imposed more stringent energy constraints to
determine how the Pareto Front would shift. First, we tight-
ened the overall energy spread constraint from 500 keV to
200 keV. The 200 keV value matches previously performed
LCLS-II optimization work and was imposed to ensure a
sufficiently small energy spread at the undulator hall[5].
To save computing time, we seeded the NSGA-II algorithm
with the final population from the zero emittance cathode
run with looser energy constraints. We then continued opti-
mizing for sufficient generations to get a satisfactory Pareto
Front with the harder constraint.

We then took the end population with the tightened en-
ergy spread constraint and further tightened the higher or-

der energy spread constraint from 50 keV to 5 keV.
We kept in the 200 keV energy spread and 5 keV HO

energy spread constraints and started the next phase of the
experiment to quantify how cathode emittance effects the
Pareto Front. We set the cathode quality by specifying
an emittance for the initial beam profile. We selected an
isotropic momentum distribution, or radially uniform emis-
sion angles into a half sphere, to describe the beam off the
cathode and realistically couple the initial transverse and
longitudinal momentum spreads [9]. To help mitigate the
legitimate problem of getting stuck in a local minimum, we
started the cathode portion of the study with an unseeded,
fresh run with a cathode having a thermal emittance (Temit)
of 1 µm/ mm rms or a Mean Transverse Energy (MTE) of
510 meV. We filled in intermediary cathode emittances by
seeding with population members from both the zero emit-
tance cathode population with stricter energy constraints
and the 1 µm/ mm rms cathode baseline.

CATHODE UPGRADE RESULTS
LCLS-II is using the 187 MHz gun developed for the Ad-

vanced Photoinjector Experiment (APEX)[10]. Past sim-
ulation results used a conservative cathode thermal emit-
tance estimate of 1 µm/ mm rms [5] and we present results
from the LCLS-II injector to show the emittance improve-
ments we could expect if we were able to improve the ther-
mal emittance. Accordingly, we froze the positions of the
components of the beamline to correspond to the injector
that is currently being built at SLAC. The knobs we varied
and the layout of the LCLS-II injector are shown in Table
1 and Fig. 2. The Pareto Fronts achieved are displayed in
Fig. 3.

ANALYSIS
LCLS-II is interested in a beam with a longitudinal

bunch length around 1 mm at the end of the injector so
we manually picked the lowest emittance population mem-
ber in the 0.9-1.2 mm range to compare here (see Table 2).
All displayed results are with 10,000 ASTRA particles with
100 pC. However, there is typically a 10% emittance reduc-
tion when 200,000 ASTRA particles are used with finer
meshing. We plot the energy spread, 95% rms transverse
emittance and the bunch length as a function of the injector
position, Z, to show which variables had to change to ac-
commodate either a harder constraint value, or more spot
size dependent emittance off of the cathode.

Reaching the 200 keV energy spread specification was
immediate. Achieving the 5 keV HO energy spread con-
straint was more difficult. No configuration initially met
the HO constraint and the only populations that could sur-
vive had a smaller cathode spot size and shorter initial
bunch lengths. The HO energy spread was then mostly
fixed by adjusting the cavity 4 phase as visually show in
the energy spread plot in Fig. 4. Because the HO en-
ergy spread constraint already necessitated the smaller spot
size, the knobs did not change very much when the cathode
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Figure 3: Pareto Fronts that show the impact of FEL specific energy constraints with a zero emittance cathode (left) and
the dependence of the cathode emittance on the final emittance (right)

Table 2: Upgrade Emittance Table. All configurations were evaluated with 10,000 ASTRA particles
APEX Configuration Emit. at Cathode 100 % X Emit 95 % X Emit Long. Size E.Spread

mm mrad mm mrad mm mrad mm keV

E. Spread < 500 keV, HO < 50 keV 0 0.111 0.074 0.94 296.7
E. Spread < 200 keV, HO < 50 keV 0 0.108 0.069 0.86 157.7
E. Spread < 200 keV, HO < 5 keV 0 0.113 0.070 1.11 66.6
Thermal Emit = 0.1 mm mrad

mm rms
0.017 0.122 0.076 1.1 104

Thermal Emit. = 0.3 0.054 0.152 0.103 1.07 131.9
Thermal Emit. = 0.5 0.087 0.181 0.130 1.12 77.2
Thermal Emit. = 0.7 0.122 0.215 0.158 1.12 76.9
Thermal Emit. = 1.0 0.16 0.261 0.196 0.91 185.4

Figure 4: Emittance, bunch length and energy spread com-
parisons for a population with an end bunch length around
1 mm. The blue, orange, and green plots are all with a zero
emittance cathode.

emittance was added back in.

CONCLUSION
We seek to understand the individual cathode and lat-

tice emittance contributions towards the final injector emit-
tance. The Pareto Fronts start documenting the benefits
from further cathode research for the LCLS-II injector sys-
tem. Keeping in mind that the 95% rms transverse emit-
tance reliably decreases around 10% when 200,000 AS-
TRA particles are used, the results with the current LCLS-
II injector indicate we would need a cathode around 0.3
µm/ mm rms to feasibly achieve 0.1 mm mrad 95% emit-
tance at the end of the injector.

The main limitation of this study is that there is no way to
definitively know that the Pareto Fronts are truly the global
optimum. We played with the mutation and crossover pa-
rameters, but a perfect recipe of number of generations,
algorithm parameters and ASTRA particle size that pre-
vents getting in local minimum with reasonable computa-
tion time is still elusive.
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