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The high intensity polarized electron source is a critical component for future nuclear physics facilities.
The electron-ion collider requires a polarized electron gun with higher voltage and higher bunch charge
compared to any existing polarized electron source. At Brookhaven National Laboratory, we have built an
inverted high voltage direct current (HVDC) photoemission gun with a large cathode size. We report on the
performance of GaAs photocathodes in a high gradient with up to 16 nC bunch charge. The measurements
were performed at a stable operating gap voltage of 300 kV—demonstrating outstanding lifetime and
robustness. We observed obvious lifetime enhancement by biasing the anode. The gun also integrated a
cathode cooling system for potential application on high current electron sources. The various novel
features implemented and demonstrated in this polarized HVDC gun will open the door toward future high
intensity-high average current electron accelerator facilities.
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I. INTRODUCTION

The electron-ion collider (EIC) at Brookhaven National
Laboratory (BNL) will be colliding polarized electrons
with polarized hadrons to probe into various unsolved
mysteries of nuclear physics [1]. In order to achieve the
expected luminosity of the collider, a high bunch charge,
high intensity polarized electron source is required [2].
The polarized electron source should be able to provide
5.5–7 nC per bunch in a bunch train structure with eight
bunches every second. To achieve the required beam
qualities before injecting the beam into the rapid cycling
synchrotron (RCS) and minimize beam loss, the gun
voltage has to be above 280 kV with beam peak current
above 4.5 A according to the current preinjector design [3].
This gun will have to provide at least two weeks of
continuous operation before the cathode can be exchanged.
There have been substantial efforts in high voltage

polarized gun development in the last few decades. The
Stanford Linear Collider (SLC) gun has demonstrated
extraction of up to 12 nC bunch charge at 120 Hz. The
gap voltage for the SLC gun was 120 kV and the cathode
had to be reactivated every 3–5 days [4]. JLab Continuous
Electron Beam Accelerator Facility (CEBAF) gun operates

at < 10 pC bunch charge with gap voltage up to 200 kV.
Cathode operational lifetime at CEBAF is over a month for
200 μA average beam current operation [5]. Until now,
all the polarized guns have operated at a gap voltage
less than 200 kV to eliminate field emission [4,6–12]. On
the peak current aspect, SLC and Nagoya dc guns have
achieved 2–6 A of peak current. However, the rest of
polarized guns have peak currents up to tens of mA range.
So far, no operational or retired polarized gun can fully
meet the EIC polarized electron source requirements.
At BNL, we have developed a high intensity polarized

electron gun based on an inverted high voltage feedthrough
design with a higher gap voltage and large cathode size.
The cross-sectional view of the BNL gun is shown in Fig. 1.
This gun can consistently operate at 300 kV gap voltage
without any detectable field emission. The following
features have been implemented into the gun to generate
high intensity polarized electron beam: (1) Inverted high
voltage (HV) feedthrough to minimize outgassing area;
(2) ceramic feedthrough and two triple-point shields to
minimize the electric field gradient at the ceramic-vacuum-
metal joint and linearize the voltage along the length of the
ceramic; (3) movable and electrically insulated anode; and
(4) a HV cable with a slightly conductive jacket, which
prevents charge buildup, but does not deliver energy to an
arc as a conductive shield would. Moreover, for future high
current applications, we have developed a cathode cooling
system integrated into the high voltage feedthrough in the
gun. These novel features can be applied in future polarized
electron\positron sources and high brightness high current
electron sources, to be used for future scientific user
facilities, such as the large hadron-electron collider at
the High-Luminosity Large Hadron Collider, polarized
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positrons experiment, strong hadron cooling or energy
recovery Linac based light sources [13–18].
In this article, we report on our high voltage direct

current (HVDC) gun design, gun performance including
high voltage and vacuum performance, space charge limit,
and lifetime measurements with 7.5 nC bunch charge.

II. INVERTED HVDC GUN DESIGN
CONSIDERATIONS

For an HVDC gun to deliver high intensity polarized
electron beam with a good operational lifetime, a few
considerations are critical during the inception stage. These
considerations are implemented to prolong charge lifetime
by minimizing cathode quantum efficiency (QE) decay
rate, while delivering high intensity beam with good quality
and minimal loss. The cathode QE is determined by the
photon energy hν, band gap Eg, and surface electron
affinity Ea. GaAs photocathode is a direct band gap
semiconductor. To produce high polarization electron
beam, the cathode has to be operated in threshold photo-
emission mode, i.e., photon energy hν ≈ Eg, which results
in QE being very sensitive to the degradation of the
activation layer [19]. Any contaminations on the cathode
surface will increase Ea, which in turn lowers the QE. To
extend cathode long lifetime, the following effects have to
be considered while designing the gun.
(1) Ultrahigh vacuum. The GaAs cathode emission

surface is coated by a O(NF3)-Cs which is very sensitive
to gas contamination including methane, carbon monoxide,
carbon dioxide, oxygen, water, and other active gases [20].
The active gases degrade the quantum efficiency (QE) by
chemical poisoning or via ion back bombardment. Thus to
obtain a long lifetime, the gun chamber dynamic pressure
should be in 10−12 Torr scale with hydrogen being the
dominant gas (above 99% of the gas load) [5,21].

