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Abstract

Polarized electrons from GaAs photocathodes have been
key to some of the highest-impact results of the Jefferson
Lab science program over the past 30 years. During this time,
various studies have given insight into improving the opera-
tional lifetime of these photocathodes in DC high-voltage
photo-guns while using lasers with spatial Gaussian profiles
of typically 0.5 mm to 1 mm FWHM, cathode voltages of
100kV to 130kV, and a wide range of beam currents up to
multiple mA. In this contribution, we show recent experi-
mental data from a 100kV to 180kV setup and describe our
progress at predicting the lifetime based on the calculable
dynamics of ionized gas molecules inside the gun. These
new experimental studies at Jefferson Lab are specifically
aimed at exploring the ion damage of higher-voltage guns
being built for injectors.

INTRODUCTION

Polarized photoelectron guns employ a photocathode with
a certain chemical composition and surface structure de-
signed to absorb photons and photoemit free electrons. The
constant of proportionality between the two, 7, is called
quantum efficiency (QE):

_ number of electrons [ hc

~ Thumber of photons P el
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with the electron current 7, the laser power P, and the laser
wavelength 1.

Photocathodes are subject to various damage mechanisms
that reduce 7 as a function of time or extracted charge; GaAs,
while important because of the high degree of spin polar-
ization it provides [1], is a particularly sensitive cathode
material. Despite technological advances that have had dra-
matic effects in reducing damage rates — e.g., improving
gun vacuum, suppressing beam loss originating from stray
light, or reducing laser heating — the prevailing limitation
remains: ionized residual-gas molecules being accelerated
backwards by the electric field in the gun acceleration gap
and colliding with the cathode surface, which is referred to
as ion back-bombardment [2—4].

Because these ions are generated by the electron beam,
their total number scales with extracted charge. Although
the physical mechanism by which they degrade the QE is
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still subject to research [5], the decay rate is observed to be
characteristically exponential, giving rise to the concept of
a charge lifetime ¢, i.e.,

1(Q) = noexp (Q/7¢) ()

for any integrated amount of charge Q.

In recent years, there has been considerable development
to increase the maximum voltage of DC photo-guns, primar-
ily to reduce space-charge effects in the beam [6], but also
with the expectation that the rate of ion back-bombardment
should fall. Figure 1(top) shows that the ionization cross
section for H,, the predominant gas in a baked photogun,
declines logarithmically with electron energy. Taking into
account the field geometry of the cathode-anode gap, while
the maximum ion production takes place just in front of the
photocathode, there are still substantial contributions from
high-energy ions, see Fig. 1(bottom). As ion energy factors
into photocathode damage vis-a-vis the roles of ion sputter-
ing and ion implantation [5], lifetime improving with higher
voltage is not necessarily a given.
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Figure 1: Ionization cross section of H, [7, 8] (top) and
histogram of simulated kinetic energies of ions for a real gun
geometry at 180 kV gun voltage (bottom). This simulation
was performed with GPT as described below and assumes
a homogeneous molecule density of 3 x 10/°m=3 and an
extracted charge of 1 mC; the cathode-anode distance is 8 cm.
The number of ions scales with gas density and charge.
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EXPERIMENTAL SETUP AND DATA

Aiming to determine the dependency between gun voltage
and cathode lifetime, we performed an exploratory experi-
ment at the Upgraded Injector Test Facility (UITF) at Jef-
ferson Lab, which features an inverted-insulator photo-gun
similar to the one installed at CEBAF [9]. In this experiment,
a constant-current electron beam was extracted from the gun
and transported to a dump while observing the QE over a
period of time sufficient to measure degradation. Generally,
all beam parameters were kept constant, the current being
controlled by a software feedback loop as illustrated in Fig. 2.
The dump is located behind a series of apertures with indi-
vidual vacuum pumps for each segment, providing good gun
vacuum isolation from downstream beam-current-dependent
gas loads.

As a main challenge of this experiment lies in keeping
parameters as similar as possible for weeks in the face of prac-
tical conditions, such as turning off and on again over night,
accessing the vault, etc., it is desirable to choose the maxi-
mum value of beam current that can be sustained throughout
the studies despite QE degradation. In the present setup,
the available beam current is mostly determined by the laser
system, which includes an optical fiber that limits the power
at the cathode to about 50 mW. The beam current chosen for
the experiment was initially 500 uA and was later reduced
to 300 pA.
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Figure 2: Simplified schematic of the beam-current lock at
the UITF.

The gun anode is biased to +2.5 kV throughout the whole
study!, creating a potential barrier that repels all ions gener-
ated downstream [4, 11].

