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LCLS-II Injector Gun
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LCLS-II gun cathode

LCLS-II gun delivered by 
LBNL in early 2018, 
successfully 
commissioned at SLAC, 
and has been operating 
since then.

F. Zhou et al., Front. Phys. 11:1150809F. Sannibale et al., PRAB 15:103501 (2012)



The dark current challenge for the electron source for the high-rep-rate FEL

• Dark current: electrons generated by the field emission, accelerated and 

transmitted to the downstream beamline at a proper RF phase.

• A major challenge for the high-repetition-rate FEL facility, leading to SRF 

cryomodules heating, beam radiation damage, undulator magnet degradation, 

etc. LCLS-II injector requires dark current < 400nA. 

• Dark current mitigation:

o Lower the surface E field, but may compromise the beam emittance. 

o Smoother surface finishing: polishing and dry-ice cleaning but too invasive for an operating 

source.  (and the dark current usually returns!)

o RF conditioning, but results can be mixed and potentially produce more emitters.

o Collimator, kicker, chicane, but can affect the photobeam as well.  Need to dump dc before 

CM01 to reduce dc beam power and energy below neutron threshold.



The dark current in APEX gun

An elder sister 
of LCLS-II gun, 
commissioned 
and operated 
at LBNL since 
2011.

The strongest emitters are located on the cavity nosecone, 
outside the cathode plug.

The gun was opened up in late 2014 for 
cleaning after a vacuum incident due to a 
cracked RF window. 
After the mirror-polishing and dry ice 
cleaning of the cavity wall, the dark current 
was reduced from 350 to 0.1 nA.

R. Huang et al, PRAB 18, 013401 (2015) 



APEX gun serves as the electron source for the High Repetition-rate

Electron Scattering (HiRES) UED instrument at LBNL  

Electron beam parameters Laser parametersHiRES beamline layout

Static electron diffraction patterns of (a) TaS2 [001], (b) polycrystalline 

gold, and (c) bicrystal graphene measured at HiRES using a repetition 

rate of 250 kHz.

• UED experiment beamline + diagnostics beamline

• Dark current is removed by two collimators and 

“filtered” by the magnetic focusing system.

• K. M. Siddiqui, D. Filippetto, et al.; Relativistic ultrafast electron diffraction 

at high repetition rates. Struct. Dyn. 1 November 2023; 10 (6): 064302.   
• W. Liu et. al.; An overview of R&D activities at HiRES to advance MeV-UED 

instruments, poster presentation at this workshop.

UED pattern from an individual VO2 nanowire at HiRES. (a) SEM image of the prepared 

sample on a fabricated Cu microcomb support. (b) Symmetrized diffraction pattern from 

the monoclinic [112] zone axis.



The dark current in LCLS-II gun

• During the injector commissioning, the dark current gradually grew from 10nA to the μA level.
• The gun voltage was reduced to 650 kV and the dark current was ∼3.5 μA.
• Field emission sites are from the rounded opening on the copper cathode nose.
• A collimator was installed in the low energy beamline (<1MeV) and removed ~ 90% dark current.   
• Compromising the XFEL performance: 1) lower the gun voltage from 750kV to 650kV; 2) limit the tuning 

range of the solenoid thus the optimization of the e-beam properties.  

When E_cathode* = 20.0 MV/m, E_max = 24.6 MV/m @ copper nose corner, max E on Mo plug ~24.1 
MV/m @ round corner. F. Zhou et al. PRAB, 24, 073401 (2021)



Dark current mitigation by over-inserted cathode plugs at SHINE
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H. Qian, FEL24, Aug 2024

• SHINE first reported their dark current reduction 
results by cathode plug insertion at FEL24.

• With a SS plug of 0.5mm over insertion, the dark 
current was dropped from 1.7 uA to 2 nA.

• Before modifying the SHINE cathode, 
comprehensive testing has been carried out in a 
R&D ZJLAB/SARI VHF gun, demonstrating the drastic 
dark current reduction by the over-inserted plug. 

• The SHINE result strongly boosted the confidence 
of testing an over-inserted cathode plug at LCLS-II. 

• The high E field gradient demonstrated by SHINE 
retires a major concern of RF breakdown for an 
over-inserted plug. 

