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Abstract 
 

This work details the advancement and understanding of fusion neutron generation 

capabilities using a deuterium fueled spherical gridded inertial electrostatic confinement (IEC) 

device operating up to 200 kV at the University of Wisconsin-Madison. The goal of this work was 

to extend the experimental and theoretical understanding of gridded IEC operations to previously 

unachieved 200 kV cathode operation and to investigate long term trends in the neutron production 

rate performance. To support this experimental investigation, hardware with the capability to 

reliably sustain 200 kV operation was developed by constructing a resistively divided 2-stage high 

voltage vacuum feedthrough. This new feedthrough design proved to be robust against destructive 

high voltage failures and was successful in achieving a peak IEC operational voltage at 210 kV 

and 30 mA cathode grid operation at a chamber pressure of 1.0 mTorr D2.   

Repeated measurements of the neutron production rate under fixed experimental conditions 

were performed over the span of 100 operational runs, which showed an upward trend in the 

neutron production rate performance. An investigation into the impact of impurity gas in the 

chamber during operation showed the reduction of impurity gas in the system and an increase in 

neutron production rate are correlated. An estimation of the neutron production rate increase over 

these runs due to embedded fusion reactions in the chamber wall showed a fuel density build up 

near the surface by the implantation of fast neutral deuterium particles leaving the system can 

plausibly account for the upward trend in neutron production rate measurements; however, 

measurements of this implanted deuterium profile are still needed to corroborate this estimate.  
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Parametric studies measured the neutron production rate with variations in the device 

cathode voltage (10-200 kV), cathode current (30-100 mA) and chamber pressure (0.2-1.7 mTorr 

D2), and comparisons with a theoretical model are made. The results of this study showed the 

neutron production rate scales linearly with current as expected with a beam-background fusion 

regime and scales in a complex manner with voltage and pressure. Comparisons made to a 

theoretical model of the neutron production rate using an integral transport code previously 

developed for IEC devices at the University of Wisconsin showed that the predicted scaling with 

voltage agrees; however, a discrepancy in the absolute neutron production rate prediction by the 

model is found to be factor of 7.8 lower than experimental measurements. A new record for steady-

state D-D neutron production rate of 3.8x108 neutrons/s has been achieved in a gridded IEC device 

at a cathode voltage of 200 kV, cathode current of 100 mA, and chamber pressure of 1.0 mTorr 

D2. 
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 Introduction 
 

 Motivation 

Nuclear fusion is a subject of international study not only for developing a fusion energy 

source but also for numerous practical applications of high energy fusion products. In a basic 

description, nuclear fusion is the process of joining lighter nuclei to form a heavier nucleus, 

releasing energy and additional reaction products. While many large-scale experiments work 

toward a goal of fusion energy generation [1]–[3], other research is being conducted on the uses 

of fusion products for near term applications. Some of these applications include neutron 

generators for materials detection using activation analysis [4] and neutron radiography [5], [6]. 

Applications of charged fusion products that have been considered include space propulsion [7], 

[8], and radioisotope production [9]–[11]. 

At the University of Wisconsin-Madison Inertial Electrostatic Confinement Fusion 

Laboratory, devices have been developed with the capability of fusing fuels in a steady state or 

pulsed operation. Here, extensive experimental and theoretical campaigns have been conducted 

over the past two decades to better understand how inertial electrostatic confinement (IEC) fusion 

devices operate [12], and demonstrations of D-D, D-3He, and 3He-3He fusion reactions using these 

IEC devices have been made [13]–[15]. By applying technology developed in the laboratory, 

several techniques using fusion fuels in IEC devices have been demonstrated, including: detection 

of highly enriched uranium [16] and chemical explosives [17] using D-D fusion neutrons, and 

production of medical isotopes 94mTc [9] and 13N [10] using D-3He fusion protons. Recently, a 

design study investigated unmanned aerial vehicles for the detection of nitrogen based explosives 
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by thermal neutron analysis using IEC neutron generators with a D-D neutron yield of 108 

neutrons/s [18]. 

 

 Objective 

This work details the advancement and understanding of fusion neutron generation 

capabilities using deuterium fueled IEC devices at the University of Wisconsin-Madison. The 

focus of this work is the development of an IEC device capable of 200 kV operation and the use 

of this device to study of neutron generation at previously unachieved voltages. To accomplish 

this, three goals were identified. 

The primary goal is to extend the experimental and theoretical understanding of gridded 

IEC operations to 200 kV operation. Previous efforts to understand gridded IEC devices have led 

to the development of an integral transport theory, named VICTER, that describes complex 

distributions of fusion producing particles within the device [19], [20]. Past experimental 

investigations of these devices have examined the energy and spatial distributions of particles, 

potential structures, and neutron production rate scaling with parameter variations up to 175 kV 

device operation. A review of past work in these areas is presented in Chapter 2, and a theoretical 

and computational description of IEC device operation is described in Chapter 3. If the dominant 

physics and neutron producing effects are well described, then neutron production rate scaling may 

be predicted for IEC devices and validated by experimental parameter studies at these previously 

unachieved levels. 

To support this experimental investigation, hardware with the capability of reliably 

sustaining 200 kV operation must be developed for the IEC device. A goal of this work is to 

construct a high voltage vacuum feedthrough capable of meeting these demands while being 
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mechanically and electrically robust with a hardware lifetime suitable for conducting numerous 

experimental studies. Previous work has demonstrated that a multi-stage feedthrough technique 

can increase high voltage standoff levels in plasma devices in comparison to single stage insulator 

feedthroughs, and high voltage operation of an IEC device was previously demonstrated at 175 

kV using this technique [21]. A review of past high voltage feedthrough development and 

achievements for IEC devices is presented in Chapter 2. An advanced hardware design with a 

multi-stage feedthrough has been developed for this work, and its use produced a record 200 kV 

operations in an IEC device. Parametric studies were then conducted to study neutron production 

scaling in this previously unexplored parameter space. 

 For this work, the neutron production rate from deuterium-deuterium fusion reactions is 

identified as a key physical quantity of interest to be measured. Several parameters may affect the 

neutron production rate output of an IEC device, including: device dimensions and geometry, 

chamber pressure, cathode voltage, cathode current, and experimental chamber conditions. A goal 

of this work is the measurement of the neutron production rate scaling with device voltage, current, 

and pressure for a single cathode-anode grid geometry. A previous study has indicated that the 

chamber conditions may be responsible for an upward drift in absolute neutron production rate 

performance of the device when observed over many runs and operational days while holding all 

other input parameters constant [21]. It is hypothesized that a build up over time of deuterium 

implanted into the chamber wall may contribute to the observed increase in absolute neutron 

production rates due to fast deuterium particles fusing with these wall targets, and an investigation 

into the rise in absolute neutron production rates is made. 

 A description of the hardware and experimental methods used in this thesis is presented in 

Chapter 4, and the results and discussion of this new hardware is presented in Chapter 5. Parametric 
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measurements of the neutron production rate scaling are presented in Chapter 6, and these results 

are compared theoretical expectations and the VICTER model. Repeat measurements of 

experimental conditions are analyzed in Chapter 7 to investigate the impact of impurity gas and 

estimate the contribution of fusion rates due to the presence of embedded fusion. Finally, an 

executive summary and key conclusions from this work are presented in Chapter 8 along with 

recommendations for future work in Chapter 9. 
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 Previous Work on Inertial Electrostatic Confinement 

Devices  
 

An introduction to the working principles and past studies of inertial electrostatic 

confinement devices is presented in this chapter. Numerous previous studies of the IEC device 

have informed theoretical understanding of device operational regimes, and extensive diagnostic 

work at the University of Wisconsin-Madison has experimentally studied particle distributions for 

IEC devices. The understanding gained from these past works has informed the theory of 

operation, which may be used to predict the neutron production scaling of the device at higher 

operational voltages and is discussed in Chapter 3. To achieve higher voltage operation, the 

development of a specialized, new vacuum-compatible electrical feedthrough has been the subject 

of research efforts in the past by the University of Wisconsin-Madison and other research 

institutions.  A review of these past developments is presented here. 

