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Abstract 
Photoinjectors has witnessed great progress in the past 

few decades, with low duty cycle high gradient guns, such 
as normal conducting S/L band gun, pushing the peak 
beam brightness frontier, and CW guns, such as DC gun, 
SRF gun and VHF gun, pushing the average beam 
brightness frontier. Due to different degrees of 
complexity, pulsed high gradient photoinjectors are 
usually optimized by manual scans, while CW 
photoinjectors are optimized by multi-objective genetic 
optimizers. In this paper, a multi-objective genetic 
optimizer is used to revisit S-band photoinjector beam 
brightness optimizations, showing a trade-off between 
peak current and transverse emittance, with the optimized 
injector layout depending on bunch charge and peak 
current. For 200 pC case, the final beam core brightness 
at injector exit is close to cathode maximum brightness in 
the ‘cigar beam’ regime. Assuming a thermal emittance of 
0.5 μm/mm and a beam charge of 200 pC, about 90 nm 
slice emittance at 20 A peak current is achieved. 

INTRODUCTION 
Photoinjector beam brightness has been increased by 

orders of magnitude, pushed by the development of 
ultrafast scientific instruments, such as hard X-ray FELs, 
Thomson scattering X-ray sources, ultrafast electron 
diffractometers and microscopes [1-4]. The electron beam 
brightness provided by state of the art photoinjectors is 
approaching the maximum beam brightness at cathode [5, 
6]. The average beam brightness has also been pushed to 
the next level for development of high repetition rate 
ultrafast scientific instruments, such as ERL based X-ray 
source, MHz XFEL, and MHz ultrafast electron 
diffraction and microscopy [7-14]. Due to technical 
difficulty, current Continuous-Wave (CW) electron guns, 
such as DC, SRF and VHF gun, are limited to lower 
gradients and voltages than pulsed electron guns, and the 
beam transverse brightness is usually enhanced by 
moving the photoemission at cathode away from the 
‘pancake’ regime into the ‘cigar’ regime, using a 
bunching cavity downstream the gun to compress the 
beam and inject into the booster linac [7, 15]. Unlike high 
gradient guns, CW electron injectors optimize the 
transverse brightness at the cathode, and recovers the 
peak current downstream the gun. 

The number of optimization parameters in a CW 
electron injector is substantially increased by the 
complexity of the beamline, and relies heavily on multi-

objective genetic optimizer [16]. A genetic optimizer has 
been developed at LBNL for optimizing a MHz 
photoinjector based on a normal conducting VHF gun 
[15]. In the following, we use such a tool to revisit the 
optimization of an S-band photoinjector. 

INJECTOR OPTIMIZATION BY USING 
GENETIC OPTIMIZER 

A typical S-band injector, such as LCLS photoinjector, 
consists of a high gradient (~ 120 MV/m) S-band gun, an 
emittance compensation solenoid and two travelling wave 
linacs [1]. The beam brightness optimization usually is an 
iteration process. First the emittance compensation is 
performed by tuning the solenoid strength and first linac 
gradient; second, the laser transverse and longitudinal 
dimensions are tuned for achieving beam peak current, 
balancing between thermal emittance and space charge 
effects. The two processes are iterated until the minimum 
emittance is found. The whole optimization process is 
time consuming, and provides a single working point 
instead of a global picture of the trade-offs between beam 
emittance and bunch length. 

The genetic optimizer is used to find global minima in 
a multi-objective optimization, and has been extensively 
used in CW photoinjector optimizations [8, 10]. An 
optimizer based on NSGA-II algorithm has been used at 
Berkeley to optimize both APEX and LCLS-II 
photoinjectors, and the beam dynamics are simulated with 
ASTRA code [17].  