(2) High voltage. For high bunch charge beam, high
gradient and high voltage are desirable on the cathode.
However, the gradient cannot exceed 10 MV=m to avoid
field emission. Depending on the desired bunch charge, the
cathode size could be determined so that an adequately sized
laser spot can be used to avoid the space charge limit and
surface charge limit. To avoid the field emitted electrons
punching through the ceramic, an appropriate shield should
be designed to protect the ceramic feedthrough [22].
(3) Beam loss. The beam loss close to the gun will cause

an increase in the dynamic pressure. The main source of
beam loss is from the beam halo. Therefore, a large beam
pipe at the exit of the gun is necessary to minimize the
effect of beam loss [23].
(4) Ion back bombardment. Ion back bombardment

could be a dominant mechanism that limits the cathode
lifetime. Although ion back bombardment from ions
generated in the dc gap cannot be eliminated, a biased
anode is very useful in eliminating ions that are generated
downstream [24–26].
(5) Masking of cathode active area. Electrons emitted

from the edge of the cathode can take extreme trajectories due
to strong transverse kick. Also, electron beam halo (caused
by the laser transverse halo) can end up hitting the wall and
create outgassing. Thus, the emission area should be kept at a
safe distance from the edge of the cathode [27,28].
We chose the load-lock inverted feedthrough as our gun

type. Since one side of the inverted HV feedthrough is in a
vacuum and another side is in contact with silicone grease
and rubber, it minimizes the creepage compared to the case
when the ceramic is exposed to the atmosphere. Therefore,
the ceramic feedthrough size can be reduced which will
result in a compact chamber design. This structure also
eliminated the field emission electrons hitting the ceramic
feedthrough [29]. The compact chamber reduces the out-
gassing surface area and results in ultrahigh vacuum in the
chamber with sufficient pumping. With the cathode load-
lock system, the cathode can be activated at a separate
preparation chamber, other than activating in the gun
chamber such as SLC gun or JLab-FEL HVDC gun
[4,30]. A cathode load-lock system is used to permit the
exchange of the photocathode within an hour.
A large cathode with a sufficiently large laser spot size

can generate a high peak current electron beam. However,
too large of a cathode size will drastically increase the
overall cost of the vacuum components. For this gun, the
cathode size was designed to be 1.26 cm in radius so
that the cathode puck can be transferred through a 4.5 in.
all-metal valve. The bunch charge of 7 nC cannot be a
pancake shape from a dc gun which has a gradient on the
cathode to be less than 5 MV=m. The space charge limit for
the pencil shape beam is

J2d ¼ 2.33 × 10−6V3=2=d
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FIG. 1. Cross-sectional view of the BNL HVDC gun.
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where V is the voltage across the dc gap distance d and r is
the laser spot size radius [31]. The gap distance is
determined by the maximum gradient on the electrode
which has to be less than 10 MV=m to avoid field emission.
Higher gap voltage can increase the surface charge limit.
The commercially available inverted feedthrough R30 can
hold high voltage up to 400 kV [32]. We designed our gun
voltage up to 350 kV. Having higher voltage has the
following advantages: (1) Can generate high charge beam
with high peak current by increasing the space charge limit;
(2) eliminate the surface charge limit by lowering the
surface barrier [33,34]; and (3) preserve the beam longi-
tudinal and transverse emittance during ballistic compres-
sion in the injector. The EIC preinjector baseline design
shows that to achieve 7 nC bunch charge from a 300 kV
gun with minimum emittance and energy spread, the peak
current is 4.5 A, the FWHM bunch length is 1.6 ns, and
beam size is 8 mm [2,3]. To get minimal required beam
quality before injecting beam into the RCS, the gun
operational voltage has to be above 280 kV. It is
conservative compare to our design voltage.
The dc gap and high voltage components in the gun were

optimized to get small emittance and minimize the maxi-
mum surface gradient of the negative potential metal
components. The optimization constrains are the following:
(i) The gradient on the −350 kV metal parts has to be less
than 10 MV=m; (ii) the gun electrode ball size has to be
less than 20 cm in diameter to fit into the chamber flange
and barrel polishing machine; (iii) the cathode puck size
has to be less than 4.5 cm in diameter, limited by the all
metal valves aperture; (iv) the size of GaAs exposed to the