 

 The inertial electrostatic confinement fusion device 

The use of an electrostatic confinement device to create a potential trap as seen in Figure 

2-1 for the confinement and acceleration of ions to fusion relevant energies was first 

conceptualized by Elmore, Tuck, and Watson [1]. Using a positively biased grid, electrons are 

injected into the center of the device creating a virtual potential well to accelerate the positive ions 

which may collide and fuse. Experimental work on electrostatic confinement for fusion was first 

conducted by Farnsworth and Hirsch who replaced the positive grid with a semi-transparent, 

negatively biased grid to accelerate the ions toward the center of the device [2]. This simplified 

gridded cathode concept is the basis of the IEC devices used at several universities and institutions, 
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including at the University of Wisconsin-Madison, and this concept is discussed with more detail 

in Section 2.1.2.  

 

 

Figure 2-1. Original electron-injected IEC concept by Elmore, Tuck, and Watson [1]. 

 

Since these devices were first proposed, several academic, government, and private 

research programs have studied inertial electrostatic confinement for fusion production and are 

listed in Table 2-1. A history of the early development of inertial electrostatic confinement fusion 

work and a comprehensive review of work published by the research community has been well 

documented in a book published by Miley and Murali [3]. 
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Table 2-1. Contributors in the IEC Fusion Research Community, adapted from [4]. 

  Laboratory D-D D-3He 3He-3He D-T   

U
n

it
ed

 S
ta

te
s 

Inter. Tele. And Telegraph (Farnsworth/Hirsch) X     X 

In
d

u
st

ry
 Directed Technologies Inc. X       

Energy Matter Conversion Corp. (EMC2) X       

FP Generation X       

Rockford Industries X       

Starfire Industries X       

Idaho National Lab X       

G
o

v'
t 

Los Alamos National Lab X       

Marshall Space Flight Center X       

University of Illinois X       

U
n

iv
er

si
ty

 

University of Wisconsin X X X   

University of Maryland X       

MIT X       

University of Missouri*         

In
te

rn
at

io
n

al
 

Kyoto University (Japan) X X      

Kansai University (Japan) X     X 

Osaka University (Japan)       X 

Tokyo Institute of Technology (Japan) X       

University of Sydney (Australia) X       

Canada*         

M
ix

ed
 NSD-Fusion (Germany) X       

India X       

Russia X       

Iran X       

China X       

 *Theory based programs      

 

 U.S. and international university contributions to IEC development outside the 

University of Wisconsin 

Most of the recent studies published in the last 20 years on inertial electrostatic 

confinement devices have originated from universities in the United States, Japan, and Australia, 

listed in Table 2-1. At the University of Illinois at Urbana-Champagne (UIUC), experimental 

studies have been conducted on fundamental research of glow discharge IEC devices [5] and on 

applications of IEC devices used as radiation sources [6] or space propulsion [7]. Advanced 

gridded IEC concepts have also been studied by researchers at MIT and the University of 
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Maryland, which look at the use of multiple concentric grids to enhance focus and confinement of 

particles [8], [9]. Researchers at Kyoto University in Japan have studied gridded IEC devices 

theoretically and experimentally to develop compact IEC neutron generators for the detection of 

conventional explosives [10]–[12], and at the Tokyo Institute of Technology, experimental and 

simulation work has been conducted to look at enhanced ion confinement [13] and proton sources 

for positron emission tomography isotope production [14]. At Kansai University in Japan, a 

campaign to study deuterium-tritium fusion reactions using an IEC device has been pursued in 

collaboration with Osaka University [15]. The University of Sydney in Australia has worked on 

simulation and experimental studies of gridless multi-cusp inertial electrostatic confinement 

devices [16], [17]. 

 

 University of Wisconsin-Madison contributions to IEC development 

The University of Wisconsin-Madison has conducted extensive research on the 

experimental and theoretical operation of IEC devices and applications of these devices as 

radiation sources [18], and several of these studies will be discussed in the following sections. The 

inertial electrostatic confinement device uses a potential structure, and a source of ions is needed 

to create the conditions necessary for fusion reactions and was first studied by Thorson at the 

University of Wisconsin [19]. Figure 2-2 shows a schematic of this gridded IEC experiment, 

named HOMER. A spherical gridded cathode is suspended within a vacuum chamber, and a highly 

negative voltage is applied with respect to a grounded anode grid to create a potential well. Ions 

in this device are generated either by filament assisted electron impact ionization or by operating 

in a glow discharge regime. Typical device operating parameters in HOMER are: cathode voltage 

from 30 to 200 kV, cathode currents 30 to 100 mA, and background gas pressure from 0.3 to 2 
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mTorr (0.04-0.27 Pa). Fusion reaction products are measured using charged particle detectors 

mounted to the device or an external neutron detector. The actual HOMER IEC device and a view 

of the gridded electrodes during glow discharge operation are pictured in Figure 2-3.   

Several diagnostics approaches have been adapted to IEC devices to better characterize the 

complex particle interactions within the device, and a comprehensive review has been provided by 

Miley and Murali [3]. A summary of selected diagnostic work conducted at the University of 

Wisconsin-Madison and the results pertaining to the proposed research are discussed in the 

following sections. 

 

 

Figure 2-2: Schematic of a Gridded IEC Device, HOMER, at the University of Wisconsin-

Madison. 
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Figure 2-3: (Top) Photo of the HOMER IEC experiment at the University of Wisconsin-

Madison, (Bottom) an inside view of the grids during glow discharge operation. 
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2.1.2.1 Fusion Ion Doppler-Shift (FIDO) 

A Fusion Ion Doppler-Shift diagnostic was developed by Boris to measure the Doppler 

shift in reaction product velocities due to the center of mass velocity of the reacting ions [20]. This 

diagnostic, pictured in Figure 2-4, uses a magnetic field to selectively bend charged particle 

trajectories based on their momentum into a detector. Charged particles and x-rays streaming from 

the reaction chamber travel down a tube where they are collimated, and a tuneable electromagnet 

bends the charged particle flight path. The electrons and x-rays are prevented from reaching the 

detector by colliding with the wall, and only charged particles with the proper momentum and 

charge are transmitted to the detector.  

 

 

Figure 2-4: Schematic view of the FIDO diagnostic [20]. 

 

This diagnostic was used to infer the reacting ion energy distribution from the Doppler 

shift in the reaction product velocities for a range of cathode voltages, cathode currents, chamber 

pressures, and grid geometries. Figure 2-5 shows a typical spectrum measurement with the Doppler 
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shifted proton peaks from D+D → p(3.02 MeV) + T(1.01 MeV) reactions. Using this diagnostic, 

Boris [19] concluded that the energy distribution at 1.25 mTorr D2 background pressure is 

dominated by 10-20 keV deuterons in HOMER for cathode voltages ranging 50-100 kV and that 

increasing the cathode voltage results in a modest increase in the mean and peak velocities of the 

deuterium energy spectra at 1.25 mTorr.  

 

 

Figure 2-5: Experimentally measured D-D proton energy spectrum using the FIDO 

diagnostic for  HOMER operation at 70 kV, 30 mA, 1.25 mTorr D2 [20]. 

 

2.1.2.2 Time of Flight Diagnostic 

By aligning two FIDO diagnostics opposite each other along a chord line through the 

device center, a time of flight (TOF) measurement can be made by coincidence counting of the 

reaction products shown in Figure 2-6. The time of flight information is used to reconstruct the 

radial profile of the proton-tritium producing channel of D-D fusion reactions within HOMER; 
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profiles using the TOF diagnostic were first studied by Boris [20] and later by Donovan [21] and 

McEvoy [22].  

 

 

Figure 2-6: Reacting particles may be spatially located by coincidence counting and 

measuring the reactants time of flight [21]. 

 

The results from these time of flight measurements showed a spatial reaction profile 

strongly peaked in the center of the spherical cathode grid with a symmetry about the center of the 

device and showed fusion rates are higher in microchannel regions, ions able to flow through grid 

openings, than in regions where grid wires obstruct ion flow [21]. A detailed model developed by 

McEvoy carefully weighed the physical factors that may affect the accuracy of the time of flight 

results, and he was able to construct a more accurate profile of measured fusion events shown in 

Figure 2-7 [22]. 
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Figure 2-7: Spatial distribution of DD fusion reactions inside HOMER operating at 60 kV, 

30 mA, and 1.5 mTorr D2  [22]. 

