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High-repetition-rate free-electron laser (FEL) facilities such as LCLS-II rely on continuous-wave (cw)
injectors to deliver high-quality electron beams to multiple undulator lines simultaneously. Ensuring
injector reliability under nonideal conditions is critical for sustained user operations. In this work, we
investigate the fault tolerance of a representative cw photoinjector by analyzing its performance under
various degraded scenarios, including reduced gun energy, radio-frequency (rf) cavity failures, solenoid
field constraints, and early-stage energy gain requirements. Using multiobjective optimization with a
genetic algorithm framework (Xopt), we assess achievable beam quality—focusing on transverse emittance
and bunch length—across a range of fault conditions. Our results reveal that while certain failures (e.g.,
buncher off) significantly impact emittance, coordinated adjustments to laser parameters, 1f phases, and
cavity gradients can still partially recover performance. The injector demonstrates resilience to a variety of
perturbations, confirming its robustness for high-demand cw FEL operations.
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I. INTRODUCTION

Continuous-wave (cw) free-electron laser (FEL) facili-
ties, such as LCLS-II [1], SHINE [2], and the planned cw
upgrade of the European XFEL [3], place stringent
demands on the injector to deliver high-brightness, low-
emittance electron beams with exceptional stability and
reliability requirements [4—6]. Candidate electron sources
for cw FELs include very-high-frequency (VHF) normal-
conducting (NC) radio-frequency (rf) guns [7], supercon-
ducting rf (SRF) guns [8], direct-current (dc) guns [9], and
hybrid dc—SRF designs [10].

In large-scale cw FEL facilities, it is common to operate
multiple undulator lines simultaneously, serving a diverse
range of user experiments. As a result, maintaining con-
tinuous injector operation is critical not only to maximize
machine uptime but also to ensure that various scientific
users can make full use of beam time. However, in realistic
operating environments, deviations from ideal settings are
inevitable due to technical limitations or hardware faults.
For example, for VHF-gun-based photoinjectors, the rf gun
may suffer gradient degradation due to hardware limitations
or operational instabilities; the solenoid strength may be
constrained for emittance optimization in order to suppress
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the dark current transmission, and individual SRF cavities
may experience complete/partial failures. These disruptions
can potentially compromise beam quality and disrupt FEL
operation. Therefore, it is essential to assess whether the
injector can continue to support FEL lasing, even with
reduced performance or partial functionality. This study
investigates the robustness and fault tolerance of a VHF-
gun-based cw injector under various nonideal conditions,
with a particular focus on whether acceptable beam quality
can still be achieved to support FEL lasing, especially for
soft x-ray or other operational modes that are less demand-
ing in terms of emittance. By systematically analyzing the
effects of key component constraints and outages through
detailed simulations, we identify the operational margins
and performance trade-offs necessary to maintain reliable
injector operation. These results provide critical guidance
for machine protection, fault response strategies, and
operational flexibility in next-generation FEL facilities.
This work was originally motivated by operational expe-
riences during the LCLS-II injector commissioning. Several
failure or constraint conditions studied in this paper were
directly encountered during early operation. For example, the
gun gradient was reduced to mitigate dark current, and the
strength of the first solenoid was limited for the same reason.
An unexpected field emission in the fourth cavity of the
injector cryomodule reduced its maximum energy gain to
approximately 5 MeV, while the fifth cavity operated below
10 MeV—resulting in a total energy shortfall of about
15 MeV compared to the design values. In this scenario,
additional energy had to be extracted from the first two
cavities to maintain overall injector performance. Despite
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these challenges, we successfully delivered electron beams
with reasonably good emittance and achieved satisfying FEL
output for users.

The experimental results of recent LCLS-II injector
operation will provide a critical benchmark for the studies
discussed here. As a separate paper is currently in prepa-
ration to present the experimental progress, this work is
intentionally limited to simulation-based analysis for sev-
eral practical reasons. First, the machine configurations
during the relevant fault scenarios varied in beam charge,
laser profile, and other settings, making systematic com-
parisons within a unified simulation framework impracti-
cal. Second, limited machine development time—driven
primarily by the urgent demand for user experiments—
precluded dedicated experimental studies of each fault
scenario in the short term. Nonetheless, such experimental
studies remain essential for long-term operational planning
at facilities such as LCLS-II, and once enough data is
collected in the future, a full benchmark will be carried out.
In contrast, simulation-based exploration enables consis-
tent evaluation of all fault scenarios starting from the same
baseline configuration, thereby providing meaningful and
comparable results. The simulation tools employed here are
well benchmarked, and the insights and mitigation strat-
egies derived are expected to provide valuable guidance for
both commissioning and operational decision making.

