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Abstract 
The Continuous Electron Beam Accelerator Facility 

(CEBAF) injector at Jefferson Lab (JLab) utilizes an in-
verted-geometry ceramic insulator photogun operating at 
130 kV direct current to generate spin-polarized electron 
beams for high-energy nuclear physics experiments. A sec-
ond photogun delivers 180 keV beam for commissioning a 
SRF booster in a testbed accelerator, and a larger version 
delivers 300 keV magnetized beam in a test stand beam 
line. This contribution reports on the development of an 
unprecedented inverted-insulator with cable connector for 
reliably applying 500 kV dc to a future polarized beam 
photogun, to be designed for operating at 350 kV without 
field emission. Such a photogun design could then be used 
for generating a polarized electron beam to drive a spin-
polarized positron source as a demonstrator for high energy 
nuclear physics at JLab. There are no commercial cable 
connectors that fit the large inverted insulators required for 
that voltage range. Our proposed concept is based on a 
modified epoxy receptacle with intervening SF6 layer and 
a test electrode in a vacuum vessel. 

INTRODUCTION 
In 2010 JLab embarked on a R&D program to test and 

implement conical ceramic insulators (known as inverted 
geometry) in high voltage direct current (dc) photoemis-
sion electron guns (photoguns thereafter) [1], as an alter-
native to large cylindrical ceramic insulators for electri-
cally isolating the cathode electrode [2-4]. With an in-
verted-insulator design, the cathode electrode in vacuum 
electrically connects to the high voltage power supply us-
ing a commercial high voltage cable, while the insulator 
serves as the electrode support structure. Compared to 
large bore cylindrical insulator photoguns, the inverted in-
sulator design has less metal biased at high voltage contrib-
uting to field emission, smaller vacuum chamber resulting 
in better achievable vacuum, and no exposed high voltage 
components; thus, a sulphur hexafluoride (SF6) tank is not 
required to suppress corona discharge. 

The first inverted ceramic insulators photoguns built at 
JLab employed ceramic insulators that were compatible 
with commercial high voltage cables [1, 5, 6]. In these de-
signs, the rubber cable termination conforms to the conical 
insulator shape. By applying a thin layer of silicone grease 
to the cable termination, and sufficient compression, a snug 
fit without trapped air bubbles is ensured for robust opera-
tion without electrical breakdown. 

These activities resulted in the construction of a 130 kV 
dc high voltage photogun at CEBAF [1], a 200 kV proto-
type photogun for the ILC [7], presently providing 180 keV 
polarized beams at a testbed accelerator, and a 300 kV pho-
togun designed for generating magnetized beams in a 
testbed beam line [8, 9]. A new polarized-positron source 
initiative at JLab [10] would benefit from a photogun ca-
pable of reaching 500 kV. Other project might also benefit 
from such a photogun, such as the EIC and ILC [11, 12]. 

The purpose of this work is aimed at evaluating the per-
formance of a very large doped inverted ceramic insulator 
that was developed for a proposed 500 kV dc photogun but 
never used [13].  There are no commercial high voltage ca-
bles compatible with this insulator design.  This contribu-
tion describes the novel method by which high voltage is 
applied to the cathode electrode using a homemade high 
voltage cable interface. Figure 1 shows a picture of the in-
sulators and electrodes used in these photoguns, compared 
to the proposed 500 kV insulator [14].  

 
Figure 1: Inverted geometry insulators and electrodes uti-
lized in JLab photoguns. From left to right: 200 kV R28, 
300 kV R30, and the 500 kV assembly currently under test-
ing. 

A photogun capable of meeting the stringent require-
ments of such applications, must be designed to produce 
polarized electron beams without field emission at the op-
erating voltage. Additionally, dynamic vacuum conditions 
must be ~1 × 10!"# Torr to provide photocathode lifetime 
comparable to that in the CEBAF photogun [15], but with 
nearly 3 orders of magnitude higher CW beam current. 
These initiatives provide the motivation for this work: to 
develop an inverted insulator compatible with a commer-
cial cable for applying 500 kV dc to a future polarized 
beam photogun providing sufficient margin for high volt-
age conditioning. The resulting photogun must operate re-
liably and field-emission-free at 350 kV dc. Such an insu-
lator/cable termination design does not exist.  