 

2.1.2.3 Negative Ion Measurements 

Initial results from the FIDO diagnostic work suggested the presence of deuterium anion 

formation in the IEC device [23], and a detailed study of negative ion formation was conducted by 

Alderson [24]. A movable Faraday cup was positioned outside the spherical anode grid to measure 

the profile of negative ions streaming radially outward from the HOMER device center. Figure 

2-8 shows a peaked profile of negative ions leaving the device from an azimuthal scan in the 

microchannel region between two of the cathode grid wires, and an increase of negative ions with 

applied cathode voltage. Alderson showed that negative ion formation in the device increases 

linearly with cathode current, increases with cathode voltage, and decreases when the deuterium 

chamber pressure is increased from 2 to 4 mTorr. 
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Figure 2-8: Azimuthal profile of negative ions streaming radially outward between cathode 

grid wire segments [24]. 

 

2.1.2.4 Neutral Particle Analyzer 

A neutral particle analyzer was developed by Becerra as a diagnostic approach to study the 

energy distribution of neutral particles escaping from device confinement [25]. The analyzer used 

a thin carbon stripping foil to remove charge from the fast neutral particles before reaching an 

electrostatic bending stage, as pictured in Figure 2-9. Particle trajectories are bent based on their 

incident energy, allowing for only selected particle energies to be transmitted to a charged particle 

detector.  

Measurements were taken of neutral particle energy distributions for two different 

deuterium chamber pressures in HOMER using a filament assisted mode. Data shown in Figure 

2-10 using this diagnostic present a complex distribution of peaks in the neutral particle energy 

spectrum while using the IEC device in a filament assisted operating mode. Becerra concluded 
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that the prevalence of D3
+ ions and negative ions in the source plasma may allow for many 

additional atomic and molecular reaction channels that may create such a complex structure.  

 

 

Figure 2-9: Flight path of particles through the neutral particle analyzer diagnostic [25]. 

 

 

Figure 2-10: Energy distribution of fast neutral deuterium particles streaming outward from 

the center of HOMER during filament assisted operation [25]. 



18 

 

 

2.1.2.5 Previous IEC device parameter study at voltages above 150 kV 

An investigation of the neutron production rate scaling with cathode voltage, cathode 

current, and chamber pressure in the HOMER device for cathode voltages up to 175 kV was 

pursued by Michalak [26], [27] . To achieve reliable high voltage operation above 150 kV, a new 

multi-staged feedthrough design was developed, and the details of this hardware design are 

discussed in Section 2.2.2.3. Michalak was able to measure the neutron generating yield of the 

device for variations of the cathode voltage from 30 to 175 kV, cathode current from 30 mA to 

100 mA, and for deuterium chamber pressures of 0.3 mTorr and 1.0 mTorr; these measurements 

are shown in Figure 2-11 and Figure 2-12. Michalak found the neutron rate scaling at these cathode 

voltages and pressures varied linearly with the device cathode current, and at cathode voltages 

above 50 kV, the neutron production rate scaling was also seen to vary linearly with voltage. A 

peak steady state D-D neutron production rate of 3.3x108n/s at 175 kV, 100 mA, and 1.0 mTorr 

D2 was achieved in the HOMER IEC device.  

 

 

Figure 2-11: Neutron production rate scaling with cathode current shows near linear scaling 

of rates with cathode voltages ranging 100-170 kV [27]. 



19 

 

 

 

 

Figure 2-12: Neutron production measurements show near linear scaling of rates for 

HOMER with a 20 cm dia. cathode and 50 cm dia. anode configuration [27]. 

 

 During the high voltage conditioning process of the new feedthrough hardware, Michalak 

noted a general upward trend in neutron production rate from the device while operating the same 

parameters over a period of many days. This upward trend shown in Figure 2-13 showed a factor 

of 4 for 30 kV and a factor of 3 for 80 kV improvement in device performance over a span of 57 

days. Michalak concluded that the neutron production rate performance increase was partly due to 

the vacuum conditioning and removal of impurity gas sources over time and postulated that a 

buildup of deuterium targets in the chamber walls may also contribute to the increase in neutron 

production performance. 
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Figure 2-13: Neutron counts taken under the same device set points at the beginning of each 

run show an upward trend in neutron production over time [27]. 

 

 High voltage feedthrough design for IEC devices 

The engineering challenge of transporting high voltage through a grounded enclosure is 

not unique to IEC devices and is commonly implemented in power transmission, plasma systems, 

particle accelerators, spacecraft, and numerous other instruments used in scientific and medical 

fields. What sets the IEC fusion devices apart from these applications is the demand to standoff 

tens to hundreds of kilovolts during the generation of energetic charged particles and radiation to 

the electrodes and insulating materials. In a gridded IEC system, this high voltage must be fed 

through a grounded chamber boundary and connect to the cathode via a ridged support, sometimes 

referred to as a high voltage stalk. While commercial high voltage vacuum feedthroughs do exist, 

they are not typically designed with a sufficiently ridged center conductor to support the cathode 

and are not readily available at voltages greater than 100 kV standoff. Custom high voltage 
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feedthroughs have been in development at the University of Wisconsin-Madison to meet the 

demand of the gridded IEC environment and to push the voltage boundaries beyond the limits of 

commercially available products. A timeline of progress in increasing the cathode grid operational 

capabilities is shown in Figure 2-14. Work performed by the author and collaborators has led to 

the development of hardware capable of operating with cathode voltage of 210 kV, a 24% 

improvement over peak operating conditions from efforts prior to the author’s involvement. 

 

 

Figure 2-14: Progress in the development of high voltage capabilities at the University of 

Wisconsin-Madison IEC Laboratory. 
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 Previous high voltage feedthrough work at the UW-Madison IEC Laboratory 

High voltage feedthrough and stalk design has been an integral part of the development of 

gridded IEC devices since the beginning of the program at the University of Wisconsin-Madison. 

The earliest designs used a 100 kV commercial feedthrough that was modified by adding a 

vacuum-tight radial compression fitting to the high voltage lead of the feedthrough to allow 

flexibility in axial grid location and rotation for ease of alignment [28]. These early designs 

typically included an alumina insulating sleeve, which shields the center conducting stalk from ion 

bombardment and extends from the bulk insulator to the cathode grid. There were two issues with 

this early design. First, a metalized coating, probably caused by ion sputtering of the cathode 

material over time, would cover this ceramic sleeve, leading to the formation of a conductive 

surface breakdown path. Second, the cathode voltage was limited to 100 kV operations, and any 

studies to be made at higher voltages would need a different feedthrough design. 

A novel feedthrough design was created at the University of Wisconsin-Madison to extend 

the IEC operational capability greater than 100 kV operation, and this approach replaced the 

modified commercial 100 kV feedthrough with a custom-made conductor and insulator 

combination [29]. Figure 2-15 shows a schematic of two variants of the insulator-conductor stalk 

designs used. In this approach, a 4.8 mm diameter molybdenum rod was used as the center 

conductor of the stalk, which connects the grid to the high voltage power supply cable through the 

vacuum barrier. The molybdenum rod is epoxied to a hollowed 2.54 cm diameter boron nitride 

insulator to provide voltage standoff, and a compressed nylon ferrule is used around the boron 

nitride insulator to create a vacuum seal. The non-vacuum side is immersed in a dielectric oil where 

the high voltage power supply cable connection was made. Boron nitride was chosen as an 

electrical insulator for its excellent bulk dielectric strength of 67 kV/mm, operational temperature 
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up to 1150 ºC, and machinability to make custom geometries. Due to the porous quality of the 

boron nitride insulator, the oil immersed surfaces were coated with a thin layer of polyimide to 

prevent oil permeating the solid rod. This design was demonstrated to operate stably up to 150 kV 

and achieved peak standoff operation near 170 kV. 

 

 

Figure 2-15: Boron nitride insulated stalk designs developed at the University of Wisconsin-

Madison, adapted from [20]. 

 

The lifetime and durability of a stalk using this design were eventually found to be limited. 