The paper is organized as follows. We begin by intro-
ducing the LCLS-II injector layout and presenting a base-
line solution obtained through multiobjective optimization
using a genetic algorithm. This optimized configuration
serves as a reference for evaluating performance under
various degraded conditions. We then examine the injec-
tor’s response to several realistic fault scenarios, including
gun energy reduction, rf cavity failures, solenoid field
constraints, and energy gain requirements in the first few
accelerating cavities. For each case, dedicated optimiza-
tions are performed to identify strategies that mitigate

SOL1

SOL2

performance degradation. The resulting trends highlight
the injector’s flexibility and resilience, offering practical
insights into maintaining beam quality under operational
constraints.

II. REPRESENTATIVE INJECTOR
LAYOUTS FOR CW FELS

cw FEL facilities typically adopt a superconducting linac
fed by a high-brightness injector optimized for stable
operation and low emittance. In this study, we focus on
the injector layout of the LCLS-II facility [4] as a represen-
tative example, shown in Fig. 1. The design features a VHF
NC APEX-like rf gun [7] as the electron source, followed by
a NC buncher with two cavities for velocity bunching [11]
and two solenoids for beam envelope control and emittance
compensation [12,13]. The beam is then accelerated by a
cryomodule containing eight 1.3-GHz superconducting
9-cell cavities [14], bringing the energy to approximately
100 MeV. Figure 1 shows the layout of the LCLS-II injector
and the field profiles of the rf cavities and solenoids used in
the simulation. For clarity, we refer to the eight cryomodule
cavities as CAV1-CAVS.

Our simulations are based on the physical layout of the
LCLS-II injector, incorporating the positions of all sol-
enoids and rf structures. However, the optimization is not
restricted to replicate the nominal operating field strengths.
Instead, both the magnetic and rf field parameters—as well
as the temporal and transverse properties of the drive laser
—are treated as tunable variables within a multiobjective
optimization that aims to simultaneously minimize trans-
verse emittance and bunch length at the injector exit. While
our simulations are based solely on the LCLS-II injector, it
is worth noting that other cw FEL facilities, such as SHINE,
use a similar layout but with one key difference [5]: SHINE
includes an additional single superconducting cavity placed
between the buncher and the cryomodule. This extra cavity
introduces a longer drift space that facilitates further
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FIG. 1.
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Top: layout of the LCLS-II cw injector, including the VHF gun, buncher cavity, two solenoids (SOL1 and SOL2), and a

cryomodule containing eight superconducting rf cavities (CAV1-CAV8). Bottom: axial magnetic (blue line) and electric (green line)
field profiles of the solenoids and rf cavities used in the LCLS-II injector simulation.
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TABLE L

Parameters used in the multiobjective optimization

of the LCLS-II injector layout. The table lists fixed values,
discrete sets of values, or parameter ranges considered during the

optimization.

Parameter Value/range Unit
Beam charge 100 pC
Temporal profile Gaussian shape
Laser rms pulse length [3, 10] ps
Transverse profile 1-0-cut Gaussian
Laser spot size (o) [0.1, 1] mm
Intrinsic (thermal) emittance 1.0 pm/mm
Gun on-crest energy gain 750/650/550 keV
Gun gradient 20/17.33/14.67 MV/m
Solenoid SOL1 [0.03, 0.08] T
Buncher on-crest energy gain 220 keV
Buncher gradient 2 MV/m
Buncher phase® [—120, 20] °
Solenoid SOL2 [0.01, 0.05] T
CAV1 gradient” [0, 30] MV/m
CAV1 phase [—120, 20] °
CAV?2 gradient [0, 30] MV/m
CAV2 phase [—120, 20] °
CAV3-8 phase 0 °
CAV3-5 gradient 24.84 MV/m
CAV6-8 gradient 30.54 MV/m

f cavity phase is the relative phase to on-crest acceleration,
which is defined as 0°.

bCavity gradients refer to the peak fields used in ASTRA
simulations. The corresponding average gradient is obtained by
dividing the peak gradient by 1.905.

emittance compensation and allows for the inclusion of a
third solenoid for additional envelope control.