high voltage has to be larger than 2.4 cm in diameter to
allow up to a 6 mm diameter off-centered laser placed in the
linear field range; and (v) the anode opening has to be
larger than cathode size to utilize the entire cathode without
clipping the laser or beam loss from the cathode edges. The
Pierce-like geometry was optimized by achieving small
emittance after space charge compensation downstream of
the first solenoid. The optimal parameters are the cathode
size, electrodes angle, gap distance, and the ratio of Pierce
focusing size to the cathode size as shown in Fig. 2. The
anode aperture size is set to 1.4 times of the cathode size to
make sure that the stray beam from the laser transverse halo
or scattered photons can be extracted from the gun without
any loss on the anode. The cathode size and electrodes
angle were scanned in the range of 2.4–3 cm, and 20° to
30°, respectively. The anode cone slope is parallel with the
electrodes cone shape. The gap distance was tuned to get
maximum field gradient on the Pierce nose equal to
9.5 MV=m. The optimized gun geometry parameters and
simulated beam quality parameters are listed in Table I.

III. HIGH VOLTAGE PERFORMANCE

Once the electrode and anode geometries were optimized
for the best possible beam quality, the next considerations
are the following components: high voltage feedthrough,
triple-point shields, anode shape, and nonevaporable getter
(NEG) pump positioning. We used a 90 cm diameter
spherical chamber as the gun chamber, with a 20 cm
diameter spherical electrode to reduce the surface gradient.
The HV feedthrough used for this gun is carbon-doped
alumina which allows trapped electrons on the ceramic
surface to be removed [35].
The high voltage section’s geometry was designed using

POISSON and OPERA3D and the field gradient is shown in
Fig. 3 [36,37].
At 350 kV gap voltage, the maximum gradient of

9.4 MV=moccurs at the cathode Pierce shape nose (labeled 1)
and the triple point shield (labeled 3) as shown in Fig. 3. The
gradient at the center of the cathode surface is 3.8 MV=m.The
cathode linear field range is up to9mmin radius.Therefore,we

FIG. 2. dc gap geometry and field distribution. The optimized
parameters are listed.

TABLE I. dc gun design parameters.

Value

Gap voltage 350 kV
Cathode radius 1.26 cm
Electrodes angle 22°
Gap distance 5.6 cm
Cathode gradient 3.8 MV/m
Maximum gradient on the electrodes 9.4 MV=m
Anode radius 1.8 cm
Peak current 4.5 A
Bunch charge 7 nC
Normalized emittance 3.4 mmmrad
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can offset the laser 9 mm or with a large laser size of 9 mm in
radius with increasing initial normalized emittance no more
than 25% [26].

The triple point is a metal-ceramic-vacuum interface
point that usually has a local maximum of the field
gradient. Two triple-point shields were optimized and
designed to minimize the gradient on the triple point
and to generate a linear potential along the feedthrough
to avoid electron trapping as shown in the Fig. 4 red curve.
The gradient at the triple point on the electrode side reduced
to less than 1 MV=m, while the gradient at the ground side
reduced by half compared to without triple-point shield as
shown in the Fig. 4 blue curve. The 30 MV=m gradient on
the ground side triple point is still high. However, the shield
is less than 1 mm away from the ground at this position,
resulting in electrons getting absorbed by the shield instead
of reaching the ceramic feedthrough. The transverse size of
the triple-point shield is determined by the transverse kick
that it imparts on the electron beam. In our design, the
deviation of the beam’s trajectory from the cathode to the
first corrector coil is less than 0.5 mm.
We combined the mechanical polishing and supercon-

ducting radio frequency particulate cleaning process for our
high voltage components. The stainless steel electrode and
triple-point shields were polished mechanically using a
tumbler for an hour, following the method developed by
JLab [38]. The titanium anode was mechanically polished
at a vendor using alumina powder. Then, the electrode,
triple-point shields, anode, and the ceramic were ultrasonic
cleaned to remove residual surface contaminants and
polishing media. Then high pressure rinsing was performed
on all metal parts with 1400 psi for 3 h and 300 psi on
ceramic for 3 h, then we dried them in a class 10 clean room
overnight for preassembly. All the gun and beam line final
installation was carried out in a class 100 clean room.
We used a Glassman high voltage power supply (HVPS)

at a maximum of 400 kV. It can provide a maximum current
of 6 mA at this voltage. To avoid the use of environmentally
adverse sulfur hexafluoride (SF6) or oil, the power supply is
in air within a grounded cage. This places the HVPS about

FIG. 3. The field gradient of the HVDC gun. The most
important parts as dashed red boxed are zoomed in. The main
high gradient locations are labeled: 1: Pierce nose; 2: anode; 3:
HV trip-point shield; 4: grounded trip-point shield; and 5:
ceramic. (a) The field gradient map on the dc gap. (b) The field
gradient on the HV ceramic feethrough.

