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  Abstract- A direct current (dc) high voltage photo-emission 

electron gun operating at 130 kV is utilized at the Jefferson Lab 

(JLab) Continuous Electron Beam Accelerator Facility to generate 

spin-polarized electrons for nuclear physics experiments. Over the 

past decade, JLab has tested and implemented inverted-geometry 

ceramic insulators in photoguns, connecting the cathode electrode 

in vacuum to the high voltage power supply using commercial high 

voltage cables. The results of those tests showed that breakdown 

voltage was increased using triple-point shielding electrodes and 

bulk-doped insulators that allow charge drainage. This 

contribution describes ongoing work to develop a robust insulator-

cable connector for reliably applying 500 kV dc to a future 

polarized beam photogun operating at 350 kV without field 

emission.  

 

I.    INTRODUCTION 

 

   Direct current (dc) high voltage photoemission electron guns 

(photoguns thereafter) biased at negative ~100 kV are utilized 

to generate spin-polarized electron beams for nuclear physics 

experiments, such as those conducted at Department of Energy 

Continuous Electron Beam Accelerator Facility (CEBAF) in 

Jefferson Lab (JLab) [1]. The electron beam is generated when 

circularly polarized laser light with near-bandgap-energy 

illuminates a negative electron affinity GaAs-based 

photocathode [2]. The photocathode lifetime – defined by the 

quantum efficiency as a function of extracted charge– depends 

on the vacuum conditions in the photogun high voltage 

chamber. It is therefore essential that photoguns exhibit no field 

emission [3-5]. Typically, the electrode needs to be high voltage 

conditioned in the range of 10 kV to 100 kV above the photogun 

target operating voltage to process out field emission [6].   

In contrast to photoguns relying on large cylindrical ceramic 

insulators to electrically isolate the cathode electrode [7-9], in 

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

conical ceramic insulators, connecting the cathode electrode in 

vacuum to the high voltage power supply using a commercial 

high voltage cable. In this “inverted-insulator” design the 

insulator serves as the electrode support structure resulting in 

the following advantages:  
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• less metal biased at high voltage contributing to field 

emission [10] 

• smaller vacuum chamber resulting in better achievable 

vacuum, and 

• no exposed high voltage components; and thus, a 

sulfur hexafluoride (SF6) tank is not required to 

suppress corona discharge.  

   The ongoing JLab program has produced and operated several 

inverted insulator photoguns: a 130 kV photogun [11] that has 

delivered polarized electron beams for the nuclear physics 

program at CEBAF reliably for over a decade, a 200 kV 

photogun delivering polarized beams at a testbed accelerator 

[12], and a 300 kV photogun that generated magnetized beams 

in a testbed beam line [13].  

   At even higher operating voltages, photoguns producing 

polarized beams under the stringent aforementioned 

requirements are needed for proposed electron beam-driven 

production of polarized positrons [14], the Electron Ion Collider 

and the proposed International Linear Collider [15]. These 

initiatives provide the motivation for this work - to develop an 

inverted insulator compatible with a commercial cable for 

applying 500 kV dc to a future polarized beam photogun. This 

photogun should operate reliably and field-emission-free at 350 

kV dc. Such an insulator does not exist.  

 

II.  EXPERIMENTAL BACKGROUND     

 

   The ceramic inverted insulators utilized in the 130 kV 

CEBAF and in the 200 kV testbed photoguns were readily 

available commercial products from the X-ray industry. The air 

side profile of such insulators matches the taper and size of high 

voltage cable terminations with the commercial designation 

“R28”. The cable termination is inserted into the conical-shape 

ceramic insulator with an intervening layer of silicone grease 

that, in combination with maintaining it spring-loaded under 

compression, prevents air pockets. The R28 insulators are 

0.13 m long with a 0.05 m diameter open end. Based on the 

success of these photoguns, a series of tests were conducted at 

JLab in 2016 to develop a 300 kV class insulator-electrode 



assembly compatible with commercial high voltage cable 

terminations [16]. Epoxy-based receptacles were readily 

available for 250 kV rated high voltage cable terminations with 

commercial designation “R30”, but these are not acceptable for 

use in photoguns due to their outgassing nature in vacuum. 

Thus, JLab collaborated with SCT [17] in France to develop 

R30-compatible ceramic insulators (0.20 m long, 0.06 m open 

end diameter). Two types of insulators were fabricated: a batch 

made from pure alumina, and a second batch made from 

alumina doped with a proprietary formulation to provide 

conductivity for draining accumulated charge [18].  