The QE distribution of the photocathode is measured be-
tween runs, but this takes 40 min and therefore cannot be
done parasitically during the runs. To obtain lifetime data
with any time resolution, we periodically insert the laser
power meter during beam runs; as the electron beam current
is constant and known, 7 follows from Eq. 1. We then extract
7 by windowing the 5 data; the result of our first study is
shown in Fig. 3. The data suggest that lifetime at 100kV

! While the initial energy distribution of the ions is assumed to be mostly
thermal, the applied voltage also accounts for both the residual on-axis
cathode-anode field and any additional beam potential that would subtract
from it [10].
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tends to be higher than at 180kV; however, the dependency
is obfuscated by an overall increase in lifetime, warranting a
systematic study to understand the behavior. The following
sections describe mechanisms we believe are important to
interpreting this result and improving future studies.
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Figure 3: Evolution of lifetime throughout the experiment,
windowed over a charge of 8 C. As the voltage dependency is
masked by an overall increase whose functional dependency
is, a priori, unknown, we use an error-weighted smoothing
spline (solid black line) to get a sense of the residuals.

EFFECT OF LASER SPOT SIZE ON
LIFETIME

Simulations of ion generation and trajectories were per-
formed using the particle tracking code GPT [12] with an
electrostatic model of the gun and a custom element to simu-
late electron-impact ionization of residual gas [13] using the
cross-section data from [7]. As a first study, we simulated

the effect of laser position and size: as the spot size increases, .

so does the size of the damage area on the photocathode,
reducing the damage density. With this, the QE lifetime is
expected to improve, as has been shown experimentally at
CEBAF [4, 14]. The 2D ion profiles for two simulations
with different laser spot sizes are shown in Fig. 4. As space
charge is neglected, the model scales with gas density and
extracted charge; throughout this study, we universally as-
sume a molecule density of 3 x 101 m=3 and an extracted
charge of 1 mC. The numbers are then scaled as needed.

ITERATIVE MODEL FOR QE
DEGRADATION

Because the electron beam profile is the product of the
QE distribution and the laser profile, the RMS size of the
electron beam generally becomes larger than that of the laser
spot as the QE is locally degraded. Figure 5 illustrates this
concept.

We created a simulation model based on this idea that
starts with a homogeneous QE distribution on a discrete
grid, a realistic laser spot size of o, = 0, = 0.4 mm, and an
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Figure 4: Example ion distributions for laser spot sizes of
1 mm? and 10 mm?, respectively. In these simulations, the
laser spot is displaced horizontally by —2 mm as denoted by
the red circle. The white circle represents the active area
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granularity. The process is shown schematically in Fig. 6.
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Figure 6: Principle of simulating QE degradation.

As a first test, we choose the damage function as

The evolution of the lifetime is shown in Fig. 7.
; WEPA13
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Figure 5: Simplified model assuming QE degradation is
proportional to electron emission at any position. Localized
degradation results in beam being emitted predominantly by
the tails of the laser spot, giving a flat-top beam with higher

assumption for a damage function, i.e., the damage caused
by each ion as a function of energy; this function is the
only degree of freedom as the kinematics of both electrons
and ions can be calculated from first principles, using the
same electrostatic model and GPT module as in the previ-
ous section. The total number of particles is kept constant,
corresponding to constant current. Applying the resulting
damage to the QE distribution, we can iterate with arbitrary

F = exp (-aEyp) 3

with Ey;, being the total kinetic energy of the ions deposited
in one grid tile and @ = 5x 1077 eV~! as an educated guess.
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Figure 7: Simulated QE evolution at the laser spot position.
The double-exponential behavior is qualitatively similar to
what was observed in the experiment (dashed lines show the
exponentials individually). The beam profile gets widened
more strongly in x than in y because the field geometry of the
gun displaces high-energy ions vertically, preventing them
from damaging the emitting area. The bottom figure shows
the QE distribution after the last time step.

Apart from the one-dimensional data set of lifetime
vs. charge, this iteration yields the whole QE distribution as
a function of integrated charge that can be compared with ex-
perimental data. Even though the measured QE degradation
is a convolution of the true distribution with the laser profile
and cannot be deconvolved, this model approach allows us to
dynamically simulate ion damage for comparison to model
damage mechanisms and extract physical model parameters.

CONCLUSION

Fully understanding photocathode ion damage requires a
model that predicts both the ion distribution on the cathode
and the resulting impact on the QE. Computing the former
from first principles may allow us to determine the latter by
comparison with experimental data. However, this relies on
reproducible experimental conditions, e.g., same extracted
charge per run; improving the setup is therefore a necessary
next step.
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