This stalk still had issues where sputtered metal would collect on the insulator surface, giving it a 

finite lifetime before the insulating surface would form a conductive coating and need to be 

resurfaced. In the region near the compression fitting nut, high electrical stresses would result in 

partial discharge formation through the bulk insulating material leading to a pinhole type failure 

[29]. These pinhole failures of the stalk would compromise the electrical standoff and would often 

result in a vacuum breach. Additionally, the boron nitride insulator was found to be fragile in 

assembly, and the ceramic would tend to fracture if the compression fitting was overtightened. 
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In 2009, the laboratory received a new power supply capable of delivering -300 kV DC 

output up to 200 mA, and a new feedthrough design was pursued to accommodate the new voltage 

capabilities which sought to eliminate the electrical pinhole type failures that plagued the previous 

design. A new insulated feedthrough design was introduced by Donovan to improve standoff and 

reduce electric fields over the previously feedthrough stalk design by increasing the electrode gap 

distances using bulk insulators [21]. This design, pictured in Figure 2-16, moved the presence of 

any grounded surfaces away from the high voltage conducting rod by using a quartz bowl insulator 

to standoff and increase surface path length between the high voltage conductor and ground.  The 

initial design was able to reduce the electric fields at the critical vacuum interface region as 

predicted by an electrostatic simulation as shown in Figure 2-17. This new design used a 

compression O-ring seal between a quartz bowl and the high voltage stalk; however, once the 

hardware was constructed and installed, the quartz insulator fractured under mechanical loading. 

A revised design by Becerra [25] was made using blue nylon type MC 901 as the insulator 

replacement and an added ceramic ion shield plate to protect the plastic from plasma degradation. 
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Figure 2-16: From left to right, 300 kV feed through design, assembled hardware with quartz 

standoff, and with blue nylon standoff [25]. 

 

 

Figure 2-17: A reduction of fields is achieved in the insulating design (right) compared to the 

boron nitride stalk design (left) using ANSYS Maxwell simulation of electric field inside the 

high voltage feedthrough designs at an applied voltage of 250 kV [21]. 
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The author, in collaboration with Michalak, was involved with the iterative design and 

testing of high voltage hardware for operations beyond -200 kV [27], and a timeline of this 

hardware development and testing is shown in Figure 2-18. For this work, the author was 

responsible in part for testing, redesigning, and manufacturing parts of several feedthrough 

prototypes. Numerous flaws were found in the insulated feedthrough hardware design that were 

not anticipated from electrostatic modeling alone. Initial testing of the blue nylon configuration 

gave poor vacuum sealing performance by the radial O-ring compression against the coated boron 

nitride stalk, which resulted in dielectric oil being sucked into the chamber and compromised the 

vacuum system. The compression O-ring seal was replaced by epoxying the stalk to a small 

diameter ceramic disk and using an O-ring face seal between the blue nylon and ceramic to hold 

vacuum. This configuration achieved a peak operating voltage standoff of -175 kV before a 

destructive arc passed across the O-ring vacuum seal between the HV cable connecter and the 

plasma facing insulator, resulting in a major vacuum breach and a large dielectric oil contamination 

in the chamber.  
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Figure 2-18: Timeline of feedthrough designs tested in pursuit of a robust feedthrough for 

high voltages greater than 150 kV. 

 

The next iteration attempted to prevent this issue from happening again by potting in the 

boron nitride stalk to a 17.8 cm diameter machinable ceramic disk using a dielectric epoxy and 

moving the O-ring seal to outside the oil-vacuum boundary. To avoid void formation, a mold 

casting procedure was co-developed by the author which used a vacuum grade, low viscosity 

epoxy, where the mixture is degassed under low vacuum, gently heated to lower its viscosity, and 

flowed into the casting mold using a syringe to avoid trapping air bubbles. The epoxied assembly 

is then cured using an oven. Figure 2-19 shows two prototypes of epoxy cast high voltage stalks 

constructed for testing. 
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Figure 2-19: Feedthrough prototype using boron nitride stalk with molybdenum conductor 

epoxy casted to ceramic plate (left) and a prototype using a metal conductor epoxy cast to 

ceramic plate (right). 

 

The epoxy casted boron nitride stalks all failed when high voltage conditioned to near -150 

kV. In each case the failure was an electric arc tracking along the epoxy interface resulting in a 

vacuum breach; autopsies were conducted in each case to find the failure mechanism. It was 

suspected that voids were the cause of failure, and indeed the initial stalks were found to have 

significant voids in the epoxy. However, a revised epoxy selection chosen by the author and 

procedures co-developed by the author eliminated voids found in the next round of epoxied stalks, 

yet they failed in the same manner. It is now believed that significant charge build-up occurred on 

the insulating surface until a destructive discharge path formed along the epoxy and insulator 

boundary.  

A revised design developed by Michalak aimed to eliminate electrical failure through a 

vacuum barrier by allowing the molybdenum center conductor to be exposed to the chamber on 

the vacuum side of the insulator [27]. This design prevents any excessive charge build-up to find 

a discharge path without breaking vacuum. The design was successful in eliminating any further 

vacuum breaches during failure; however, testing done by the author showed electrical failures in 

~ 33 cm ~ 33 cm 
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the range of -120 kV to -150 kV were still a persistent issue where charge may build up on 

insulators used to shield the primary insulating standoff. Numerous configurations of this non-

conductive, insulating feedthrough design were tried, but none showed drastic improvement. The 

next feedthrough design pursued sought to use a multi-staged standoff technique to improve the 

high voltage capability for the HOMER device. 

 

 The multi-stage high voltage feedthrough approach 

One advanced concept of high voltage feedthrough design uses multiple nested electrodes 

biased or floated to intermediate voltages between the center conductor and grounded enclosure. 

By controlling the gap voltages, the peak electric field in the design may be reduced, allowing 

improved standoff capability; the high voltage engineering principles and theory of breakdown are 

discussed in Chapter 3. The use of multi-staged voltage standoff platforms to control electrical 

stress is not a new idea, and this concept has been used in power transmission high voltage 

bushings [30] and high voltage accelerator columns [31].  Additionally, this multi-staged approach 

has been pursued at other institutions which have sought to develop high voltage vacuum 

feedthroughs at voltages greater than 100 kV. 

 

2.2.2.1 ITER 1 MV neutral beam injector feedthrough 

The neutral beam injectors for ITER have been designed for 1 MV operation using a 

multiple stage electrostatic shield approach [32]. Figure 2-20 shows a schematic of a 1 MV bushing 

test bed called SINGAP used to validate the design concepts used for the ITER high voltage 

feedthrough. In this design, a resistive voltage dividing circuit is used to bias nine intermediate 

voltage stages between the 1 MV center conductor to ground resulting in a 111 kV standoff 
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between each gap. Nested cylindrical electrodes are used to control the electric fields and shield 

the insulators from charged particle bombardment on the vacuum side, and the non-vacuum side 

is insulated using a pressurized SF6 vessel.  

 

 

Figure 2-20: Schematic of the SINGAP test bed 1 MV feedthrough in development for the 

ITER neutral beam injectors [32]. 

 

 A conservative electrostatic field limit of 40 kV cm-1 was chosen as the maximum field on 

the high vacuum cathodes to provide an adequate factor of safety for voltage standoff in the range 

of 100-200 kV. Figure 2-21 shows a 2D axisymmetric electrostatic model of the voltage stage and 
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insulating gap was created to analyze the fields at the critical regions. The results of the SINGAP 

test bed showed that this multi-staged voltage dividing technique is successful at controlling the 

electrical stresses in the feedthrough gap and insulating junctions. 

 

 

Figure 2-21: Modeling of the electrical stresses at the electrostatic shields in the SINGAP 

feedthrough [32]. 

 

2.2.2.2 Kyoto University multi-stage IEC feedthrough 

The multi-staged feedthrough approach was first applied to an IEC device feedthrough at 

Kyoto University in Japan to for the purposes of improving the spherical symmetry of the electric 

field around the high voltage stalk to enhance ion recirculation and to improve the high voltage 

standoff [33]. Figure 2-22 shows this design which uses five stages to grade the voltage along the 

length of the feedthrough and shape the electric field. Each stage is connected by a resistance of 
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80 MΩ to drop the voltage by 40 kV when 200 kV is applied to the center conductor and cathode. 

This results in a drain current of 0.5 mA along the resistance path of the feedthrough. On the 

vacuum side, the electrostatic shields consist of nested solid annular tubes in the feedthrough 

column and transition to transparent grids in the chamber region. This design uses no insulating 

surface to protect the center conductor from charged particle bombardment. 

 

 

Figure 2-22: Kyoto University 200 kV 5-stage feedthrough design for an IEC device [34]. 

