
STATUS OF THE JEFFERSON LAB ERL FEL DC 

PHOTOEMISSION GUN 

C. Hernandez-Garcia*, S. V. Benson, G. Biallas, J. Boyce, D. Bullard, J. Coleman, D. Douglas, P. 

Evtushenko, C. Gould, A. Grippo, J. Gubeli, F. Hannon, D. Hardy, M. Kelley, J. Kortze, K. Jordan, 

J. M. Klopf, M. Marchlik, W. Moore, G. R. Neil, T. Powers, D. Sexton, M. Shinn, C. Tennant, R. 
Walker, G. Williams, and S. Zhang, TJNAF, Newport News, VA 23606, USA

Abstract

The Jefferson Lab (JLab) Energy Recovery Linac 10 

kW IR Upgrade Free Electron Laser (FEL) is driven by a 

350kV DC un-polarized photoemission electron gun. In 

2003, an upgrade version of the earlier 1 kW IR Demo 

FEL gun delivered over 1000 Coulombs with a single 

Cs:GaAs wafer in one year of operation. Between 2004 

and 2007 a second wafer delivered over 7000 Coulombs 

and up to 9 mA CW beam for FEL operations. Both 

wafers suffered surface damage with total loss of quantum 

efficiency in several occasions during high current 

operations. Since then, the electron gun has been 

refurbished two times after suffering damage caused by 

excessive field emission. Although presently operating at 

nominal 350kV, field emission has significantly decreased 

the photocathode lifetime. 

INTRODUCTION

The JLab 10 kW IR Upgrade FEL DC photoemission 

gun has been in operation since 2003 [1]. The Upgrade 

Gun operates at 350kV and it is a direct evolution of the 

earlier JLab 1 kW Demo IR FEL gun that operated at 

320kV [2].

The photocathode is 3.2 cm diameter single crystal bulk 

GaAs wafer, 600 micron thick and Zn-doped at ~1x1018 

cm-3. By retracting it inside the ball electrode, the wafer is 

activated in-situ into a Negative Electron Affinity (NEA) 

photocathode. It is illuminated with a frequency-doubled, 

mode-locked Nd:YLF drive laser to generate 135 pC per 

bunch. Each laser pulse is 50 ps FWHM at 527 nm. With 

a repetition rate of 75 MHz the gun delivers electron 

beam at 10 mA CW [1,2]. 

In 2003 a bulk GaAs wafer from Matek delivered over 

1000 Coulombs and up to 9 mA CW. In 2004 it was 

replaced with a second wafer from AXT and was in 

service for three years, until a leak in the gun vacuum 

chamber opened while operating the gun at 400 kV. A 

field emitter developed on the support electrode even 

though the gun had been conditioned up to 450kV in 2004 

and operated at 350kV for thousands of hours. Failure of 

the Machine Protection System to shut down the high 

voltage power supply led to a catastrophic leak when 100 

!A of field emission current heated the 14-inch conflat 

flange Cu gasket and SF
6
 leaked into the vacuum 

chamber.

In early 2008 the gun was rebuilt with a third wafer. 

During the high voltage-conditioning phase, one of the 

ceramic insulators suffered a puncture from excessive 

field emission. The insulator and the support tube 

electrode were replaced, the gun was re-built and in the 

fall of 2008 it was high-voltage conditioned again without 

much success, until processing with Krypton gas [3].

However, excessive field emission from the wafer 

prevented FEL operations. In January 2009 a new wafer 

was installed, and the gun had to be re-conditioned with 

Kr gas processing. Although the field emission, identified 

to be from the ball cathode, is on the order of a few 

micro-Amperes at 350kV, the gas desorption induced by 

field emitted electrons striking the chamber is sufficient to 

decrease the photocathode lifetime from 50 operational 

hours observed in 2004-2007, to only 8 operational hours. 

The implementation of a motorized cathode manipulator 

system has reduced FEL down time for quantum 

efficiency replenishing (re-cesiation) from 3.5 hours to 

0.5 hours.

PHOTOCATHODE PERFORMANCE 

The Matek GaAs wafer installed in May 2003 delivered 

over 1000 Coulombs in one year of service and up to 9 

mA CW beam (122pC per bunch at 350 keV) [1]. The

second wafer, from AXT, was anodized around the edge 

leaving a 1.6 cm diameter active area to reduce electron 

beam halo caused by drive laser scatter light. The drive 

laser spot on the cathode was kept at 0.8 cm diameter and 

at 0.4 cm off the electrostatic center to avoid the Quantum 

Efficiency (QE) degradation spot by back-ion 

bombardment. This wafer was in service for 36 months 

and was activated into a NEA photocathode 9 times 

achieving routinely 6-7% QE. The QE was replenished 

six times between activations by spraying fresh Cesium 

onto the photocathode surface. If the photocathode were 

re-cesiated more than six times, Cesium would 

accumulate on the surface leading to tens of nano-

Amperes of field emission observed on a phosphor screen 

beam viewer downstream of the gun.  Typically 96% of 

the previous QE was recovered with each re-cesiation. 

The 1/e lifetime was 550 Coulombs or 50 operational 

hours with 5 mA CW beam (135pC per bunch at 350 

keV).  The total extracted charge from that wafer was 

7000 Coulombs in 900 operational hours with a beam 

current between 1 and 8.5 mA CW. 