   The tests described in Ref. [16] were conducted using a 

vacuum chamber, and a spherical cathode electrode. This 

electrode was polished by hand starting with 180 grit silicon 

carbide paper, progressively transitioning to finer grit paper 

until all scratches were removed and finishing with 600 grit 

paper. The electrode was then cleaned with a diluted degreaser 

in an ultrasonic tub and afterwards mounted to the narrow (high 

voltage) end of the particular insulator being tested. Test results 

in [16] showed that the smaller R28 doped insulator reached 

365 kV despite being 0.07 m shorter than the R30 insulator; 

while the pure alumina R30 insulator suffered breakdown at ~ 

300 kV. Implementing a triple point shield cathode electrode, 

this type of insulator reached 375 kV without breakdown.  

Higher voltages were not attempted to avoid damaging the 

insulators.  

 

III.  THE 500 KV INSULATOR CONCEPT 

 

   The results of the study described in section II were 

implemented to develop the first 300 kV inverted insulator 

photogun [13], and inspired the design of a second 300 kV 

inverted insulator photogun at Brookhaven National Lab [19]. 

Although those are the state of the art, even higher operating 

voltage inverted insulator photoguns with stringent vacuum 

conditions are required to generate high bunch charge, spin-

polarized positron [14] and electron beams [15] from GaAs 

photocathodes. Thus, the efforts in this work focus on the 

design, implementation and high voltage testing of a custom 

cable termination connected to doped alumina inverted 

insulators that will reach 500 kV.    

   The insulators currently available for testing are about twice 

as long as the R30 insulators. These insulators were developed 

by SCT in collaboration with JLab over a decade ago for a 

proposed 500 kV dc photogun [21], but their taper and aperture 

do not fit the 350 kV rated commercial cable terminations. Fig. 

1 shows a collection of high voltage components utilized at 

JLab for the various photoguns. 

    

 
Fig. 1. Doped alumina conical insulators, cable terminations and epoxy 

receptacles utilized at JLab for various photoguns. Left: Insulator and R28 cable 
termination for the 100 and 200 kV photoguns. Center: Insulator and R30 cable 

termination utilized in the 300 kV photogun. Right: The 350 kV rated cable 

termination is utilized to connect the photoguns to their corresponding power 

supply via the shown epoxy receptacle. The large insulator was custom made 

for a different R&D program and thus is not compatible with commercial high 
voltage terminations.  
 

   The custom-sized doped alumina insulator for which no 

connector exists is shown to the right of the picture. The R28 

and R30 epoxy receptacles are utilized for connecting the 

photogun to a 100 Mega-Ohm resistor in series with the high 

voltage power supply during the high voltage conditioning 

phase. The resistor resides inside a cylindrical tank with epoxy 

receptacles at both ends, and filled with SF6  to 10 psig (pounds 

per square inch gauge). The pressure set point was chosen to 

maintain the design below the 14 psig pressure vessel threshold. 

The longest epoxy receptacle shown to the right in Fig. 1 is 

rated to 350 kV and is utilized to connect the other end of the 

resistor tank to the high voltage power supply, or directly to the 

photogun for normal operations. 

 

A.    Modified 350 kV rated epoxy receptacle with SF6 

intervening layer 

 

   A combined high voltage connector assembly will be 

comprised of a 350 kV rated cable plugged into an epoxy 

receptacle (both shown to the right in Fig. 1) and an intervening 

SF6 layer between the receptacle and the conical insulator. The 

receptacle will be machined to match the taper of the 500 kV 

inverted insulator, and sized to leave a volume where SF6 is 

contained and pressurized, connected to a SF6 reservoir sealed 

at the top of the insulator/receptacle assembly. The assembly 

model is depicted in Fig. 2.  
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Fig. 2. SolidWorks model showing a cross section of the high voltage testing 

apparatus. Blue: Vulcanized rubber high voltage cable termination. Gold: 
Modified commercial epoxy receptacle. Pink: 500 kV doped alumina inverted 

insulator. The spherical electrode is 0.2 m diameter.  

    

   The motivation for using SF6 instead of silicon grease is 

twofold. First, the epoxy receptacle is smaller in diameter than 

the ground side (open to air) of the insulator, thus the gap is too 

large to be filled with silicon grease as the large volume may 

trap air pockets. Second, the receptacle is rigid in contrast to the 

rubber cable termination which conforms tightly to the ceramic 

conical shape.  

   Fig. 3 shows a CST EM [22] electrostatic model cross section 

of the apparatus simulated for applying 500 kV to the ball 

cathode. 