 

Initial results from testing this hardware showed the design was successful in conditioning 

up to 180 kV standoff without a plasma load and was successful in operating up to 130 kV under 

glow discharge conditions using a chamber deuterium gas pressure of about 0.32 Pa (2.4 mTorr) 

and cathode currents ranging from 10 to 30 mA [34].  Figure 2-23 shows calculations of the 

electrostatic potential structure in the inter electrode regions generated for single and multi-stepped 
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voltage designs and ion trajectories simulated using a particle-in-cell code  to compare the ion 

recirculation paths for different electrostatic field structure designs [33]. The result was a factor of 

~3 improvement in ion recirculation using a multi-staged feedthrough designed to increase field 

symmetry near the high voltage stalk. In addition to the 5-stage feedthrough design, a scaled down 

120 kV 3-stage feedthrough design was also developed for work on compact IEC neutron sources 

for nondestructive inspection systems of special nuclear materials [10].  

 

 

Figure 2-23: PIC simulation of ion trajectories show increased recirculation before reaching 

the high voltage stalk due to modified electrostatic field symmetry using a multi-staged 

approach [33]: (a) multi-staged potential shaping of the feedthrough, (b) narrow feedthrough 

port, (c) wide feedthrough port. 
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2.2.2.3 UW-Madison biased 2-Stage IEC feedthrough 

Following the previous work of these multi-stage feedthrough approaches, a 2-stage 

feedthrough was constructed by Michalak which uses a modified commercially available off-the-

shelf 100 kV vacuum feedthrough electrically isolated by a blue nylon standoff [27]. Figure 2-24 

shows a model of the feedthrough that was tested on HOMER. A 12.7 mm diameter stainless steel 

rod was added to the commercial 100 kV feedthrough for rigidity and reduced electrical stresses. 

An electrical connection is made on the top using an aluminum ball to reduce stress at the cable 

connection, which is immersed in dielectric oil contained by a PVC sleeve. The torus platform is 

biased to a fixed voltage during normal operation to grade the electric field. In vacuum, a 12.7 mm 

diameter molybdenum conductor threads into the stainless steel conductor which supports the 

cathode grid. An electrostatic shield constructed from stainless steel is installed to prevent ions 

from reaching the inside of the feedthrough standoff where the blue nylon standoff is at risk of 

plasma degradation. 

The vacuum flange of the alumina feedthrough is biased to an intermediate potential 

between the cathode and ground by an independent -75 kV power supply. The feedthrough power 

supply circuit, shown in Figure 2-25, uses a ballast resistor to protect the power supply from current 

transients due to arcing events and a megaohm resistance path to ground from over-volting the 

supply. By fixing an intermediate potential between the cathode and ground, the electric fields in 

the feedthrough region may be actively controlled. In operation, the voltage platform is set such 

that the design voltage of the 100 kV feedthrough is not exceeded across the bulk alumina 

insulator. The result of this design was the achievement of 175 kV cathode grid standoff with a 

current of 100 mA and chamber pressure of 1 mTorr D2, yielding a neutron production rate of 

3.3x108 neutrons/s in the HOMER IEC experiment. 
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Figure 2-24: CAD model of a 2-stage biased feedthrough approach pursued at the University 

of Wisconsin-Madison [27]. 

 

Figure 2-25: Photo of the biasing circuit used in the 2-stage feedthrough approach. 
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 Inertial Electrostatic Confinement Theory and High 

Voltage Engineering Principles 
 

This chapter describes the physics of inertial electrostatic confinement fusion and high 

voltage engineering concepts relevant to this work, and some key principles are elaborated here. 

As an IEC discharge is sustained, some collisions may result in measurable fusion reactions, but 

the majority of particle collision events occurring will result in charge exchange, ion impact 

ionization, or molecular dissociations while operating a deuterium discharge. Due to the complex 

nature of these collisional processes, a transport model is used to account for the spatial and energy 

distribution of ions entering the potential well from the source region and the subsequent ion 

generations formed due to collisional processes, and this model may be used to predict the fusion 

rate in a spherical IEC device. In addition, some of the engineering principles for high voltage used 

in the hardware design of the experimental setup for this work is discussed here. 

 

 Inertial Electrostatic Confinement Theory 

The inertial electrostatic confinement device used in this work operates by accelerating 

ions radially inwards toward the device center by establishing an electric potential well using 

concentric, transparent spherical grids. A gridded cathode is biased to a negative voltage with 

respect to a grounded, transparent anode to form the potential, and the transparency allows 

confined ions to recirculate up and down the potential until their removal by a destructive collision 

or neutralization. A schematic of this operating principle is shown in Figure 3-1. 
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Figure 3-1: A deep negative electric potential well traps positive ions in spherically radial 

oscillations [1]. 

  

For the case of spherical, concentric electrodes, the vacuum potential, 𝜙(𝑟), is determined 

by solving Poisson’s equation for this geometry as a function of radial position, 𝑟. Here 𝑟𝑐 and 

𝑟𝑎 represent the cathode and anode radius, and the cathode voltage, 𝑉𝑐, is set with respect to a 

grounded anode: 

𝜙(𝑟) = {

−𝑉𝑐 (𝑟 < 𝑟𝑐)

−
𝑟𝑐

(𝑟𝑎 − 𝑟𝑐)
(
𝑟𝑎
𝑟
− 1)𝑉𝑐 (𝑟𝑐 < 𝑟 < 𝑟𝑎)

0 (𝑟 > 𝑟𝑎)

 3-1 
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The radial electric field, 𝑬(𝑟),  is determined as 𝑬(𝑟) = −∇𝜙(𝑟), and is maximized at the cathode 

radius: 

𝑬(𝑟) = {

𝑟𝑎𝑟𝑐
(𝑟𝑎 − 𝑟𝑐)𝑟

2
𝑉𝑐𝒆̂𝑟 (𝑟𝑐 < 𝑟 < 𝑟𝑎)

0 (𝑟 < 𝑟𝑐 , 𝑟 > 𝑟𝑎)
 3-2 

 

An ion with charge, 𝑞𝑖 , can accelerate to a kinetic energy, 𝐸𝑖, by moving across this 

potential: 

𝐸𝑖 = |𝑞𝑖∆𝜙| 3-3 

 

The potential structure can be modified in regions of high charge densities, such as in the 

core of the device where space charge can build up due to the convergence of ion trajectories. The 

peaked density of ions can in principle, although very difficult in practice, lead to the formation of 

a virtual anode inside the cathode region, and a subsequent virtual cathode can form as electrons 

are convergent to the virtual anode. This nested set of potential wells, predicted by Farnsworth [2], 

would repeat; however, work by Gu and Miley [3] showed the number of potential structures is 

limited practically by ion energy spread and angular momentum in the experimental system. 

Additionally, perturbations to the potential structures exist in the experimental system due to the 

geometry of the gridded electrodes and high voltage stalk used to support and bias the grid, which 

can affect ion trajectories and lead to ion flow micro-channelling effects [4]. 

 

 Fusion Reaction Regimes in an IEC device 

For fusion reactions to occur, conditions require that two nuclei have sufficiently high 

kinetic energy to overcome enough of the Coulomb repulsion force to have a significant 
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probability to fuse.  In the IEC device, the kinetic energy of the ion is gained by moving down the 

potential well, and reactants with kinetic energies on the order of tens to hundreds of keV can fuse, 

resulting in the formation of products with MeV level kinetic energies. These reactions are 

described in terms of their fusion cross sections, a measure of relative probability for the reaction 

to occur, which vary with the center-of-mass energy and among reaction types as seen in Figure 

3-2. The IEC device has the capability of fusing a variety of fuels, and several reactions of interest 

to IEC studies are shown in Table 3-1. These fusion fuels sometimes are classified as first, second, 

or third generation fuels based on the input reaction energy needed to achieve significant rates of 

fusion. This work focuses exclusively on the D-D reaction for neutron production; however, some 

authors consider the use of aneutronic (low neutron production) reactions of the second and third 

generation fuels advantageous in advanced fusion energy concepts [5]. 

 

 

Figure 3-2: Reaction cross sections for fusion fuels of interest in an IEC device, data from 

[6]–[8]. 
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Table 3-1: Fusion fuel reactions of interest to IEC devices. 