FIG. 4. The potential and gradient along the ceramic feed-
through, comparison between with and without triple-point
shields (TPS). The position 0 cm is the ground side of the
feedthrough, toward the 24 cm of high voltage electrode side.
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5 m from the gun. If there is an arc during the beam
operation in the dc gap, the stored energy in the cable
(which at 50 pF=ft is about 46 J) will damage the polished
electrode. To avoid this from happening, we used a semi-
conducting layer as the shield of the cable with a resistivity
of 1010 ohm cm. The resistivity is low enough to keep the
cable from building charge but high enough to limit the
delivery of stored energy from the cable in the dc gap.
During conditioning, external 100 MΩ resistors were used
in series, between the power supply and gun, to avoid
damage to the polished electrode by a strong discharge.
We installed a cathode puck with a GaAs wafer to

condition the gun. The gun achieved 350 kV gap voltage
after about 21 h of conditioning. A few field emitters were
found during the voltage ramp-up, however, none of them
were so-called hard barriers that required more than 5–6 h
of vacuum conditioning. The trip limit for the power supply
was set to 300 μA, which was never reached during the
conditioning process. A power over fiber (POF) system was
used to measure the current in the dc gap during gun
conditioning. The maximum discharge we observed via
POF measurement is about 120 μA, which occurred at 210
and 350 kV and generated 10−8 Torr vacuum spikes. We
did not have to use any inert gas, such as helium or krypton,
for this conditioning process to achieve the design voltage.
Vacuum excursions up to high 10−8 Torr were observed
during the conditioning process, however, the vacuum in
the gun could recover within the next few minutes after
such excursion. We stopped to pursue even higher voltage
because the electrode maximum gradient already reached
10 MV=m. Four Geiger counters were placed around the
gun during the conditioning process.
During the gun conditioning, we increased the voltage in

small increments (1 kV per step) and monitored the POF
current, vacuum, and Geiger counter readings. The dis-
covery of a field emitter was generally sudden. This is why
the current limit was set to 300 μA to limit the energy

deposited in the gun during a discharge event. Once the
field emitter was found, we waited at that voltage level for
the field emission current to gradually decrease to a level
that we were comfortable with (generally below 50 μA).
We also ensured that the vacuum level was not at 10−8 Torr
level for a long period of time, for example more than
30 min. Once the current has decreased to below that level
and the vacuum has recovered, we would slowly increase
the voltage by 1–2 kV every 5 min to increase the current
slightly such that the conditioning process was expedited.
For example, at around 210 kV, as shown in Fig. 5, we
observed a sudden onset of a field emitter accompanied
with a 100 μA current spike and vacuum spike up to
3 × 10−8 Torr scale. However, the current dropped to about
1 μA within a couple of minutes, while vacuum dropped to
low 10−10 Torr. In that particular instance, we continued
ramping the voltage slowly up to 250 kV for the next
several hours since POF current was below our predeter-
mined threshold of 50 μA and vacuum was at 10−9 Torr
scale. Then around 250 kV, we had another large current
spike over 100 μA, and therefore, we continued with the
same strategy as mentioned above. We achieved 315 kV in
about 18 h, then back to 300 kV for 2 h. No field emitter
was observed. We ramped the voltage up until we observed
the field emission at 340 kV, which was conditioned in a
couple of hours and the final achieved voltage was 350 kV.
Note that conditioning up to this point was done with an
unactivated GaAs puck. Subsequently, we used a Cs–O
activated GaAs to repeat this experiment, and we could
achieve 350 kV without any field emission.
After the gun was conditioned up to 350 kV, the Geiger

counters and field emission current showed background
noise, and the vacuum got into 10−12 Torr scale. Figure 5
shows the overall conditioning time along with the current,
vacuum, and averaged radiation levels in the gun. Our
total high voltage conditioning duration is much shorter
than other comparable HVDC guns, indicating our new

FIG. 5. HVPS conditioning process to reach 350 kV.
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posttreatment and clean processing might have played an
important role [29,39,40].
There were instances where we extracted a used puck

from the gun, transported it to load-lock chamber, and
eventually exposed it to atmosphere to change the GaAs
substrate. Once the “fresh” cathode was inserted into the
gun, without any activation (just heat cleaning), we
observed field emission around 325 kV which could be
conditioned easily. This indicates that this field emitter
might have appeared since this puck was not high pressure
rinsed and it might have had some particulate on it. Once
this fresh cathode was conditioned, 350 kV voltage could
be achieved easily with or without an activated layer.
Achievement of 350 kV with an activated cathode indicates
that the gun’s operating voltage did not get affected by the
activation layer. The field emitters from fresh cathodes
are merely an artifact of the cathode substrate exchange
process which can be improved upon, for example, by
having every puck high pressure rinsed. To avoid any
chance of field emission during operation, we operated the
gun at 300 kV with a sufficient safety margin.
The field emission current at 300 kV was lower than the

noise, checked by the electrometer connected to the anode
and current measurement from the POF system. We did not
observe any QE drop overnight when the cathode was at
300 kV voltage without beam. 300 kV operational voltage
for this polarized gun is already higher than any other,
existing or retired, polarized electron source [6,11].