Table I summarizes the beamline and laser parameters
involved, which include the rf phases and gradients of the
gun, buncher, and accelerating cavities; the strengths of the
solenoid magnets; and the laser pulse duration and spot size.
All simulations in this study are performed for a 100-pC
bunch charge, corresponding to the nominal operating point
of LCLS-II. While flattop temporal laser profiles are often
favored in design studies for their potential to improve beam
quality, our study here adopts a Gaussian-shaped temporal
profile to reflect the actual operating conditions at LCLS-II
[15]. The drive laser is modeled with a truncated Gaussian
transverse distribution (cut at l1o). Parameters are either
varied over a defined range or selected from discrete sets,
while certain values are held fixed to reduce dimensionality
and focus on the optimization. For all simulations presented
in the subsequent sections, the intrinsic (thermal) emittance is
fixed at 1.0 pm/mm rms [16]. Note all the emittance values
in the following optimization results refer to the 100% root-
mean-square (rms) emittance.

Specifically, while we examine the impact of different gun
gradients on beam quality by considering three discrete gun
energy values (750, 650, and 550 keV), the gun gradient is

not treated as a free variable during the optimization for each
case. Instead, it is preset to match the desired on-crest energy
gain—20, 17.33, and 14.67 MV/m, respectively. The gun
phase is kept close to the on-crest value, as the laser pulse
duration is much shorter than the rf period, making the beam
largely insensitive to small phase deviations. The buncher
gradient is also fixed at 2 MV/m, resulting in an on-crest
energy gain of approximately 220 keV. In contrast, the
buncher phase is treated as a free variable to control
compression through velocity bunching. For the cryomodule
cavities, the gradients listed in Table I and all the following
related figures represent the peak accelerating field gradients
used in the simulations. The corresponding average gradients
can be obtained by dividing the peak values by 1.905.
Considering the effective electrical length of each cavity
(1.038 m), these gradients translate directly into the total
effective accelerating voltage per cavity. The phases of the
downstream cavities (CAV3—CAV3S) are fixed on crest, and
their gradients are not varied in the optimization, as they have
minimal influence on bunch length and emittance. This
strategic balance of fixed and tunable parameters enables
efficient and physically meaningful exploration of the
injector’s performance space.

The beam dynamics of the injector, including space-
charge effects, are simulated using ASTRA [17]. During
injector optimizations, we employ 10* macroparticles per
run, which provides reliable estimates of beam emittance
and bunch length while keeping the optimization process
computationally practical. For example, in the baseline
configuration at a 1 mm bunch length, increasing the
number of macroparticles from 10* to 10° and refining
the space-charge grid changes the normalized emittance
only slightly—from 0.32 to 0.33 pm—while the bunch
length remains essentially unchanged.

The parameter optimizations in this study are performed
using the Xopt framework [18], which incorporates the
widely used NSGA-II multiobjective genetic algorithm
[19]. NSGA-II is an evolutionary algorithm designed to
efficiently explore high-dimensional search spaces, simul-
taneously handling multiple objectives and constraints to
produce a set of Pareto-optimal solutions—configurations
where improving one objective necessarily degrades
another. This approach has been successfully applied to
accelerator optimization problems in numerous previous
works [20-26]. In our implementation, each optimization
typically uses a population size of 256 per generation,
selected to balance the number of decision variables with
available computational resources, and is run for at least
500 generations to ensure convergence. While the stochas-
tic nature of the algorithm and the limited computational
resources mean that absolute global optima cannot be
guaranteed, the solutions obtained represent well con-
verged, high-performance configurations that are sufficient
to reveal the performance trade-offs and feasible operating
points for the various fault scenarios considered here.
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III. IMPACT OF GUN ENERGY DEGRADATION
ON INJECTOR PERFORMANCE

In this section, we present the optimization results for
varying gun energies (gradient) of 750 keV (20 MV/m),
650 keV (17.33 MV/m), and 550 keV (14.67 MV/m),
focusing on how gun gradient degradation affects injector
performance. Each of these gun energy values was opti-
mized to evaluate the achievable beam quality as the gun
energy decreases.

Figure 2 illustrates the Pareto fronts for the three gun
energies, showing the trade-off between normalized trans-
verse emittance and rms bunch length at the injector exit.
As expected, higher gun energies lead to lower emittance
for the same bunch length, demonstrating the reduced
impact of space-charge forces during early beam accel-
eration. The 750 keV case yields the best performance,
achieving 0.32 pm emittances with rms bunch lengths
under 1 mm. In contrast, the 550 keV case shows consid-
erable degradation on the emittance (0.45 pm) at the same
bunch length. These findings underscore the importance of
gun energy in shaping the injector’s performance and
highlight the advantage of maintaining a high gun voltage
to achieve ultralow-emittance beams.