In the following, the same optimizer is used to 
investigate the dependence of the optimized S-band 
injector layout on bunch charge or peak current. Injector 
beam brightness is compared with the initial cathode 
beam brightness to give a sense of the beam quality 
preservation along the beamline. The BNL/LCLS type S-
band injector with a gradient of 120 MV/m is used for 
case studies. The laser dimensions and the gun phase and 
solenoid strength are free parameters in the optimization. 
The voltages of the two travelling wave linacs are allowed 
to vary within 78 MV per linac, but phases are fixed to 
maximum acceleration. The entrance position of the first 
linac is allowed to vary to optimize injector layout. Beam 
energy at injector exit is constrained to be above 100 
MeV, which is typical for most XFEL photoinjectors. 

INJECTOR LAYOUT VS BUNCH 
CHARGE 

The LCLS photoinjector was optimized for a 1 nC 
beam with 100 A peak current, but it is nowadays mostly 
working at lower charges, typically 250 pC [1, 18], with 
which it successfully achieved the first hard X-ray FEL 
lasing [19]. In this section, the bunch charge is varied 
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between 0 and 1 nC, and RMS bunch length is 
constrained to be shorter than 1 mm to include the 
original LCLS 1 nC solution. The laser transverse profile 
is a Gaussian distribution with one sigma radius 
truncation [20], and laser longitudinal distribution is a 
flat-top with rising and falling edge 10% of its FWHM 
duration. The thermal emittance of the cathode is set to be 
0.9 μm/mm [21]. The purpose of this optimization is to 
investigate the optimized injector layout as a function of 
bunch charge or peak current. 

 

Figure 1: Injector layout optimizations (ASTRA 
simulations with 10 k macro particles), (a) Pareto front of 
emittance vs charge with RMS bunch length shorter than 
1 mm and injector beam energy above 100 MeV, (b) 
optimized location of first linac vs bunch charge. 

 

Figure 2: Transverse RMS beam size and electron density 
ratio between 1 nC & 0.2 nC when beam waist is focused 
at 1.5 meter, entrance of first booster linac. 

The simulation results are shown in Fig. 1. The current 
LCLS injector layout is optimized for charges close to 1 
nC. For lower charges, the optimized distance between 
cathode and first linac entrance tends to increase (Fig. 
1(b)), getting to about 2.2 meters for 0.2 nC. The 
solutions of 1 nC and 0.2 nC are compared in Fig. 2, 
showing that, when both beam are focused at a distance of 
1.5 m, the electron density of the 0.2 nC is lower, leading 
to a lower plasma frequency. Since the emittance 
compensation is one-half of a plasma period in the 

transverse plane [22], it is clear that the 0.2 nC case 
should have a longer drift before injection into the first 
linac compared to 1 nC (Fig. 1(b)). Several photoinjectors 
optimized for 200 pC have already been designed with 
longer emittance oscillation drifts [23, 24]. 

TRADE-OFF BETWEEN EMITTANCE 
AND BUNCH LENGTH 

Current hard X-ray FELs are operated at ~200 pC 
charge, where normalized emittance values down to 0.2–
0.4 um range have been obtained, depending on injector 
beam peak current [2, 3, 20]. Pushing such values to 0.1 
um would decrease the electron beam energy needed for 
reaching hard X-rays in X-FELs and substantially 
increase their performance [2, 25]. 

 

Figure 3: Pareto front of emittance vs rms bunch length 
for 200 pC bunch charge (ASTRA simulations with 10 k 
macro particles), (a) Pareto front of 100% emittance vs 
bunch length, (b) corresponding 95% emittance vs bunch 
length. 

In the following we present a case study for 200 pC 
beam, showing the trade-off between emittance and bunch 
length. The impact of laser longitudinal distribution and 
thermal emittance on final beam emittance is also studied. 
The genetic optimizer was setup to minimize both the 
100% emittance and RMS bunch length for 200 pC, and 
the tuning knobs and constraints are the same as those in 
the previous section. 