IV. CATHODE HEAT TRANSFER

The gun was originally designed for mA scale average
current operation [41]. Because the EIC changed the
collider scheme and the electron source project changed
the scope, our laser, machine protection system, and the
beamstop limited us to pursue average current beyond
70 μA. However, in the gun design and fabrication stage,
we already implemented a cathode cooling system to avoid
the cathode overheating by the incident laser power in high
current operation [22].
The gun side of the cable end is a modified, spring-

loaded, R30 type plug. This modification was made by
machining a pair of spiral grooves in the plug to accom-
modate the flow of Fluorinert (FC72) to the tip of the plug
for heat exchange and then back. The spring loading
provides good contact between the plug and ceramic
feedthrough to maintain FC72 flow in the cooling channel.
A flow rate of greater than 0.5 gallons per minute is used,
which does not result in cavitation. A chiller is used to
maintain the FC72 fluid at room temperature. This spe-
cialized cable, inserted into the R30 ceramic feedthrough,
was successfully tested at the Dielectric Sciences facility
at up to 415 kV in SF6. The schematic drawing of the
modified plug integrated into the HV feedthrough design is
shown in Fig. 6.

FC72, due to its low viscosity, is known to be a fluid that
is difficult to seal. MIT-Bates developed a cooling channel
mechanism to cool the cathode. However, they faced a
major problem of FC72 leaking into the vacuum system
[42,43]. To ensure that there were no leaks into our vacuum
system, we used continuous flow paths without decoupl-
able mechanical joints in the FC72 flow path. Our residual
gas analyzer (RGA) did not pick up any characterizing
signal of FC72, showing that we had no leak into the
system.
After assembling the cable plug into the ceramic and

filling up the FC72 in the cooling loop, we occasionally
observed air bubbles coming out from the plug due to gas
trapped in the nonuniformity of the grease coating. This
process will be mitigated by itself by redistributing the
grease in about 12 h of continuous circulation until there
are no bubbles in the tube. Cameras are set up to monitor
the flow paths for bubbles. We also found that a continuous
FC72 flow can dissolve the silicon grease and can leave
grease residue in the return tube. The grease residue will
change the cooling flow rate and result in degrading the
cooling capability, therefore recoating grease on the plug
and cleaning the cooling loop have to be carried out every
3 months.
This setup has successfully operated the continuous

FC72 flow more than a year without any leaks. We did
not observe any failure in more than 500 h of operation at
high voltage (≥ 300 kV). A preliminary heat transfer test
was carried out using this setup. The cathode temperature

FIG. 6. The left figure is the cross view of the modified plug
with the HV feedthrough and electrodes. The FC72 flow path is
shown in red arrow. The right figure is the picture of the modified
plug in a transparent acrylic container to test the grease
uniformity.
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was seen to rise up to 60 °C when 10 W of power was
applied on the surface of the cathode without any cooling.
Once the FC72 flow was implemented through the cooling
channel, the cathode temperature dropped to 15 °C. In
principle, it also can be used for high current unpolarized
electron source—the multialkali cathodes such as K2CsSb
can survive at this temperature when 100 mA of average
current is being generated, with laser power less than 10 W
if the QE is above 2.3% [44].

V. GUN TEST BEAM LINE

We developed a gun test beam line, for this gun, as
shown in Fig. 7. Five solenoids maintain the beam envelope
until the beam is delivered to the beam dump. A 16°
bending dipole is placed after the second solenoid. The
dipole magnet prevents the charged particles from down-
stream from tracing back to the gun and also can be used for
measuring the beam energy. The circularly polarized laser
is delivered to the cathode, normal to the cathode surface,
through the dipole chamber. The normal incidence of laser
to the cathode surface is necessary to get high polarization.
One fast current transformer and one integrated current

transformer (ICT) are used to measure the bunch length and
bunch charge. Four yttrium aluminum garnet (YAG) beam
profile viewers are installed in the beam line to measure the
beam transverse profile from the gun to the beam dump.
The first YAG crystal has a 9 mm diameter aperture in the
center, therefore the incident laser can pass through the
viewer without scattering. It also can be used to measure
beam halo. Two four-button beam position monitors are
used to monitor beam positions before and after the dipole
during the operation. The aperture of the beam pipe is
10 cm in diameter which is 10 times the maximum root
mean square (rms) beam size for 5 A peak current. The
space charge beam tracking simulation shows that beam
halo in our case can be well accommodated until it reaches
the beam dump [22]. The planned differential pumping

stages are not installed at this moment due to the change in
the project scope.