Both wafers, the Matek and the AXT, suffered surface 

damage while delivering beam in excess of 8.5 mA CW 

for FEL operations. Beyond that current level, the injector 

SRF booster suddenly tripped off on waveguide vacuum 

fault and the pressure in the gun vacuum chamber raised 
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three orders of magnitude. Notice in Figure 1 that about 

10 seconds after the electron beam current had been shut 

off by the machine protection system, a current burst of at 

least 3 mA occurred while the gun was still at 350kV 

causing a second, larger pressure surge up to ~3x10-7 

Torr. 

 

 

 
Figure 1. Strip tool showing the electron beam current 

(yellow, 0-10 mA), the gun vacuum (blue, 0-3x10
-7

 Torr) 

and downstream beam line vacuum levels. The horizontal 

scale is in seconds. 

Despite the total loss of QE after each event, the wafer 

was heat-cleaned and re-activated in-situ into a NEA 

photocathode. The FEL operations would typically 

resume by the next morning. These events occurred in 

several occasions and on both wafers. Although bright 

spots were observed on the wafer with the cathode camera 

under CW drive laser illumination, the extent of the 

damage was not known until the wafers were removed 

from the gun and observed under a microscope. Figure 2 

shows the anodized wafer before and after the surface 

damage.  

 

 

Figure 2. A) Anodized GaAs wafer mounted in the ball 

electrode. B) The same wafer removed from the ball 

cathode after three years of operation. The spots from left 

to right are labeled as Spot#1, Spot#2, and Spot#3. 

Notice the three damage spots on the lower half of the 

active area (smaller circle within the wafer). The dull 

white color of the spots is characteristic of GaAs when it 

is heated beyond the congruent temperature, 632 Celsius 

[4,5].

 SURFACE CHARACTERIZATION 

Figure 3 is a Field Emission Scanning Electron 

Microscope (FESEM) picture of Spot #3, which seems to 

be comprised by craters, similar to those found in laser-

induced damage at ~1 J/cm2 observed by Huang et al. [6]. 

The GaAs surface remains smooth beyond the boundary 

of the craters.  

 
Figure 3. FESEM Picture of Spot #3. 

Outside the damage spots, the wafer surface roughness 

increased by a factor of 30 compared to that from a fresh 

sample, as shown by the Atomic Force Microscopy 

(AFM) images in figure 9.  

Figure 9. a) AFM from a fresh GaAs sample, surface 

roughness is 1 nm. b) AFM from the GaAs exposed to the 

gun operational environment, surface roughness 30 nm. 

It has been reported that heat-cleaning results in rough 

crystal surface due to evaporation in equal amounts of 

Gallium and Arsenic up until the congruent temperature 

[7,4]. In a separate test vacuum chamber, a fresh GaAs 

wafer was heated to 550 Celsius for one hour, the typical 

heat cleaning procedure, and therefore never exposed to 

high voltage and ion-back bombardment. The AFM 

results show that the surface roughness was 10 nm after 

the heat clean, a factor of 3 lower than that of the wafer in 

the gun and a factor of 10 higher compared to that of the 

fresh sample. Chatillon and Chatain have also observed 

the droplets seen in Figure 9, “after a certain time the 

surface reaches a steady-state of vaporization with well-

defined proportion of (Gallium rich) droplets” [4]. 
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CONCLUSIONS

The damage mechanism is not laser-drive since all three 

spots are located outside the drive laser illumination area, 

but they are very close to the electrostatic center of the 

wafer. Figure 1 shows that the pressure peaked at a higher 

level in the electron gun vacuum chamber than in the 

downstream beam line at the time the electron beam 

current was turned off by the machine protection system. 

About 10 seconds later, with the gun still at 350kV, a 

current burst of at least 3 mA is accompanied by a second 

pressure burst initiated in the gun vacuum chamber that 

migrated down the beam line. Liu et al. report that the 

expansion velocity in laser-induced damage on GaAs 

approaches that of a fluid in free expansion into the 

vacuum when the material exceeds the melting point [8].  

It is not clear if the trigger mechanism was originated in 

the gun vacuum chamber or in the SRF booster 

downstream of the electron gun. One possible scenario is 

that electron beam halo observed at currents beyond 5 mA 

CW strikes the SRF cavities causing a sudden stop of 

acceleration. The electrons then strike the beam line walls 

desorbing gas, which migrates to the gun vacuum 

chamber and is ionized by the still present electron beam 

in the photocathode-anode gap. The ions, most likely 

hydrogen, induce crater-like surface damage on the GaAs 

wafer [9], which seconds later literally arcs, possibly 

generating a short-lived plasma, causing the current spike 

followed by the second pressure burst. The spots on the 

wafer surface are the result of very high temperatures 

induced by the high current density.  

The events shown in Figure 1 have not been observed 

below 8.5 mA CW. Efforts have been made to reduce 

even further the electron beam halo at high currents, but 

since the FEL has not been operated at that current level 

since 2007, there is no data to corroborate the cathode 

damaging mechanism presented in this work. It is 

important to stress that the photocathode was fully 

operational a few hours after each damaging event.  

The wafer surface roughness induced by the heat 

cleaning process can be eliminated if hydrogen cleaning is 

used instead, which requires temperatures below 400C 

rather than 550C [10]. This technique cannot be 

performed in the present gun, however it will be 

implemented in the next gun design, which will 

incorporate a load-locked chamber.  
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