The Pareto front of 100% emittance vs RMS bunch 
length for the 200 pC case is shown in Fig. 3, in which ~ 
0.95 mm RMS bunch length corresponds to ~20 A peak 
current, and ~0.65 mm corresponds to ~30 A peak current. 
The 95% emittance is also displayed in Fig. 3(b) for 
reference, which is typically close to slice emittance. As 
seen from the Pareto front, emittance can be reduced as 
the beam peak current is lowered. Fig. 3(b) shows the 
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95% emittance of the beam is very close to the initial 
emittance at the cathode, meaning the beam core 
brightness is maintained over the transport, and is 
dominated by the initial cathode brightness.  

Maximum cathode beam brightness is achieved close to 
photoemission saturation, i.e. when the accelerating RF 
electric field and space charge field on the cathode are of 
the same order. The saturation charge for ‘pancake’ and 
‘cigar’ regime has been formulated as [5, 6]: 

 2
0

pancake
cigarQ E Re p= . (1) 

  

where E0 is the acceleration electric field during 
photoemission, R is laser radius, tlaser is laser duration, ε is 
vacuum permittivity, and I0 = 17 kA is Alfven current. As 

pointed in Ref [6], when 2
0 2laser eR t eE m< , 

photoemission is in the cigar regime. 

 

Figure 4: Laser radius and duration for 200 pC Pareto 
front solutions in Fig. 3 (longitudinal flat-top laser and 0.9 
μm/mm), (a) Laser FWHM duration, (b) Laser radius. 

Optimized laser duration and radius for the flat-top 
laser case are displayed versus the final RMS bunch 
length in Fig 4(a) and (b). In particular, Fig. 4(b) shows a 
comparison between the optimized laser radius from the 
Pareto front of Fig. 3 and the calculated laser radius in 
saturation for the ‘pancake’ and ‘cigar’ regime. In the 
‘cigar’ regime, the photoemission is very close to max 
cathode brightness, while in the ‘pancake’ regime, the 
laser beam radius on the cathode increases very fast in 
order to achieve very short pulse lengths. Here the beam 
transverse brightness is not optimized anymore, since the 
optimizer is pushing charge emission away from 
saturation to avoid the pulse lengthening at the cathode. 

The impact of laser longitudinal distribution on beam 
emittance is also compared. Fig.3 shows that 100% 
emittance of the longitudinal flat-top laser is clearly better 
than that of the Gaussian laser, but the advantage in 95% 
emittance is very small. Two solutions with 20 A peak 
current from the two different laser distributions are 
compared in Fig. 5, which shows the core slice emittance 
of the two laser distributions are almost the same, but the 
slice emittance of beam head and tail is much larger in the 
Gaussian laser case. In the pancake regime, the space 
charge of a beam produced by transversely truncated 
Gaussian laser was shown to be close to linear [20], and 
here simulations show such a laser distribution also works 
in the cigar regime to preserve the core beam brightness 
in S-band gun. 

 

Figure 5: Slice emittance of 200 pC beam with 20 A peak 
current (ASTRA simulation with 200 k macro particles). 

Since the injector beam core brightness is dominated by 
cathode beam brightness for the 200 pC case, reducing 
thermal emittance becomes critical to further increase 
injector beam brightness. As shown in Fig. 3 and 5, when 
thermal emittance is reduced to 0.5 um/mm [26-28], the 
slice emittance of 200 pC at 20 A can be reduced to 90 
nm. 

CONCLUSION 
Genetic optimization of S-band photoinjector layout 

reveals a correlation between bunch charge, peak current 
and beamline length. As a case study, the trade-off 
between minimum achievable emittance and rms bunch 
length for a 200 pC beam was shown, and the dependence 
on longitudinal laser distribution and thermal emittance 
are discussed. Simulations show the max cathode beam 
brightness in the ‘cigar’ photoemission regime is 
preserved at injector exit for the 200 pC case. To increase 
beam peak current for the ‘cigar’ rigime, a buncher cavity 
can be added downstream the gun [29]. It’s not practical 
to change drift distance after gun in an established 
photoinjector for optimizing different bunch charges, so 
ways to make photoinjector layout optimized for different 
charges will be investigated later. 
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