VI. GUN AND BEAM LINE VACUUM

For the polarized electron source and beam line, a
10−12 Torr scale vacuum is required. In our system, the
pumps in the gun area combine a sputtering ion pump
and 8000 L/s nonevaporation getters (NEGs) with ZAO
material [45]. We performed a Monte-Carlo simulation
using MolFlow+ to estimate the pressure on the cathode
surface and optimize the gun vacuum design [46].
Figure 8 shows the pressure distribution in the chamber
from MolFlow+ simulation, assuming beam induced outgas-
sing at the beam dump. The beam line dynamic vacuum is
typically worse than the pressure in the gun. To prevent the
backstreaming molecules from reaching the cathode
through the anode aperture, we designed a gap between
the anode and vacuum chamber to provide extra vacuum
conductivity. This will help in intercepting the gas coming
from downstream before it reaches the cathode.
The choice of gun material and postprocessing are

crucial for achieving ultrahigh vacuum and high voltage.
We chose the vacuum remelt cross forged 316LN as our
HVelectrode material because it can achieve good smooth-
ness due to its fine crystal. It was hydroformed, welded, and
fired up to 930 °C for 4 h to demagnetize and degas the
diffused hydrogen in the material. The gun chamber and
all the gun flanges were also vacuum fired up to 930 °C for
4 h to reduce the diffused hydrogen. Then the knife edges
were machined. The thickness of the various stainless steel
components, as applicable, was reduced to 5 mm to mini-
mize the gas load after vacuum firing. The anode is made
out of titanium due to its low atomic number. This will

FIG. 7. The HVDC gun test beam line. All the diagnostics are
labeled.

FIG. 8. The dynamic vacuum distribution in the gun chamber.
In the simulation, we assume the stainless steel outgassing rate is
5 × 10−13 mbar L=s=cm2. The beam dump pressure was assumed
to be 1 × 10−8 mbar for this simulation.
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minimize the generation of x rays when the field emission
electron beamstops on the anode during gun conditioning.
We also use a larger anode size, 32 cm in diameter,
compared to other existing guns. The field emission from
the highest gradient position, as shown in Fig. 3, will stop
on the titanium anode, other than the stainless steel
chamber to further reduce x rays. The anode is mounted
on three electrically insulated actuators which provides
flexibility to fine-tune the anode position (in both longi-
tudinal and transverse directions) and to be able to bias or
use as a current pickup. The longitudinal movement can be
used to optimize the voltage and optics in operation, while
the transverse movements can be used for further extending
cathode lifetime as proposed in Ref. [26]. In this paper, we
describe the experiments with the anode positioned at the
center of the cathode, with gap distance as shown in Table I.
The entire gun assembly was oven baked up to 350 °C for
6 days for final outgassing.
After activating all NEG pumps, the baseline vacuum

was 7 × 10−12 measured by the bent belt beam gauge
(3BG) [47]. During the beam test, we turned off the 3BG
because its hot filament will generate photons, which will
in turn generate unwanted electron beam. The RGA
measurements performed at the end of the bake showed
partial pressure for all gas species to be lower than 10−1

(RGA noise level) Torr, except for hydrogen which had a
partial pressure of 4 × 10−12 Torr. The dynamic vacuum of
the gun, beam line, and beam dump will be discussed in
detail in the next section.

VII. HIGH INTENSITY BEAM GENERATION

Due to the unavailability of superlattice GaAs in the
market, we used bulk GaAs cathodes for our beam tests. A
bulk GaAs wafer was installed in a molybdenum puck with
a tungsten cap covering the edge of the wafer. The GaAs
wafers were activated in a preparation chamber that is
connected to the gun through the cathode storage chamber.
The GaAs cathodes were activated following the procedure
[48]. The cathodes were atomically cleaned by heat treat-
ment up to 580°C with a temperature ramping rate of
3°C/min. After the cathode has reached room temperature,
successive deposition of Cs and O2 can generate a typical
QE of about 5% at 785 nm. The activated cathodes were
transferred to the storage chamber for storage and then
eventually transferred to the gun for beam extraction. All
the beam tests were carried out with gun voltage at 300 kV.
Two pairs of Helmholtz coils were used to compensate for
the earth’s magnetic field.
The laser system is a master-oscillator-power-amplifier

system consisting of a commercial oscillator and an Nd-
YAG, solid state rod, regenerative amplifier. The commer-
cial oscillator operates at a constant 20 MHz, producing
1–5 ns long flattop laser pulses that get injected into the
amplifier. The single stage amplifier typically runs at
10 kHz and additionally serves as pulse picker for the