 

 
Fig. 3. CST EM studio simulation at 500 kV of the testing apparatus with high 

voltage cable inserted into modified epoxy receptacle, and intervening SF6 

layer. Left: Electric field contour. Right: Equipotential lines. The spherical 
electrode is 0.2 m diameter. 

 

   The 3D model was developed in SolidWorks
®

, and then 

imported into CST EM studio for the electrostatic simulations. 

The spherical cathode is 0.2 m in diameter, and the cylindrical 

vessel is 0.5 m diameter and 1.0 m tall. The shape of the triple 

point shield electrode is still in the preliminary design phase. Its 

final shape will be optimized by minimizing the electric field at 

the triple point and at the cusp of the shield, and on linearizing 

the potential across the length of the insulator (see e.g. [13]). 

 
B.    Custom high voltage cable termination 

 

   A second approach will involve partnering with industry to 

develop a custom rubber termination for a commercial 350 kV 

cable, that conforms to the 500 kV inverted insulator tapered 

profile and size. In this approach, silicon grease would be used 

as the intervening layer between the custom rubber cable 

termination and the insulator to avoid air pockets, as is done 

with the smaller R28 and R30 insulators. Fig. 4 shows a 

preliminary cross section simulation of the custom rubber cable 

termination matching the 500 kV insulator profile. The electric 

field at the ground triple point is lower compared to that in the 

epoxy receptacle with intervening SF6 layer concept (Fig. 3). 

 

 
Fig. 4. CST EM studio simulation at 500 kV of the upper section of the testing 

apparatus with custom high voltage cable termination. Left: Electric field 

contour. Right: Equipotential lines.  

 

C.    Custom 500 kV insulator design compatible with 

commercial cable termination 

 

   The ultimate goal is to design a custom inverted insulator with 

triple point junction shielding cathode electrode capable of 

reaching 500 kV without breakdown, connected to a 

commercial cable termination (shown to the right in Fig. 1). The 

test inverted geometry insulator will be machined from a block 

of ultra-high molecular-weight polyethylene (UHMWPE) [23], 

and will be tested in SF6.  High voltage feedthroughs made with 

this material have demonstrated 300 kV in liquid argon [24]. 

Due to the stringent photogun vacuum requirements, ultimately 

the insulator must be manufactured from alumina. Such an 

endeavor requires close collaboration with industry, as national 

accelerator laboratories and facilities like JLab do not have the 

capability to develop ceramic insulators of the scale needed for 

the 500 kV connector.  

 

IV.  HIGH VOLTAGE TESTING 

    

   A spherical shell stainless steel electrode 0.2 m in diameter 

with triple point shield cathode electrode will be mounted to the 

narrow end (high voltage) of the large inverted insulator. These 

electrodes will be mechanically polished to mirror-surface 

finish as in [25]. The electrode-insulator assembly will protrude 

into the volume of a stainless-steel cylindrical vacuum vessel 

when mounted to the top flange, as depicted in Fig. 2. High 

voltage testing will be conducted with the vessel filled with SF6  
at a pressure of 10 psig to focus on the connector-insulator 

assembly performance without the need of time-consuming 

field emission processing. The power supply is a 500 kV, 5 mA 

L. 



dc Cockcroft-Walton generator inside a vessel filled with SF6 

gas at 10 psig. A 300 Mega-Ohm resistor in series with the high 

voltage power supply will be utilized for the tests. The resistor 

is coaxial to a cylindrical appendage of the power supply vessel. 

The 350 kV rated epoxy receptacle connects to the other end of 

the resistor, and is mounted on a flange to the appendage thus 

sealing the SF6 environment. The high voltage cable connects 

to the epoxy receptacle on one end, and to the high voltage 

testing apparatus on the other. The power supply features a 

voltage shutdown on pre-set over current limit. Tests will be 

conducted monitoring the high voltage power supply current as 

voltage is applied.  

    

V.   CONCLUSIONS  

 

   The success of photoguns with inverted geometry insulators 

at JLab has prompted interest to consider this design for the 

Electron Ion Collider, the proposed International Linear 

Collider and electron beam-driven production of polarized 

positrons [15,19,26,27]. These photoguns must operate in the 

range of 350 to 400 kV without field emission for achieving 

long operational lifetimes when producing spin-polarized 

electrons beams from GaAs-based photocathodes, and must 

operate reliably at even higher voltage when processing field 

emission.  Consequently, there is a need for inverted-geometry 

insulators which exceed what has been previously demonstrated 

[13,16], and operate reliably at 500 kV using commercial high 

voltage cables. Ongoing work at JLab focuses on developing 

such an insulator-cable connector.  
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