 ____________________________________________  
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THE 500 kV INSULATOR CONCEPT 
In 2010, JLab together with SCT [16] developed a doped 

alumina inverted insulator approximately twice as long as 
the so-called R30 insulator for a proposed 500 kV dc pho-
togun [13]. It was imagined that a longer insulator would 
support operation at higher bias voltage, even though no 
commercial high voltage cable available for this insulator. 
Thus, an alternative method was devised for the interface 
between the high voltage power supply and the cathode 
electrode [14]. Our proposed solution is based on an epoxy 
receptacle that accepts a 350 kV cable, but tapered to fit 
inside the 500 kV insulator. The modified receptacle leaves 
a ~ 0.01 m gap to the insulator wall. This gap is filled with 
SF6 pressurized to 0.69 Bar above atmospheric pressure 
(1.69 Bar absolute, 10 pounds per square inch gauge, PSIG 
thereafter). 

The motivation for using SF6 instead of silicon grease as 
an intervening layer is twofold. First, the epoxy receptcle 
is smaller in diameter than the ground side (open to air) of 
the insulator, thus the gap is too large to be filled with sili-
con grease as the large volume may trap air pockets. Sec-
ond, the receptacle is rigid in contrast to the rubber cable 
termination which conforms tightly to the ceramic conical 
shape (Fig. 2). 

 
Figure 2: Left: Cross section of the model used for electro-
static simulations in CST EM Studio. Right: SolidWorks 
exploded view of the cable plug (purple), tapered recepta-
cle (green) and insulator (yellow) assembly. 

The size of the spherical electrode was chosen to fit 
through the opening of the test chamber, and as large as 
possible to reduce the gradient. The triple point junction 
shielding profile and size was optimized using the electro-
static solver CST EM studio with the goal to keep the max-
imum electric field ~10 MV/m at 500 kV. Design and op-
eration of various dc photoguns has shown that if the elec-
tric field is kept at that value for the maximum operating 
voltage, field emission processing is more manageable. 
From the electrostatic field map shown in Fig. 3, it is clear 
that the test chamber walls are too close to the electrode, 
precluding the choice of larger electrodes. However, the 
purpose of this work is to test the insulator/cable plug con-
cept to 500 kV. Once this is demonstrated, a future pho-
togun would be designed with larger vacuum chamber to 
reduce the cathode electrode electric field at the opera-
tional voltage. 

 
Figure 3: CST EM electrostatic simulation of the testing 
apparatus at 500 kV. Left: Electric field map. Right: Equi-
potential lines. 

EXPERIMENTAL METHODS 
Components Preparation and Assembly 

The testing apparatus consists of two separate volumes: 
the main test chamber (237 L) and the SF6 reservoir on top 
of the insulator that provides the intervening volume be-
tween the insulator and the epoxy receptacle (2 L). The ce-
ramic insulator was first welded to an 8 inch ConFlat© 
flange and leak tested.  

The spherical electrode and triple point junction shield 
were polished in a barrel tumbler first using plastic cones 
in a diluted soap solution, followed by tumbling in dry 
crushed corncob [17]. Once polished, the electrodes were 
cleaned using lint-free wipes soaked in diluted de-greaser, 
followed by rinsing with deionized water and finally 
cleaned with iso-propanol. The ceramic insulator and 
flange were also cleaned with iso-propanol. Then the 
spherical electrode and triple-point junction shield were at-
tached to the ceramic insulator as shown in Fig. 4.  

 
Figure 4: Picture of the tapered epoxy receptacle (left) next 
to the 500 kV doped alumina insulator with triple point 
junction shield and spherical electrode (0.2 m diameter). 