oscillator. The amplifier output is frequency doubled and
used as pump light for an optical parametric amplifier
(OPA) to amplify the output of a 785 nm laser diode to up
to 130 μJ per pulse. The frequency bandwidth was mea-
sured to be 1.3 nm. This stream of typically 1.64 ns FWHM
pulse length, longitudinally flattop laser pulses, after
attenuation, illuminates a round aperture which is imaged
through a short 5 m laser transport onto the photocathode
surface in the electron gun. The transverse profile is a
truncated Gaussian distribution. The laser repetition rate
can be varied from 1 Hz up to 10 kHz.
We measured the bunch charge as a function of laser

pulse energy to identify the space charge limit for this gun.
The cathode QE was 2.7% during this measurement. The
laser spot size on the cathode is 6 mm in diameter with a
Gaussian sigma of 1.2 mm. The results are shown in Fig. 9.
We fitted the data with 2D space charge limit model, as
according to Eq. (1), which shows the space charge limit
occurring at 12 nC at this beam size [49]. Note that we
defined the space charge limit to be the point at which the
peak of the current density Gaussian distribution starts to
saturate, not as the maximum extractable bunch charge. For
example, even though our gun could deliver beyond 16 nC
with a 6-mm laser spot size diameter, the space charge limit
is at 12 nC according to the above mentioned definition
that we adopted. Our cathode size is 26 mm in diameter.
Therefore, a much higher space charge limit could be
achieved if we use a larger laser spot size. The EIC nominal
charge 7 nC is well below the space charge limit for a 6 mm
spot size.
For cathode lifetime tests, we generated 7.5 nC bunches

from an area 6 mm in diameter. The beam was transported
about 4.5 meters downstream to the beam dump without
any measurable loss and the bunch charge was measured
using the ICT at the end of the beam line. For 7.5 nC bunch
charge, the beam size was 2 mm rms in diameter right
before its entry into the beam dump. This measurement,

FIG. 9. Space charge limit for the EIC polarized gun with a
6 mm diameter laser spot. Blue dots are measurement and the red
curve is the fitted curve.
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along with radiation and vacuum levels on the beam line,
indicates no beam loss in the beam transport. We performed
gun beam tests for more than 100 h at various operational
modes. The HVPS did not trip during this operation,
showing the gun operation is very stable.
Lifetime tests were performed for various average

currents—1.5, 15, 37.5, and 67.5 μA—all orders of
magnitude higher than the EIC requirement. The vacuum
levels on the beam line and the beam dump were
measured using hot filament ULVAC AxTRAN gauges.
A slow feedback system for the laser pulse energy was
employed, so that the bunch charge could be kept
constant while adjusting laser pulse energy. The adjust-
ment of the laser pulse energy occurred every 15 s if the
bunch charge changed by 5%. For the 1.5 and 15 μA
cases, no observable QE decay was seen after 15 h of
continuous operation. For the 37.5 μA operation, 10%
QE decay in 9 h was observed when the anode was not
biased. For this operation mode, the beamstop vacuum
rose up to 7 × 10−10 Torr, whereas the beam line vacuum
rose to 1.5 × 10−11 Torr. During all operations as stated
so far, the cold cathode gauge in the gun vessel was
below its measurement threshold. However, the cold
cathode gauge can only be trustworthy down to
5 × 10−11 Torr. The gun vacuum pressure may increase
to high 10−12 Torr to low 10−11 Torr scale, without the
cold cathode gauge registering any reading.
Ion back bombardment was observed and determined

as the main QE decay when operating at or above
10 s μA level of average currents in various facilities
[50,51]. In our particular case, we have to identify
whether the QE drop was due to dynamic residual gas
or ion back bombardment. Therefore, we repeated the
exact same experiment with the same average current,
this time biasing the anode to þ3 kV. Any ions generated
from the beam line should be blocked by the biased
anode. For the biased anode case, no observable QE
decay was found over 8 h of operations. Therefore, the
ions generated in the beam line dominated the QE decay
when the anode was not biased. Figure 10 shows the
cathode QE during operation at 37.5 μA average current,
comparing the biased and unbiased anode opera-
tion modes.
The beam line is not suitable for operating high average

current polarized beam without differential pumping sta-
tions, with conduction limitations, between the beam dump
and the gun to intercept the back streamed gas. 67.5 μA
average current operation showed clear QE decay during
operation even with the anode biased. During this test, the
gun vacuum would rise to 1–2 × 10−11 Torr as measured
from the cold cathode gauge. The beam dump and beam
line vacuum read 2 × 10−9 and 4 × 10−11 Torr, respec-
tively. This rise in vacuum is a direct result of the rise in
beamstop and beam line vacuum. An increase in the gun
vacuum will increase chemical poisoning and ion back