First Generation 

𝐷 + 𝑇 → 𝐻𝑒 (3.52 𝑀𝑒𝑉) + 𝑛 (14.07 𝑀𝑒𝑉)4  

𝐷 + 𝐷 → {
𝐻3 𝑒 (0.82 𝑀𝑒𝑉) + 𝑛 (2.45 𝑀𝑒𝑉)

𝑇 (1.01 𝑀𝑒𝑉) + 𝑝 (3.02 𝑀𝑒𝑉)
 

Second 

Generation 

𝐷 + 𝐻𝑒3 → 𝐻𝑒 (3.67 𝑀𝑒𝑉) + 𝑝 (14.68 𝑀𝑒𝑉)4  

Third 

Generation 

𝐻𝑒3 + 𝐻𝑒3 → {

𝐻4 𝑒 + 2𝑝 (12.86 𝑀𝑒𝑉 𝑡𝑜𝑡𝑎𝑙)

𝐿𝑖5 (𝑔.𝑠.)  + 𝑝 → 𝐻4 𝑒 + 𝑝⏟      
(3.79 𝑀𝑒𝑉 𝑡𝑜𝑡𝑎𝑙)

+ 𝑝 (9.07 𝑀𝑒𝑉) 

𝑝 + 𝐵11 → 3 𝐻4 𝑒 (8.68 𝑀𝑒𝑉 𝑡𝑜𝑡𝑎𝑙) 

Here (g.s) refers to ground state of the nucleus, and * represents an excited state of the nucleus 

 

The reaction rate per unit volume,  𝑅𝑖𝑗, of the two interacting species will depend on the 

density of each species, 𝑛𝑖,𝑗, the reaction cross section, 𝜎𝑖𝑗, and the relative velocity between the 

two species, 𝑣: 

𝑅𝑖𝑗 = 𝑛𝑖𝑛𝑗𝜎𝑖𝑗𝑣  3-4 

 

This general form can be applied to describe different reaction regimes common to the IEC 

operation. In a gridded IEC device, energetic (fast) ions or neutral particles can collide with other 

fast particles in beam-beam collisions, with background gas in beam-background collisions, or 

with embedded atoms in beam-embedded collisions, which can result in fusion reactions taking 

place. 
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3.1.1.1 Beam-beam reactions 

Collisions between two fast particles, or beam-beam collisions, will have the greatest 

reaction energy available for fusion in the IEC device. Ions converging to the core region of the 

device can produce these beam-beam reactions; however, the likelihood of these collisions is rare 

due to a much larger presence of background gas density during typical operation, which these 

ions are more likely to interact with. These fast particles may be described in terms of their particle 

current, 𝐼, flowing through a surface within the device, and the reaction rate from equation 3-4 due 

to collisions of two fast populations would scale as ~ 𝐼2. This fusion rate scaling has yet to be 

observed in an IEC device since operating in a beam-beam dominant reaction regime would require 

a significantly lower background gas density and is more technically challenging to achieve. A 

more detailed discussion of beam-beam reaction regimes in an IEC device is provided elsewhere 

[9].  

 

3.1.1.2 Beam-background reactions 

Collisions can occur as fast particles move through the background gas density present in 

the IEC chamber during operation, which can result in a beam-background fusion rate contribution. 

If the fast particles with a mass, 𝑚𝑖,  are accelerated into a stationary background particle of mass, 

𝑚𝑏, then the energy available to the fusion reaction in the center-of-mass frame, 𝐸𝑓𝑢𝑠, can be 

transformed from the ion energy from the laboratory frame energy of the fast particle: 

 

𝐸𝑓𝑢𝑠 =
𝑚𝑏

𝑚𝑖 +𝑚𝑏

𝐸𝐿𝑎𝑏  3-5 
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For ions accelerating down the potential well, the energy in the laboratory frame is gained by the 

charge moving across the potential, and in the case of like-mass particles colliding, the energy 

available to the fusion reaction is half of the laboratory frame energy.  

A reaction rate per unit volume for beam-background collisions may be expressed in terms 

of the fusion cross section, 𝜎𝑓𝑢𝑠, ion density, 𝑛𝑖, background density, 𝑛𝑏: 

 

𝑅𝑏−𝑏 = 𝑛𝑏𝑛𝑖𝜎𝑓𝑢𝑠(𝐸𝑓𝑢𝑠)√
2𝐸𝑓𝑢𝑠

𝑚𝑖

  3-6 

 

This reaction rate per unit volume scales with a linear relationship to the current of fast particles, 

𝐼, moving through the background gas: 

 

𝑅𝑏−𝑏 ~ 𝑛𝑏𝐼𝜎𝑓𝑢𝑠[𝐸𝑓𝑢𝑠] 3-7 

 

3.1.1.3 Beam embedded reactions 

Fast particles impacting solid surfaces loaded with a fuel density can fuse with trapped 

atoms embedded in the material as the fast particles slow down over the distance travelled. The 

energy attenuation of the incident particles as they travel through the substrate is represented by 

the stopping power 𝑆(𝐸𝑖) = −𝑑𝐸𝑖/𝑑𝑥 of the material, and the embedded density of fusible atoms, 

𝑛𝑒𝑚𝑏, may vary as a function of depth in the solid. The incident particle flux, Φ𝑖, is represented 

by the total fast particle current divided by the substrate surface area. For the simple 1-dimensional 

case of fast particles traveling normally into the surface, the total embedded fusion rate may be 

calculated by integrating over the range of the particles to the final depth, 𝑥𝑓 . 
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𝑅𝑒𝑚𝑏 = ∫ 𝑛𝑒𝑚𝑏(𝑥)Φ𝑖𝜎𝑓𝑢𝑠[𝐸𝑓𝑢𝑠(𝑥)]𝑑𝑥
𝑥𝑓

0

 3-8 

 

 The fuel density accumulated in the substrate can arise from the implantation of fast 

unconfined neutral or negative ion particles escaping radially from the spherical potential. These 

fast unconfined fuel particles are the result ions colliding with background gas species, and their 

origin in the system is discussed in the next section. 

 

 Atomic and Molecular Collisions in the IEC Device 

The recirculating ion population trapped by the potential well of an IEC device becomes 

complex for deuterium fuel operation due to the presence of atomic and molecular collisions with 

the background gas which can lead to the formation of fast unconfined neutral or negative ions 

and a redistribution of ion energy by molecular dissociation. Ions born in the source region outside 

the potential well may be created by ionization of the background gas, and the experimental setup 

in this work uses electron impact ionization by a filament-assisted dc discharge to generate these 

source ions. These first generation ions born outside the potential well are unconfined to the system 

and can contribute to the subsequent generation of ions within the potential which become trapped.  

Table 3-2 shows possible deuterium ion formation processes due to electron impact ionization for 

these source ions.  A previous study [10] of the HOMER IEC experiment has measured the source 

density ~107-108 cm-3  and electron temperature ~2 eV in this region, and distribution of deuterium 

ion species for typical operating parameters of 2 mTorr chamber pressure is estimated to be 71% 

D3
+, 23% D2

+, 6% D+. 
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Table 3-2: Atomic and molecular processes in the formation of ions in the plasma source 

region external to anode grid [10]. 

 

 

Energy loss in the system due to charge exchange reactions occurs when a fast ion interacts 

with a slow neutral particle by electron exchange, resulting in a newly formed slow ion and a fast, 

unconfined neutral particle: 

 

𝑋+(𝑓𝑎𝑠𝑡) + 𝑌 (𝑠𝑙𝑜𝑤) →  𝑋(𝑓𝑎𝑠𝑡) + 𝑌+ (𝑠𝑙𝑜𝑤) 3-9 

 

If this process occurs part way down the electric potential well, this newly formed second 

generation ion will recirculate with a lesser maximum kinetic energy with respect to the first 

generation fast ion that created it. This neutralized first generation particle and its energy are lost 

to the chamber wall unless another particle interaction takes place. The second generation ion may 

recirculate through the system until it also interacts with another background species, collides with 

the cathode grid structure, or is lost to recombination, and subsequent generations of slow ions can 
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be generated. Table 3-3 gives a list of possible fast deuterium interactions with the neutral 

background gas population.  

 

Table 3-3: Fast deuterium ion interactions with the background gas by atomic or molecular 

collisions resulting in ion destruction, stationary ion formation, or fast ion species formation 

[11]. 

 

 

 Next generation ions may also be created by ion impact ionization reactions occurring 

when a fast incident ion strips an electron off a slow background molecule: 

 

𝑋+(𝑓𝑎𝑠𝑡) + 𝑌0 (𝑠𝑙𝑜𝑤) → 𝑋+(𝑓𝑎𝑠𝑡) + 𝑌+ (𝑠𝑙𝑜𝑤) + 𝑒− 3-10 
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The stripped electron is accelerated away from the negative potential and is lost to the system, 

while the parent and next generation ions recirculate in the potential well. These ion impact 

ionization reactions will have a higher likelihood of occurring at higher energies due to the reaction 

cross section, in contrast to the charge exchange reactions which can occur at a lower fraction of 

the cathode potential. Dominant reaction regions within the spherical potential of an IEC device 

for these types of interactions are highlighted in Figure 3-3. 