An additional feature of interest appears in the Pareto
front for both the 750 and 650 keV gun energy cases, where
the trade-off curve exhibits a distinct kink, separating it into
two visibly different segments. This nonsmooth transition
likely reflects a shift in the dominant compression mecha-
nism or optimization strategy. On the left side of the kink,
the solutions favor lower emittance with relatively longer
bunch lengths, suggesting moderate compression at the
buncher and a more conservative use of downstream
cavities. On the other side, solutions achieve shorter bunch
lengths at the cost of increased emittance, indicating a
stronger role of the buncher in the compression process.
This behavior may result from the optimizer navigating a
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FIG. 2. Pareto fronts showing the trade-off between normalized
transverse emittance and rms bunch length at the injector exit for
three gun energies: 750, 650, and 550 keV.

nonconvex performance landscape with multiple local
optima or switching between competing beam dynamics
regimes. The kink thus serves as a signature of the injector’s
operational flexibility and highlights the complex trade-offs
that emerge when tuning rf and laser parameters to maintain
performance.

Figure 3 presents the optimal settings for gun energies of
750, 650, and 550 keV, with the bunch length fixed at 1 mm
to select points from the Pareto front. As the gun energy
decreases, the optimization reveals a consistent trend
toward larger laser spot sizes, which help mitigate emit-
tance growth by reducing space-charge effects in the low-
energy regime. Concurrently, the strength of the first
solenoid (SOL1) is also reduced to avoid excessive focus-
ing and preserve beam quality. At 650 keV, the optimal
laser pulse length is notably shorter than at both 750 and
550 keV, likely reflecting two distinct optimization strat-
egies associated with the Pareto kink discussed earlier.
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FIG. 3. Comparison of optimal injector settings at different gun

energies (750, 650, and 550 keV) for the LCLS-II injector. All
parameters are selected from the Pareto front of the multi-
objective optimization, corresponding to a target bunch length
of 1 mm.
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FIG. 4. Beam evolution and field profiles for the optimized
baseline injector configuration at a gun energy of 750 keV. Top:
transverse beam size and rms bunch length; middle: normalized
transverse emittance and beam energy; bottom: rf and solenoid
field profiles along the beamline. This case serves as the reference
for subsequent fault-tolerance studies.

Despite changes in gun energy, the phase of CAV1 remains
close to on crest, while CAV2 operates near the zero-
crossing phase. This phasing strategy indicates that mod-
erate longitudinal compression occurs in and after the
buncher, followed by further compression in CAV2.

Figure 4 shows the beam evolution and field profiles for
the optimized configuration at a gun energy of 750 keV,
which serves as the reference case for the fault-tolerance
studies presented in the following sections. The top panel
illustrates the transverse beam size and rms bunch length
along the injector. The beam size is well controlled
throughout the beamline, with a minimum occurring after
CAV3 where beam energy is accelerated to 18 MeV. Two-
stage longitudinal compression—moderate compression
after the buncher followed by main compression in
CAV2—yields a final bunch length of approximately
1 mm. The middle panel shows the normalized transverse
emittance and beam energy evolution, with the emittance
preserved below 0.32 pm and the beam accelerated to
nearly 100 MeV. The bottom panel displays the rf and
solenoid field profiles that govern the beam dynamics. This
optimized configuration serves as the nominal operating
point against which degraded scenarios are compared in the
fault analysis.

IV. INJECTOR PERFORMANCE UNDER KEY RF
COMPONENT FAILURES

To evaluate the injector’s fault tolerance, we investigate
its optimized performance under individual rf component
failures. Specifically, we consider three critical scenarios
but one at a time: the buncher cavity turned off, CAV1 off,
and CAV?2 off. These represent realistic failure modes in cw
operation, as each component plays a key role in initial
compression and energy gain. In the cases of CAV1 and
CAV?2 failure, the downstream cavity CAV3 is included in
the optimization, with its phase and gradient varied within
the same parameter ranges of the cavity CAV2 or CAV1.

Figure 5 shows the Pareto fronts for each of these three
fault scenarios in comparison with the baseline configura-
tion. Among them, the buncher-off case exhibits the most
severe performance degradation, with the normalized trans-
verse emittance at | mm bunch length increasing from 0.32
to 0.60 pm. In contrast, the CAV2-off case shows minimal
degradation, with the emittance rising modestly to approx-
imately 0.40 pm. The CAV 1-off case yields an intermediate
impact, with the emittance reaching roughly 0.45 pm.
These trends can be understood by examining the opti-
mized settings in Fig. 6 and the beam evolution in Fig. 7.