The electrode-insulator assembly was then installed into 
the test chamber using an overhead crane due to its share 
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weight (~30 kg). Since both the receptacle and the insulator 
are rigid components, the SF6 reservoir that mechanically 
connects the insulator with the receptacle was designed to 
leave about 0.02 m gap between the bottom of the insulator 
and the tip of the receptacle to ensure proper sealing. Thus, 
the electrical connection between these two components is 
accomplished using a spring for good electrical contact 
(Fig. 5).  

Figure 5: Postdoctoral fellow Gabriel Palacios-Serrano in-
stalling the modified epoxy receptacle to the SF6 reservoir 
assembly on top of the testing chamber. Inset: Close-up 
view of the spring attached to the end of the epoxy recep-
tacle. 

The assembled apparatus was then transported to the 
Gun Test Stand where both the main vessel and the reser-
voir were evacuated and back filled with SF6 to 10 PSIG. 

Initial High Voltage Checkout 
The power supply is a Cockcroft-Walton generator in-

side a vessel filled with SF6 gas to 10 PSIG. A 300 Mega-
Ohm resistor was connected to the high voltage end of the 
power supply. The resistor is coaxial to a cylindrical ap-
pendage of the power supply vessel. The opposite end of 
this resistor connects to an unmodified 350 kV rated epoxy 
receptacle (350 kV GEN receptacle extended length, wide 
band Essex X-Ray & Medical Equipment, LTD. [5]) and is 
mounted on a flange to the appendage thus sealing the SF6 
environment. The high voltage 350 kV rated termination 
on Essex cable C2236 connects to the epoxy receptacle on 
one end, and to the modified receptacle in the high voltage 
testing apparatus on the other. The power supply features a 
voltage shutdown on pre-set over current limit.  

The power supply was set to shut off the voltage on over-
current at 0.2 mA. Voltage was applied incrementally at a 
rate of 5 kV/min in steps of 25 kV up to 150 kV, then at a 
rate of 1 kV/min in steps of 5 kV. Two over-current trips 
were observed at ~ 190 kV. After the third over-current 
power supply trip, the power supply would shut off on 
over-current faults at voltages as low as 15 kV. Suspecting 
cable damage, the cable terminations were removed at both 
ends, as well as the receptacle. No damage was found in 
any of these components. To isolate the insulator from the 

receptacle, the spring making the electrical connection was 
removed. Voltage was applied without issues up to 50 kV. 

Upon closer inspection, the insulator showed an electri-
cal breakdown track on the side facing the epoxy recepta-
cle. Sanding off the track markings resulted in slightly 
higher voltage before the power supply tripped off again 
on over-current at 22 kV. The unexpectedly low voltage at 
which electrical breakdown occurs on the insulator might 
be caused by too low SF6 pressure in the intervening layer. 
This aspect is one of the core research points of the re-
search project. The plan is to inspect the insulator on the 
test chamber side and if found without traces of arcing, re-
peat the experiment but at higher SF6 pressure in the inter-
vening layer. A pressure-vessel analysis is underway before 
attempting higher pressures of SF6 within the intervening 
layer. 

CONCLUSION 
JLab develops and implements inverted geometry ce-

ramic insulators for 100-300 kV dc high voltage pho-
toguns. These photoguns have delivered spin-polarized 
beams for CEBAF over a decade, and un-polarized 
mA-level beam in test injectors. Initiatives for production 
of spin-polarized positrons require mA-level polarized 
electron beam drivers. A photogun capable of operating at 
higher bias voltage for providing such beams does not cur-
rently exist. JLab is developing a custom inverted insulator 
connected to a commercial high voltage cable by means of 
a modified epoxy receptacle and intervening SF6 gas layer, 
with the intent to bias a future photogun to 500 kV for 
achieving 350 kV operations without field emission. Pre-
liminary tests show electric breakdown on the insulator 
surface at 190 kV. This is surprisingly low breakdown volt-
age. Future tests will focus on increasing the SF6 gas inter-
vening layer pressure and on designing a custom insulator 
that conforms to the shape and size of commercial high 
voltage cable plugs, thus eliminating the SF6 gas interven-
ing layer. 
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