 

 

Figure 3-3: Regions of dominant atomic and molecular physics effects for typical spherical 

IEC operating with a cathode voltage of 80 kV [12]. 

  

Negative ion formation is also a possibility in a deuterium fueled IEC device, and their 

presence has been characterized experimentally in a past study for the HOMER IEC experiment 
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to contribute ~5% of the total ion current  [13], [14]. Anion formation from electron attachment or 

molecular dissociation processes can occur, and several possible reaction channels are given in 

Table 3-4. Electrons may also be stripped from anions by reacting with background gas, either 

neutralizing the deuterium or resulting in the formation of a positive ion. 

 

Table 3-4: Table of reactions involving the formation or destruction of negative ions [14]. 

Reaction Process 

 Dissociative 

 Dissociative 

 
Dissociative 

 Dissociative 

 Dissociative 

 
Electron attachment 

 Electron stripping 

 Electron stripping 

 

 

 VICTER code  

An integral transport approach describing the atomic and molecular physics present in an 

IEC device was created by Emmert and Santarius to model these processes and predict physical 

quantities of an operational device [11], [12]. This code, named Volterra Integral Code for 

Transport in Electrostatic Reactors (VICTER), models the flow of ions in the presence of a 

background gas density for a spherical electrode IEC device geometry and accounts for these 

charge exchange and molecular dissociation reactions described in the previous section. Several 
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assumptions are made in the 1-dimensional model. The model uses perfectly spherical concentric 

electrodes with a uniform transparency to the ion flow, in contrast to the grid wire structure and 

supporting stalk in the experimental setup, and the potential structure takes the form of the vacuum 

potential or the Child-Langmuir space-charge limited case. Background gas in the system is 

accounted for by a uniform constant density, and elastic collisions with the background gas are 

assumed negligible for the chamber pressures considered. Charge exchange and ion impact 

ionization processes are assumed to occur with negligible transfer of energy from the fast to slow 

species, which is valid at the energies of interest here. This results in fast neutrals and the formation 

of slow ions, and reionization of the fast neutral particles is considered negligible in the system.  

First generation ion contributions to the initial ion source term, 𝐴, are born outside the 

anode radius in the external source region and are unconfined from the system, while the 

generation of subsequent ions within the anode region contribute to the total ion source term, 𝑆. 

These are confined until a process occurs that results in the removal of the ion from the system. 

For the case of deuterium, atomic, D+, and molecular, D2
+ and D3

+, ions are included in the source 

terms, and the coupled set of equations shown in 3-11 and 3-12 is used to solve for the interactions. 

The kernel, 𝐾, relates the source term at one location to a new radial position, accounting for the 

various reaction cross sections and attenuating processes of the source ions as they are transported. 

The coupled set of equations take the form of a Volterra integral when summed over an infinite 

number of radial passes: 

 

3-11 

3-12 
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 The model inputs the several IEC device parameters: the electrode and chamber wall radii, 

electrode transparencies, cathode voltage, ion current, background gas pressure, ion source species 

distribution. The result from solving for this source term is information about the energy spectrum 

of the ions and energetic neutral particles along with other macroscopic quantities of interest, and 

the neutron production rate of the system may be predicted for the device inputs.  

 

 High voltage and electrical breakdown of materials  

Special consideration must be given to the application of high voltage to vacuum systems 

where gas discharge mechanisms may play a role in the breakdown of voltage standoff across a 

gap. Electrical breakdown in a high voltage vacuum system may occur across a physical gap, and 

often in plasma system, such as an IEC device, this breakdown is necessary to sustain a plasma 

discharge in a controlled manner. Uncontrolled breakdown of a high voltage gap can occur when 

a low resistance path forms in an unintended region of the hardware, resulting in the formation of 

a current path and often leaving a destructive path through the solid or along the surface of an 

insulator from high amounts of energy dissipation. Several features of a high voltage vacuum 

system that may lead to these types of uncontrolled breakdown have been identified by researchers 

and well-studied in the past [15]. Some of the high voltage breakdown mechanisms and principles 

of design relevant to the high voltage operation of an IEC device are presented here. 

 

 Breakdown mechanisms of high voltage electrodes and insulators  

Breakdown of a high voltage system can originate by electron ejection from field emission 

sites under high electrical stress at the cathode surface, and Figure 3-4 shows possible 
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configurations involving multiple interfaces between vacuum, insulator, and a metallic electrode. 

Imperfections at the electrode surfaces may be the result of microparticles loosely adhered to the 

surface, sharp protruding features of a metallic surface, and weakened portions of an insulator 

where a pinhole has formed. These features result in a concentration of electric field, shown in 

Figure 3-5, which can eject electrons by field emission where the electric field is ~10-30x106 V/m. 

These ejected electrons are accelerated across the voltage gap, which can lead to the formation of 

streamers or avalanche discharges if the background pressure is high enough to sustain these types 

of discharges. If the gap conditions are low enough pressure, the ejected charged particles may 

impact the opposite electrode with high enough energies to vaporize some of the solid material, 

resulting in a return of ionized gas, which may create a breakdown path [15]. 

 

 

Figure 3-4: Electron emission processes at the cathode for different interface regimes: (a) 

Metal-Insulator-Vacuum, (b) Metal-Insulator-Metal, (c) Metallic-Microprotrusion [15] 
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Figure 3-5: Illustration of electric field enhancement of the macroscopic field due to a 

microscopic protrusion [15] 

 

When using insulators subject to high voltage environments, care must be given to ensure 

no voids or small gaps are introduced into the materials or at material interfaces. Discontinuity in 

the dielectric constant of the void or gap with the surrounding material causes field enhancement 

in this region which can lead to the formation of partial discharges and accelerated failure of the 

hardware [16]. The use of an insulator to bridge the gap between two high voltage electrodes under 

vacuum can also lead to a weak point in the design where electron emission from the cathode triple 

point may initiate a breakdown path as illustrated in Figure 3-6. Electrons emitting from the triple 

point junction may initiate an avalanche along the surface of an insulator which can cause 

outgassing from the surface, leading to the formation of a gas discharge along the surface 

ultimately leading to a full electrical breakdown in the desorbed gas, typically referred to as a 

flashover of the insulating material [16]. 
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Figure 3-6: Illustration of a surface flashover initiated by the cathode triple junction [17]. 

 

Breakdown forming imperfections at the surface and emitting micro-features may be 

mitigated by proper surface preparation, cleaning procedures, and careful hardware assembly. To 

reduce the presence of surface flashover phenomena and breakdown, the following best practices 

are recommended in the design of high voltage insulating systems [18], [17]: 

 Decrease macroscopic field by properly shaping electrodes and insulators to minimize the 

electrostatic field enhancement, recess insulators in electrodes, use metal inserts in 

insulators, and use external metal shields. 

 Decrease microscopic field by minimizing voids at the triple point junction, use graded 

permittivities, bonded interfaces between insulators and conductors, apply pressure on soft 

insulators, and high voltage condition the insulator. 
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 Minimize quantities of adsorbed gases by selecting appropriate vacuum materials, practice 

clean assembly, perform a heated bakeout of the system, and high voltage condition the 

insulator. 

 Minimize sites available for adsorption of gasses by applying surface treatments such as 

mechanical and electro-polishing at electrodes, minimize the surface damage during 

fabrication.  

 Maximize binding energy of adsorbed gases by the use of surface treatments or quasi-

metallizing.  

 

 

 High Voltage Conditioning 

 Reliable standoff of a high voltage system may be improved by the gradual increase of 

applied voltage, allowing for the careful quenching of current-emitting sites at the electrodes in a 

technique called high voltage conditioning, and several techniques have been identified to 

condition a system to higher voltages [15]. The process of current conditioning is performed by 

increasing the voltage in steps and allowing for small transient current producing events to occur 

until their rate of occurrence subsides, and Figure 3-7 illustrates a characteristic current-voltage 

trace of this process. Each spike in the trace represents an event where an emission site has been 

removed the destruction of the feature, typically by thermally blunting the sharp feature by 

bombardment with high energy charged particles. After some duration at voltage, the rate of 

current transients can be reduced significantly, and this process is repeated at increasing voltages 

no further progress is made.  Additionally, high voltage conditioning by operating a helium glow 
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discharge is often used as an initial treatment of electrodes to remove field enhancing features, 

adsorbed gasses, and loose micro-particles on the surfaces of electrodes. 