When the buncher is disabled, the beam undergoes a
long low-energy drift from the gun to CAV1, during which
significant longitudinal expansion occurs due to space-
charge forces. Compression is subsequently applied in both
CAV1 and CAV2, requiring strongly off-crest rf phases and
a larger initial laser spot size to manage emittance growth.
Despite these compensations, the final emittance increases
substantially, reflecting the difficulty of achieving effective
compression at low energy.

In contrast, when CAV2 is turned off, the required
compression is shifted upstream to the buncher and
CAV1. This configuration avoids long low-energy drifts
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FIG. 5. Pareto fronts showing the trade-off between normalized

transverse emittance and rms bunch length at the injector exit
for three rf component failures: buncher off, CAV1 off, and
CAV?2 off.

090701-5



ZHEN ZHANG, YUANTAO DING, and FENG ZHOU

PHYS. REV. ACCEL. BEAMS 28, 090701 (2025)

Laser o, [mm]

Laser o; [ps]

10
0.54 645 14 6.35
0.5 - 0.48 0.48 0.44 533
5 -
0.0 T T T T 0 T T T T
e o S o e o o S
‘6"3‘52\\ \“\d\e‘ cp}l\, d*n’ ease\\ o e CP)'X C‘N’L
® oV
SOL1 [Gs] Buncher Phase [°]
P83.74 555.88 s540.45 569.78 0 .00
500 A
250 i B -36.92
—50 1 -58,07
0 T T

T T T
e oot o N> o L o
oV

e o o o
. et T 0o

2°

CAV1 Gradient [MV/m] CAV1 Phase [°]

20
104877 9.38 0 4-2.60 0.00
5 4.17 —20 1 -24.16
-32.61
0l — 000 —-40 1 ; ; :
W& o o o W0 S o o
g,a're\\ \“\(X\a CP\I\, an’ 63\«,2\‘ \“\d\e( CP}]X (,P‘n’
) )
CAV2 Gradient [MV/m] CAV2 Phase [°]
29.09
01 -13:63
20 - 19.17
_50 4
9.28 _79.44
-97.44
01— . 0001 -1001— ;

T T T
W& o o o W0 o o o
g’eﬁe\\ 6\“\(,‘(\‘5( CPNX (,PJL ga‘-‘e\\ 6\){\(,‘(\3( (/I>~\JX (,P}ﬂ

FIG. 6. Comparison of optimal injector settings at different rf
component failures (buncher off, CAV1 off, and CAV2 off) for
the LCLS-II injector. All parameters are selected from the Pareto
front of the multiobjective optimization, corresponding to a target
bunch length of 1 mm.

and reduces the need for aggressive downstream compres-
sion, resulting in only a modest emittance increase. In the
case of CAV1 failure, the beam drifts from the buncher to
CAV2, which becomes the first active cavity. The buncher
phase is optimized to impart an energy chirp that partially
offsets space-charge-induced distortions during the drift.
The beam is then chirped and compressed in CAV2 and
reaches the final target bunch length in CAV3.

These results highlight an important design principle: in
scenarios involving cavity failures, the first active cavity
encountered by the beam in the CMO1 module should
operate with a relatively weak gradient (as seen with CAV1
in the buncher-off case and CAV2 in the CAV1-off case).
This approach enables the introduction of a controlled
energy chirp without rapidly increasing the beam energy,
preserving flexibility in the longitudinal phase space for
downstream compression. Such adaptive strategies are
essential for maintaining beam quality in the presence of
rf component degradation. We emphasize that this
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FIG. 7. Evolution of normalized transverse emittance and rms
bunch length along the beamline for three rf component failure
scenarios. Top: buncher off; middle: CAV1 off; bottom: CAV2
off. In each case, the configuration is selected from the corre-
sponding Pareto front with a target bunch length of 1 mm.

conclusion is specific to VHF-gun-based injectors with
the LCLS-II layout; however, similar fault-tolerance analy-
ses can be carried out for other gun types or injector
layouts.