bombardment in the dc gap. This phenomenon was clearly
seen during the first beam test at 67.5 μA as 10 h of
operation showed about 20% QE decay. At this point, the
maximum average current and charge lifetime in this
particular gun is limited by the beam dump outgassing.
A short test beam line is usually not suitable to test a high
current beam. In the collider, the beam dump will be
kilometers away and the effects on the cathode will be
negligible.
We compared the QE map before and after 67.5 μA

average current operation for 39 h, as shown in Fig. 11
pie chart as 9 kHz operation. Figure 11 (left) shows
different operation modes for a sample cathode using
785 nm laser. For this cathode, the majority of the
operation was at 67.5 μA average current. The bunch
charge was 7.5 nC for each mode, except for the QE
scan. A 0.5 mm spot size was used during QE scan and
extracted bunch charge was about 80 pC. The QE scans
before and after the tests, as depicted by the pie chart,
were shown in Fig. 11. Comparing the before and after
scans, it seems that for this particular run, we did not
observe the typical ion back bombardment caused sharp
QE drop at the center of the cathode. From previous
experiments at various facilities and simulations, a
signature of ion back bombardment dominated QE decay
is generally seen in major QE loss at the electrostatic
center of the cathode. In our case, the decay is rather
uniform over the entire activation area rather than small
deep trenches in certain spots. This result indicates that
chemical poisoning induced by back streamed gas could
have played a key role in degrading the cathode.
We simulated the dynamic vacuum in the beam line

using MolFlow+. Assuming 1 × 10−9 Torr vacuum in the
beamstop, and with the existing pumping on the beam line
as outlined in the previous sections, we found that the rise

FIG. 10. Comparison of QE decay between unbiased anode and
biased anode operation. The peak and average current in both
cases were the same—3.5 A and 37.5 μA, respectively. The τ is
the decay time using exponential fitting. The negative τmeans the
QE had slightly increased in 8 h.
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in the gun vacuum to 10−11 Torr scale is reasonable. The
results are shown in Fig. 12.
The EIC polarized electron source requirements and the

beam parameters of gun achieved in stable operation are
listed in Table II.
The EIC gun parameters require 0.0338 C charge to be

delivered in a week. During the 37.5 μA continuous
operation of 7.5 h, with no observable QE decay, we
delivered approximately 30 times of EIC’s weekly charge
requirement. Therefore, it is accurate to say that this gun
has exceeded the EIC requirements by a substantial margin.

Figure 13 shows a comparison between various polarized
guns around the world. Other operational guns, past and
present, would either have a high bunch charge (1 nC) or
high average current (> tens μA) but not both. For exam-
ple, CEBAF operation and R&D gun could operate in a
range from 100 μA to several mA level average current but
with pC level bunch charge [52]. On the other hand, SLAC
and MIT guns had higher bunch charge but with relatively
low average current [4]. This EIC gun is unique because it
can operate in a regime where higher average currents
(67.5 μA demonstrated so far) can be delivered with bunch
charges in 10 nC level.

FIG. 12. MolFlow+ simulation of the beam line, assuming a 1 ×
10−9 Torr vacuum in the beamstop.

TABLE II. EIC polarized electron source requirement and the
R&D gun achieved value.

EIC requirement
Achieved in

stable operations

Gap voltage 280 kV 300 kV
Peak current 4.5 A 4.8 A
Frequency 1 Hz with eight bunches 9000 Hz
Average current 56 nA 67.5 μA
Bunch charge 7 nC 7.5 nC

FIG. 13. Comparison of various gun from different facilities
around the world. The sloped line shows the average current
contour level as labeled. The ball diameter is representative of the
peak current of the gun. The red dashed line at EIC R&D shows
the maximum achieved peak current of 8 A.

FIG. 11. Left: fractional amount of time spent on a sample cathode for different operation modes. The percents in the bracket indicate
the percentage of overall operation time from this cathode. Middle: QE scan of the cathode before any beam was extracted. Right: QE
scan after the cathode was used as per the left pie chart. The colorbar represents QE in percent (%). Note the scale change on the colorbar
for “After beam” scan compared to “Before beam” scan.
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VIII. CONCLUSION

We have designed and commissioned a HVDC polarized
electron gun to meet the EIC polarized electron beam
requirement. This gun employs various novel concepts,
including a cathode cooling system which could be
implemented in future high current electron sources. The
gun was conditioned up to 350 kV without any field
emission and consistently operated at 300 kV. High bunch
charge, up to 16 nC, the beam was generated from bulk
GaAs photocathodes using a 785 nm circularly polarized
laser. Gun performance, including operational lifetime,
exceeds all EIC requirements. Lifetime experiments with
up to 37.5 μA level average currents, with a biased anode,
show no observable QE decay over 15 h. At this point, the
lifetime for 67.5 μA average current from this gun is
limited by beam dump outgassing.
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