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Abstract 
The operating lifetime of GaAs-based photocathodes in 

DC high voltage electron photo-guns is dominated by the 
ionization rate of residual beamline gas molecules. In this 
work, experiments were performed to quantify the im-
provement in photocathode charge lifetime by biasing the 
photo-gun anode with a positive voltage, which repels ions 
generated downstream of the anode. The photocathode 
charge lifetime improved by almost a factor of two when 
the anode was biased compared to the usual grounded con-
figuration. Simulations were performed using the particle 
tracking code General Particle Tracer (GPT) with a new 
custom element. The simulation results showed that both 
the number and energy of ions play a role in the pattern of 
QE degradation. The experiment results and conclusions 
supported by GPT simulations will be presented. 

INTRODUCTION 
The charge lifetime of GaAs photocathodes used in DC 

high voltage photo-guns may be improved by limiting ion-
back-bombardment [1-3]. Residual gas molecules within 
the cathode-anode gap can be ionized by the electron beam 
and then accelerate towards and strike the negatively-bi-
ased GaAs photocathode. Upon impact, these ions can de-
sorb gas, generate secondary electrons, and X-rays. If they 
reach the GaAs photocathode they may also sputter away 
activating materials or implant into the working volume of 
the photo-emitting semi-conductor, all of which increase 
the work function of the photocathode and thus decrease 
its quantum efficiency (QE) [4, 5]. Experiments have pre-
viously been performed to investigate ion generation, QE 
degradation and mitigation of back-bombarding ions [6, 7]. 
In this work we demonstrated a successful method to im-
prove the lifetime by applying an unobtrusive positive volt-
age to the DC gun anode, which repels ions generated 
downstream of the anode and prevents them from reaching 
the photocathode. 

To test this hypothesis, the charge lifetime for a biased 
anode configuration was periodically compared with the 
lifetime for the usual grounded anode configuration over 
more than one year of CEBAF operations. To understand 
and explain the results, simulations were performed using 
the simulation code General Particle Tracer (GPT) with 
custom elements developed to model electron impact ioni-
zation of residual gas [8]. 

EXPERIMENT 
The biased anode technique was tested in experiments 

parasitic to three run periods at the CEBAF accelerator at 
Jefferson Lab. During each run period, CEBAF delivered 
electron beams to end-stations A, B, and C, as well as D 
during the latter two runs. Electron beams were created us-
ing four lasers (A, B, C, and D), each having a wavelength 
close to 780 nm and a repetition rate of 249.5 or 499 MHz.  
The lasers are coincident on a strained superlattice 
GaAs/GaAsP photocathode with a 5 mm diameter active 
area. The transverse size of the lasers were 0.5 mm rms. 
The cathode voltage was -130 kV, while the anode voltage 
was changed between grounded (0 kV) and biased (1 kV). 
The laser spot position on the photocathode remained fixed 
throughout the first and third run periods. After about two 
months of running beam during the second run period, the 
laser spot was shifted to a location on the photocathode 
with higher QE. 

Every day during each run period, the QE at the laser 
spot location was measured by recording the laser power 
required to produce typically 10-20 μA in a Faraday cup. 
The QE measurements were partitioned by whether the an-
ode was grounded or biased and were fit with exponential 
functions to determine the charge lifetime in each region. 
Table 1 shows these calculated charge lifetime values for 
each run period. The uncertainty values in the charge life-
time values correspond to fit errors. 

Table 1: Charge Lifetime Values for Laser A 
Run 
Period 

Anode 
Bias (V) 

Extracted 
Charge (C) 

Charge 
Lifetime (C)  

1 
06/15/2019- 
09/09/2019 

0 
961 

0 
961 

65 
62 
50 
68 

181 ± 8 
424 ± 53 
288 ± 39 
303 ± 18 

2 
01/07/2020- 
03/24/2020 
 

0 
961 
961 

0 
1000 

13 
206 
79 
33 
60 

85.9 ± 0.1 
211 ± 9 

401 ± 10 
208 ± 4 

370 ± 29 
3 
07/09/2021- 
09/21/2021 

1000 247 350 ± 14 

 ___________________________________________  
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Figure 1: QE scans (top) and difference scans (bottom) of the photocathode active area taken during run period 2. The 
red circle denotes the 5 mm active area, and the green and cyan circles denote the two 0.5 mm rms laser spots used during 
the run period. 

QE scans of the photocathode active area were periodi-
cally made during each run period, in which QE measure-
ments are taken in a grid of points encompassing the active 
area. These measurements are interpolated to create 
smooth contour plots of QE. By subtracting consecutive 
QE scans, the QE degradation can be visualized throughout 
a given run period. Figure 1 shows the QE scans and dif-
ference scans taken during run period 2. 