V. INJECTOR PERFORMANCE WITH SOLENOID
STRENGTH LIMITS FROM DARK CURRENT
CONSTRAINTS

In cw photoinjectors, effective dark current management
is essential for maintaining safe and stable operation,
particularly when the rf gun produces a significant amount
of dark current. Under such conditions, we observed from
the practical operation of the LCLS-II injector that the
strength of the first solenoid (SOL1) is subject to a practical
lower limit to ensure that the dark current is intercepted by
the collimator located just downstream of the buncher. A
sufficiently strong magnetic field is adopted to overfocus
the dark current into the collimator, preventing it from
reaching high-energy sections such as the laser heater or
downstream cryomodules, where it can cause unwanted
activation or radiation damage. This constraint, however, is
not necessary when the dark current level is low, in which
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FIG. 8. Pareto fronts showing the trade-off between normalized
transverse emittance and rms bunch length at the injector exit for
cases where the minimum SOL1 strength is enforced to be 0.8%,
1.8%, 2.4%, and 3.7% above the optimal value used in the
baseline configuration.

case SOL1 may be set to lower values to favor the best
emittance compensation. Although the current dark current
level has been significantly reduced—e.g., through over-
insertion of the cathode plug [27]—it remains valuable to
examine the limitations imposed by solenoid strength in
scenarios where dark current suppression is a concern.

To assess the injector’s performance under such con-
straints, we perform multiobjective optimizations while
enforcing increasingly strict lower bounds on SOL1: 0.8%,
1.8%, 2.4%, and 3.7% above the optimal value used in the
baseline configuration. The resulting Pareto fronts are
shown in Fig. 8. At a fixed bunch length of 1 mm, the
emittance penalty is small for the 0.8% case, indicating that
the system can compensate for this mild constraint by
adjusting other parameters such as the laser settings, the
second solenoid, or rf phases. However, at shorter bunch
lengths (< 0.6 mm), the same constraint produces a notice-
able emittance increase, as reflected in the broader spread
of the Pareto front. As the SOL1 constraint tightens further,
the emittance at 1 mm bunch length increases to 0.40 pm
(1.8%), 0.44 pm (2.4%), and 0.49 pm (3.7%), compared to
0.32 pm in the baseline.

Figure 9 presents the beam evolution and field profiles
using the 2.4% stronger SOL1 configuration as an example.
The elevated SOLI field causes a strong initial focusing
effect just after the gun, which significantly reduces the
beam size early in the injector but increases it at the
entrance of the cryomodule. Since the standing-wave rf
structures (the buncher and cryomodule cavities) also exert
transverse focusing, the downstream components—includ-
ing the buncher phase, the phases of the cryomodule
cavities, and the SOL2 field—must be carefully tuned to
avoid overfocusing, especially in the low-energy region. In
this case, excessive focusing occurs in CAV3, where the
beam energy has reached approximately 15 MeV.
Compression is distributed across two regions: a weak

=N -3
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P — = Bunch length o, [mm]
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— = Kinetic energy Eyi, [MeV] R4 L 50

Emittance [um]
N
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N
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FIG. 9. Beam evolution and field profiles for the optimized
injector configuration with the minimum SOLI1 strength con-
strained to be 2.4% higher than the optimal value in the baseline
case. Top: transverse beam size and rms bunch length; middle:
normalized transverse emittance and beam energy; bottom: rf and
solenoid field profiles along the beamline.

initial compression after the buncher, followed by the main
compression in CAV2, with the bunch length remaining
nearly unchanged across CAV1. The strong transverse
focusing due to 2.4% stronger SOLI1 strength enhances
space-charge-induced energy chirp, which rapidly cancels
the rf-induced energy chirp and causes compression to stall
shortly after buncher cavity. As a result of the optimization
for this scenario, the CAV1 is set near on-crest phase to
accelerate the beam to about 6.5 MeV. To enable further
compression, the CAV?2 phase is shifted to —98.7°, placing it
at a strong chirping and deeper deceleration phase. As a
result, the beam energy decreases from 6.5 to about 5 MeV
across CAV2, enabling renewed compression and allowing
emittance compensation to complete before the beam is
frozen by the high-energy gain in CAV3. Despite the
solenoid constraint, these coordinated adjustments preserve
reasonable beam quality at the target bunch length, demon-
strating the injector’s tuning flexibility even under restricted
SOLI1 conditions.