X. Wang et al. PRAB 28, 043401 (2025)



Three cathode plugs have been tested in LCLS-II gun: APEX,1mm-
elliptical, and bifocal01

Cathode plug type APEX 1mm-ellip bifocal_1

E_cathode (MV/m) 20.0 24.7 23.5

E_max on Cu (MV/m) @ A 24.5 24.5 24.6

E_max on Cu (MV/m) @ B 23.5 19.9 18.0

E_max on Mo (MV/m)@ C 24.1 28.8 33.6

f (MHz) 186.928 186.922 186.880

P (kW) 77.5 77.5 77.6

V (kV) no transient time factor 760 760 760

Cathode center insertion(mm) 0 1 1.33

Plug profiles: Yellow: APEX; Magenta: 
1mm-ellip; Green: bifocal_1



The potential benefits and risks with an over-inserted cathode plug
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• Increase the E field at the cathode center E_cathode: 
emittance

• Increase the maximum E field on the Mo cathode plug 
@ C: dark current, RF breakdown
o SHINE testing up to 0.5mm insertion with a 3cm accelerating 

gap greatly reduce this risk.

• Decrease the E field on the copper nosecone @ B: dark 
current 

• Increase the off-center transverse field near the 
cathode and the corresponding defocusing effect: 
emittance, dark current

• Very small effects on the gun resonant frequency and 
shunt impedance: gun operation

• Comprehensive risk analysis and mitigation planning 
have been carried out before testing the plugs in the 
LCLS-II injector gun.

Emittance simulation, by Fuhao Ji



Elliptical cathode plug design



Lowering E field on cathode plug by an elliptical corner

• The elliptical over-inserted plug was originally designed for the cathode testing project for Low-Emittance-

Injector, to achieve an E_cathode of +25MV/m in APEX gun at LBL.

• Over-insertion can efficiently increase E_cathode, but E_max  at the plug corner increases even faster.

• Changing the plug corner from round r=1mm to upright elliptical shape significantly lower the local E field. 

• Comprehensive parameter scan to find the best elliptical profile.

APEX Config1 Config3
E_cathode (MV/m) 20 25 25
P (kW) 77.4 78.1 79.5
V (kV) 761 765 772
E_max (MV/m) 24.1 27.0 29.2
PD_max (W/cm^2) 23.6 23.8 24.2
df (kHz) 0 6 6
R_flat (mm) 4 1 2

Over-inserted APEX plug 

Over-inserted elliptical plug 



The over-inserted plug also reduces the E_max on the copper nose cone 

A plug design for E_cathode = 25MV/m A plug design for E_cathode = 30MV/m

Maximum E on cavity Cu surface ~ 24.6 MV/mMaximum E on cavity Cu surface ~ 24.7 MV/m

CAD model
SLAC production

• The over-inserted plug produce a bonus “shielding effect” for the E_max on the 
copper nose cone, where the LCLS-II gun and APEX gun dark current emits. The 
further the insertion, the more the E field reduction on the copper nose cone.

• Proposed to test an over-inserted cathode to mitigate LCLS-II injector dark current.
• Elliptical plug designed by LBL, manufactured at SLAC leveraging plug production 

capacities for LCLS-II injector. 
 



Designing an over-inserted elliptical cathode plug for LCLS-II injector

Insertion (mm) 0 (original) 0.5 1 1.5

E_cathode (MV/m) 20.0 22.4 24.7 26.5

E_max on Cu (MV/m) @ A 24.5 24.5 24.5 24.5

E_max on Cu (MV/m) @ B 23.5 21.9 19.9 16.7

E_max on Mo (MV/m)@ C 24.1 24.8 28.8 31.7

f (MHz) 186.928 186.926 186.922 186.917

P (kW) 77.5 77.5 77.5 77.5

V (kV) no transient time factor 760 760 760 760

• Three insertion depths were considered 0.5mm, 1mm and 1.5mm.
• Design goals: sufficient reduction of E_nosecone, E_cathode contained in the safe range.
• No compromise of beam emittance. Least intrusive to gun operation, with minimum impact on 

resonant frequency, RF power, plug temperature, etc.
• Choosing the 1mm over-insertion plug as a good balance between the benefits and risks.

Plug thermal simulation, by L. Xiao



Bifocal cathode plug design



Bifocal cathode plug design

In the bifocal design, dark current from the plug-nosecone region is 
more strongly suppressed and deflected compared to the elliptical plug

The new plug designs utilize two effects which reduce the dark current:

• The “shielding effect” : 
• The further the insertion, the greater the E field reduction on the copper nose cone.