GPT SIMULATIONS 
Simulation Description 

The particle tracking code General Particle Tracer (GPT) 
was used to simulate the ion generation and photocathode 
back-bombardment for each case in Table 2. For brevity, 
only the five simulations for run period 2 are discussed. In 
each simulation, an electron bunch with a 0.5 mm rms 
transverse size and 50 ps rms bunch length is tracked from 
the photocathode to the first viewer, located 1.54 m away 
from the photocathode. The trajectory of the electron 
bunch is governed by the electric field of the photo-gun, 
the magnetic fields of three steering coil pairs (horizontal 
and vertical), and a solenoid. Through the use of a GPT 
custom element developed to model electron impact ioni-
zation and subsequent tracking of ions and secondary elec-
trons [9], the electron bunch ionizes H2 gas, the predomi-
nant residual gas in the gun vacuum with a measured par-
tial pressure of 10-12 torr, along its trajectory. 

Figure 2 shows a layout of the CEBAF photo-gun and 
beamline denoting the locations of the field maps used in 
the simulations. Electric field maps of grounded and biased 
anode configurations were created using CST Microwave 
Studio software [10]. Figure 3 shows a snapshot of simula-
tion 1. The beam experiences an initial downward kick due 
to the cathode-anode geometry [11]. The beam is then re-
centered by the steering coils. 

 

 
Figure 2: Field map layout of the CEBAF photo-gun and 
beamline from the photocathode to the 1st viewer. 

 
Figure 3: Snapshot of GPT simulation #1 depicting a side-
view of the primary electron beam traveling through the 
CEBAF injector beamline and creating H2

+ ions. 

DISCUSSION 
Figure 4 shows the accumulation of all ions reaching the 

photocathode during run period 2 (both biased and 
grounded cases) distinguished by whether the ions origi-
nate (upstream or downstream of the anode). The distribu-
tions of back-bombarding ions created upstream of the an-
ode potential are within the laser spots, while the distribu-
tion of ions created downstream of the peak anode potential 
is spread out over a larger area. Figure 5 shows these dis-
tributions weighted by kinetic energy. 

Experimentally, the QE scan damage (Fig. 1) bears a 
striking resemblance to the energy-weighted distribution of 
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ions generated upstream of the anode. This correlation sug-
gests that QE degradation may not be solely due to the 
number of back-bombarding ions, but rather their energies 
as well, regardless of anode bias. Table 2 shows ratios of 
back-bombarding ions distinguished by either striking the 
laser spot or the entire active area of the photocathode. In 
Table 1, the measured charge lifetimes at the location of the 
laser spot improved by about a factor of ~2 when the anode 
was biased. However, as Table 2 demonstrates, there is no 
significant difference in the number of ions at the laser spot 
between the biased and grounded conditions, even when 
weighting by energy. Yet, the energy-weighted distribution 
of all ions reaching the photocathode is closer to this factor 
of ~2 improvement. Interestingly, the simulations suggest 
that the back-bombarding ions outside of the laser spot may 
be indirectly affecting the QE at the location of the laser 
spot. Further simulation studies are currently being per-
formed to explore a) the role of other residual gases such 
as CO and CH4 may have and b) possible mechanisms for 
back-bombarding ions indirectly affecting the QE far from 
the location of incidence. 

 
Figure 4: Density plots of back-bombarding ions originat-
ing from upstream (left) or downstream (right) of the peak 
anode potential in run period 2. 

 
Figure 5: Energy density plots of back-bombarding ions 
originating upstream (left) and downstream (right) of the 
peak anode potential in run period 2. 

CONCLUSION 
The charge lifetime of the CEBAF photo-gun was relia-

bly improved by a factor of 2 by simply biasing the anode. 
The ion damage to the photocathode at the laser spot and 
over the photocathode active area was carefully measured 
over this period for comparison with simulation. The GPT 
simulation results show a striking resemblance to the QE 
degradation of the photocathode, and interestingly to the 
energy-weighted impact away from the laser spot location. 
There is also a quantitative agreement between the meas-
ured lifetime improvement at the laser spot location and the 

simulated energy-weighted ion reduction over the active 
area. These results are being explored with further experi-
mental and simulation studies. 
Table 2: Back-Bombarding Ion Ratios (Grounded:Biased) 

Laser Spot (-0.78, 0) (1.63, 0.57) (1.63, 0.57) 
Periods 1:2 4:3 4:5 
# Ions at PC 1.22 1.20 1.21 

# Ions at PC, 
weighted by 
energy 

1.88 1.84 1.87 

# Ions at laser 
spot 

1.02 1.00 1.00 

# Ions at laser 
spot, weighted 
by energy 

1.15 1.08 1.10 
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