VI. INJECTOR PERFORMANCE WITH
ENHANCED ENERGY GAIN IN EARLY CAVITIES

In this section, we investigate the injector performance
under the constraint of increased energy gain in the first two

090701-7



ZHEN ZHANG, YUANTAO DING, and FENG ZHOU

PHYS. REV. ACCEL. BEAMS 28, 090701 (2025)

Baseline

1.6
CAV1 + CAV2 Energy
Gain = 12 Me'

L]
1.41 LY \ > v
1.21 g h " Gain = 16 MeV

CAV1 +CAV2 Energy

: \ CAV1+CAV2 Energy
—_ ‘ Gain = 20 MeV
= 1.01 3 CAV1+CAV2 Energy
£ \ ¢ Gain = 28 Mev

L o8
N ‘\ 3
© 0.6/ A
> "n
| » .
0.4 "";,»‘, . .“""_'I-
0.21 e e
0.0 , | , | ,
030 035 040 045 050 055  0.60
e (um)

FIG. 10. Pareto fronts showing the trade-off between normal-
ized transverse emittance and rms bunch length at the injector exit
for cases where the combined energy gain from CAV1 and CAV2
is constrained to exceed 12, 16, 20, and 28 MeV. The baseline
configuration has a total energy gain of 5.1 MeV from these two
cavities.

accelerating cavities, CAV1 and CAV2. This scenario is
motivated by the commissioning experience at the LCLS-II
injector, where field emission in the injector cryomodule
cavities (mainly in CAV4) led to gradient degradation and
reduced energy gain in these cavities (CAV3 to CAVS). To
compensate for such losses and still achieve the required
beam energy for the laser heater and subsequent beamline
transport, it may become necessary to extract more energy
earlier in the injector (CAV1 and CAV2). In the baseline
configuration, CAV1 operates at low gradient and CAV?2 is
set near the zero-crossing phase—both choices optimized
primarily for emittance preservation. While this setup is
effective when downstream cavities can provide sufficient
acceleration, it may no longer be viable under degraded
conditions. Here, we explore how enforcing higher energy
gain in CAV1 and CAV2 impacts the beam quality and
assess the trade-offs required to maintain injector perfor-
mance under these operational constraints.

Figure 10 presents the Pareto fronts for injector con-
figurations where the combined energy gain from CAV1
and CAV?2 is constrained to exceed 12, 16, 20, and 28 MeV,
respectively. In the baseline configuration, the total energy
gain from these two cavities is only 3.4 MeV. As expected,
increasing the early-cavity energy gain generally degrades
beam quality, leading to higher transverse emittance for a
given bunch length on the Pareto fronts. However, this
effect is not severe: at a fixed bunch length of 1 mm, the
normalized emittance increases from 0.32 pm in the base-
line case to 0.39 pm for 12 MeV, 0.43 pm for 20 MeV, and
0.47 pm for 28 MeV. Note that 28 MeV is close to the
maximum achievable energy gain from CAV1 and CAV2
(32.7 MeV) in our simulations. These results reveal that the
first two cavities provide a substantial energy headroom of
roughly 25 MeV, with only modest degradation in beam
quality.
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FIG. 11. Comparison of optimal injector settings for different

energy gain requirements from CAV1 and CAV2 (12, 16, 20, and
28 MeV) in the LCLS-II injector. All parameters are selected
from the Pareto front of the multiobjective optimization, corre-
sponding to a target bunch length of 1 mm.

Figure 11 shows the optimized parameter settings for these
different energy gain requirements, while Fig. 12 presents the
corresponding bunch length and beam kinetic energy evo-
lution along the injector. In the baseline configuration, CAV1
and CAV2 together provide only 3.4 MeV, with most of the
compression occurring in CAV2. As the required energy gain
increases, strong compression in CAV2 becomes less fea-
sible, shifting the compression burden upstream to the
buncher and CAV1—at the cost of increased emittance.
Compression in the buncher is influenced by both the space-
charge-induced chirp before the cavity and its rf phase.
Accordingly, increases in early energy gain are accompanied
by adjustments in laser pulse duration and buncher phase,
with CAV1 also shifted off crest to provide additional
compression in the 12, 20, and 28 MeV cases.

Interestingly, for the 16 MeV case, the optimizer identifies
a solution where most of the compression occurs in the
buncher rather than in CAV1 or CAV2, resulting in an
evolution pattern distinct from the 12 and 20 MeV cases.
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FIG. 12. Bunch length and beam kinetic energy evolution along
the beamline (up to 6 m) for five cases: baseline and configu-
rations requiring total CAV1 and CAV2 energy gains of 12, 16,
20, and 28 MeV.