• Defocusing the dark current:
• The plug is shaped to defocus the dark current and dump it along the beampipe



Bifocal cathode plug design philosophy

• shape the outer part of the plug to radially deflect/defocus the dark current
• shape the inner region to have a high cathode field and to gently focus the photobeam
• therefore, the surface should have a convex curvature near the edge and be concave at the center

These conditions can be achieved using the following radial function for the plug surface
∆𝑧 𝑟 = 𝑎1 cos 𝑘1𝑟 + 𝑎2 cos 2𝑘1𝑟 − 𝑧𝑜𝑓𝑓

A trial-and-error search meeting these requirements gives (in superfish coordinates)

𝑎1 = 4𝑚𝑚, 𝑎2 = −1.235𝑚𝑚,  𝑘1 =
0.3

𝑚𝑚
 ,  𝑧𝑜𝑓𝑓 = 1.559627𝑚𝑚

radial defocusing

radial focusing

location of highest surface field, r=2.81mm

Superfish calc with these parameters:
• peak field at cathode center=23MV/m
• highest surface field=31.5MV/m at r=2.81mm
• z-extent of negative radial focusing, Er<0, from

the cathode surface=0.94mm
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Fowler-Nordheim prediction of the reduction in dark current for the 
three plug designs, verified by measurements 

𝐽𝐹𝑁 = 𝐴𝑒1.54 × 10−6 𝛽𝐹 2

𝜑
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𝜑 is the work function in eV, F is the applied field in V/cm, the 
emitter area is 𝐴𝑒, 𝛽 the field enhancement. 
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The dark current by FN:

𝜑 =4.6 eV for copper
𝛽 estimated from measured LCLS-II gun dark current.

The field emission strongly depends on the surface field along the nosecone. The analytical estimation gives 2 to 3 
orders of magnitude dark current reduction in field emission from the nosecone. 

Location
Field enhancement 

factor,β                                               
3uA/4 per emitter

nominal/APEX 
field (MV/m)

Elliptical plug               
field (MV/m)            

Elliptical plug                          
reduction in emission  

wrt APEX

Bifocal plug                          
field    (MV/m)      

Bifocal plug                          
reduction in emission 

wrt APEX        
A, r=6.1mm 135 23.71 19.68 108 17.61 2.66E+03
B, r=5.68mm 171 18.75 13.77 3.71E+03 11.56 1.25E+06
C, r=5.45mm 290 11.02 6.17 5.00E+07 4.36 6.20E+14
D, r=5.29mm 892 3.59 1.84 1.90E+09 0.79 5.10E+33
highest plug field - 24.3 29.04 - 32.78 -
center plug field - 19.97 25.05 - 23.21 -



Dark current trajectories for the three plug shapes (without FN suppression)
The stronger radial defocus of the bifocal plug dumps essentially all the dark current before the buncher



Experimental verification of the dark current reduction 
with over-inserted plugs
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• Measurements shows the dark current is reduced by 500 times and field 
emitters imaged on the YAG screen are barely seen! 

• For both the over-inserted elliptical and bifocal plugs:
o Significant drop of the radiation level recorded by the radiation monitor.
o Evolution of quantum efficiency unchanged.
o Good beam emittance, improving solenoid tunability.  
o No interruption to user program, good example of performing beneficial R&D 

without interrupting user operations.

Over-inserted plug 

w/ 1mm over-inserted 
elliptical plugw/ APEX plug 2A 

several nA 



Injector emittance simulations for the three plugs 
with two modes of Cav 2 operation (Z. Zhang)

optimized parameters

Gun energy 700 keV

BF
flat

elliptical

BF

flat

elliptical

range of 

measurements

for elliptical and bifocal 

plugs at ~650kV

slide compliments of Zhen Zhang

measurement range suggested by Feng Zhou



Summary

• Two types of over-inserted cathode plug have been design, manufactured and 
commissioned at LCLS-II injector. Both plugs successfully reduce the dark current from 
uA to nA level, solving a major operation challenge for LCLS-II. 

• Elliptical plug
o Over-insertion suppresses dark current by shielding emitters and weakly defocuses dark current.
o Higher cathode field
o Insensitive to alignment

• Bifocal plug
o Both suppresses and strongly defocuses dark current
o Sensitivity to alignment
o Lower cathode field, higher radial focusing field; requires higher applied field
o Extra focusing of photobeam, but sacrifices the longitudinal field making space charge more 

dominant
• Besides suppressing the dark current, the over-inserted plugs enhance the cathode E 

field, and free the tunability of the injector solenoid. This could lead to further 
improvement of injector beam performance. Further studies are on-going at LCLS-II. 
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