A natural idea is to check whether higher energy require-
ments can be obtained starting from this 16 MeV solution by
simply increasing CAV2’s amplitude. Indeed, if CAV2’s
amplitude is raised to 28.9 MV/m, giving a total of 20 MeV
from CAV1 and CAV2, the emittance is 0.44 pm—very
close to the optimized 20 MeV case (0.43 pm). Though this
configuration is not selected by the optimizer, the small
difference from the optimum is well within simulation
uncertainty. This indicates that for a given energy gain
requirement, multiple configurations can yield comparably
good emittance. The optimized solutions reported in the
Pareto fronts and Figs. 11 and 12 therefore represent
references and estimates of feasible performance rather than
unique “best” configurations. In practice, the choice of
working point would also be guided by additional factors
such as beam stability, halo formation, and practical con-
straints on the drive laser parameters.

VIL. INJECTOR OPTIMIZATION UNDER
COMBINED CONSTRAINTS

To evaluate the injector’s performance under multiple
simultaneous operational limitations, we conduct a com-
bined-constraint optimization incorporating three fault
conditions: reduced gun energy to 650 keV, a 1.8% increase
in SOL1 strength to enforce dark current containment, and
a minimum total energy gain of 14 MeV from CAV1 and
CAV2 to account for potential downstream cavities

\ @ Baseline
1.2 ® Gun 650 keV, SOL1 +1.8%, E = 14 MeV
1.0 1
E \
& 0.8+
N
© 0.6 =
0.4 1
0.2 e
04 06 08 1.0 1.2 1.4
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FIG. 13. Pareto fronts showing the trade-off between normal-

ized transverse emittance and rms bunch length at the injector exit
for combined constraints.

(CAV3-CAVS8) gradient degradation. These conditions
represent a realistic commissioning or fault scenario, where
several hardware limitations may coexist.

Figure 13 presents the Pareto front for this combined
scenario, compared with the baseline result. Across the full
bunch length range, the combined-constraint curve shows a
consistent increase in normalized transverse emittance
relative to the baseline, reflecting the compounded impact
of all three constraints. At a target bunch length of 1 mm,
the optimized emittance rises from 0.32 pm (baseline) to
approximately 0.58 pm under combined limitations. The
overall compression capability is also reduced, as indicated
by the less steep front at shorter bunch lengths. This result
highlights the injector’s tuning margin under realistic
multifault conditions and demonstrates the importance of
coordinated adjustments across multiple components to
preserve beam quality.

VIII. DISCUSSION AND SUMMARY

This study presents a comprehensive analysis of the fault
tolerance of the LCLS-II injector by investigating its per-
formance under a range of nonideal operational conditions.
Using multiobjective optimization with a genetic algorithm,
we explored how the injector responds to degradations in key
components—including reduced gun energy, rf cavity fail-
ures, solenoid field constraints, and required early-stage
energy gain—while aiming to preserve beam quality, par-
ticularly transverse emittance and bunch length.

Our baseline optimization establishes a reference con-
figuration achieving a normalized emittance below 0.32 pm
at 1 mm bunch length for a gun energy of 750 ke V. Sensitivity
to gun energy degradation was evident: as the gun energy
decreased to 650 and 550 keV, the achievable emittance
increased due to stronger space-charge effects at lower initial
beam energy. Cavity failure scenarios revealed that turning
off individual components—such as the buncher, CAV1, or
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CAV?2—can be compensated through careful reconfiguration
of compression stages, though with varying levels of
emittance penalty. Notably, the buncher-off case had the
most detrimental impact, while the CAV2-off configuration
remained relatively close to baseline performance.

Dark current management introduced practical lower
limits on SOL1 strength. We found that modest increases in
SOLLI (e.g., +0.8%) could be compensated with negligible
emittance penalty at the 1 mm bunch length, but larger
increases led to progressively higher emittance due to
enhanced transverse focusing and disrupted emittance
compensation. Likewise, enforcing minimum energy gain
in CAV1 and CAV?2 altered the rf phasing strategy and
required a shift in compression distribution. The optimi-
zation results indicate that the first two cavities offer an
energy headroom of approximately 25 MeV, with only
moderate impact on beam quality.

Finally, we examined a combined-constraint scenario
involving reduced gun energy (650 keV), increased SOL1
strength (+1.8%), and a minimum CAV1 + CAV2 energy
gain of 14 MeV. The resulting Pareto front showed a
measurable performance degradation that provides guidance
about the injector’s ability to support the FEL program under
multiple simultaneous limitations with reduced beam quality.

Overall, these results highlight the robustness and flexi-
bility of the VHF-gun-based cw photoinjector design when
subjected to realistic fault and operational constraints. By
identifying the compensation strategies and performance
trade-offs associated with different failure modes, this study
provides a valuable foundation for both commissioning
support and future operational decision making in high-
repetition-rate FEL facilities driven by VHF guns.
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