 

 

Figure 3-7: Schematic illustration of current conditioning technique applied to a high voltage 

system [15]. 
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 Experimental Design and Procedure 
 

This chapter provides a description of the experimental hardware used for the results 

presented in this work, along with the design, construction, and configuration of hardware 

upgrades made by the author. A major goal of this work was the development of a vacuum high 

voltage feedthrough that would allow for 200 kV cathode operation biased negatively with respect 

to a grounded anode, a milestone that has previously not been met in any IEC device. To achieve 

this goal, the previous 175 kV feedthrough design was analyzed and examined for high voltage 

performance limiting features. A new feedthrough design was developed from these studies and 

tested successfully, allowing for cathode operations to 210 kV. In addition, the cathode grid design 

was also reconsidered for this work, and improvements were made to the design to increase high 

voltage stability during operation. A discussion of the hardware and design is presented here. 

 

 Description of the HOMER IEC experiment 

Figure 4-1 shows a schematic of a gridded IEC experiment named HOMER at the 

University of Wisconsin-Madison, which highlights some common hardware components used for 

operation. In this device, a spherical gridded cathode is suspended within a vacuum chamber, and 

a highly negative voltage is applied with respect to a spherical, grounded anode to create 

electrostatic fields which accelerate ions toward the center of the device. Deuterium is the fuel 

typically used, but helium-3 fuels have also been studied in the past using this device. In HOMER, 

ions are typically generated by operating in a filament assisted electron impact ionization mode at 

chamber pressures less than 1.5 mTorr or in a glow discharge regime at chamber pressures greater 

than this level. Typical operating parameters of this device are: cathode voltages from 30 to 200 
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kV, anode grounded, metered cathode currents 30 to 100 mA, and background gas pressure from 

0.3 to 1.5 mTorr. Measurements of fusion products are typically made by using an external neutron 

proportional counter setup or by using charged particle detectors mounted to the device ports. 

During higher power operations, a large fan directs a forced air flow around the chamber to 

convectively cool the chamber walls during operation and reduce chamber cool down time 

between operations. 

 

 

Figure 4-1: Schematic of the UW IEC HOMER device and several diagnostic capabilities. 
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 Vacuum system and gas distribution 

Vacuum is primarily achieved using a 550 L/s turbo molecular pump mounted on a vacuum 

Tee located at the bottom of the chamber which is backed by a 30 m3/hr rough pump. The chamber 

features predominantly elastomer seals at the ports and achieves a base pressure of 4.3E-7 Torr as 

read from an ion gauge attached to the chamber. Deuterium flow is regulated using a mass flow 

controller and is routed to the chamber through a gas manifold capable of supplying gas feed to 

several other experiments in the laboratory. The mass flow controller is capable of supplying up 

to 50 standard cubic centimeter per minute N2 equivalent gas flow to the HOMER chamber; the 

flow rate may be adjusted to set the deuterium chamber pressure during operation. The absolute 

pressure in the chamber is monitored during operations using a pressure transducer gauge which 

has a working range from 0.05 to 50 mTorr.  

To monitor the fuel and vacuum quality during operations, a quadrupole type residual gas 

analyzer (RGA) is attached to a chamber port for sampling the chamber gas constituents. The RGA 

is used to monitor the background gas impurities (non-deuterium species) during IEC operation 

and is differentially pumped to maintain a lower pressure within the instrument while the chamber 

is held at the millitorr range during IEC operation. The RGA partial pressure spectrum represents 

a relative measure of the partial pressures of the gas species within the chamber rather than absolute 

partial pressures, and care must be given to account for the gas conductance and preferential 

pumping of different mass species if absolute measurements are to be determined. In this work, 

the RGA is used as a qualitative measure of chamber conditions and the presence of impurity gas 

by monitoring for the presence of higher mass gas species. Under clean chamber conditions, 

typical background gas impurities observed are due to water, nitrogen, oxygen, helium, and argon; 
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during operation, the impurity levels are observed to make up less than 1% chamber fill pressure 

with deuterium species dominating the neutral gas population. 

 

 High voltage distribution 

High voltage is supplied to HOMER by a 300 kV negative polarity, 200 mA rated DC 

power supply built for the laboratory by Phoenix, LLC, a nuclear technology company 

headquartered in Monona, WI. The supply, shown in Figure 4-2,  is controlled remotely by the 

operator outside of the radiation bunker and features an adjustable overload protection ranging in 

threshold from 0-200 mA  that is capable of shutting the supply off in < 50 microseconds due to 

current excursions. This feature acts to protect the IEC device in the event of an arcing event in 

which a low resistance current path may form across a voltage gap that may lead to a destructive 

breakdown of hardware. To help protect against current surges due to arcing events, a 250 kΩ 

ballast resistor assembly is inserted between the high voltage power supply (HVPS) and the IEC 

device to limit the current draw from the supply. The resistor ballast circuit was originally designed 

for 200 kV operation; however, after testing the in-air performance, the voltage standoff is 

expected to be much higher, allowing operations beyond 200 kV. High voltage is routed from this 

supply to the ballast resistors and IEC feedthrough using 300 kV rated coaxial cable. 
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Figure 4-2: Negative Polarity 300 kV DC high voltage power supply control (left) and high 

voltage tank (right) used for this work; manufactured for the laboratory by Phoenix, LLC. 

 

 Data collection 

Instrumentation data is collected and recorded using a LabVIEW program which receives 

inputs from a data acquisition device (DAQ). Signals containing information about the HVPS 

voltage and current, filament power supply settings, chamber pressure, chamber wall temperatures, 

deuterium flow rate, and neutron detector hardware are displayed in real time and are also sampled 

and written to an output text file for every two seconds of operation time. In addition to the data 

collected by LabVIEW, the experimental conditions are manually logged on a separate computer 

using a custom database log in which measured neutron counts from a multichannel analyzer are 

recorded for the nominal voltage, current, pressure, and chamber temperature set points along with 

any other information of interest. 
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4.1.3.1 Neutron detector hardware and calibration 

Neutrons generated from the device are detected using a single 3He proportional counter 

which is placed in a Long Counter moderating geometry [1] located in a corner of the lab at a 

chamber standoff distance of approximately 3.5 meters. The 3He tube signal is shaped and 

amplified using the hardware described in Figure 4-3, and the raw signal processed using two 

different methods. First, the amplified detector signal is fed into a single channel analyzer which 

discriminates against low level noise and sends the output trigger pulses to a LabVIEW driven 

counting circuit which integrates the neutron counts over every 2 seconds and writes the output to 

the output text file along with the instrumentation data for the count. The LabVIEW program 

records the raw counts along with a calculation of the neutron production rate which compensates 

for the detector system deadtime and applies a calibration factor. The second process uses the 

amplified signal output fed to a multichannel analyzer configured to count only events which 

generate a signal proportional to the helium-3 neutron absorption reaction products within the 

energy deposition range inside the detector tube. 
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Figure 4-3: Neutron detector counting hardware configuration. 

 

The detector response is calibrated using a PuBe calibration source which is placed in the 

center of the HOMER device. Counts are then recorded using both the SCA/LabVIEW and the 

MCA/Database log systems. The calibration source is measured until at least 10,000 counts have 

been reached using both systems, thereby reducing the counting error to 1% uncertainty. The count 

rate measured is then corrected for the system deadtime on the LabVIEW computer and a count 

rate is obtained from the integrated counts over the region of interest in the MCA divided by the 

MCA counter live time. These measured count rates are then compared to the original source 

strength to give a calibration factor using equation 4-1.  

 

𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝑆𝑜𝑢𝑟𝑐𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐶𝑜𝑢𝑛𝑡 𝑅𝑎𝑡𝑒
 4-1 
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 Uncertainty in this measurement is dominated by the degree to which the calibration source 

is known. The plutonium-beryllium (PuBe) source is reported to have a strength of 2.2E6 

neutrons/s with an uncertainty of ± 0.05E6 neutrons/s (Date: 10/13/2017); it should be noted this 

uncertainty in the calibration source strength dominates the uncertainty in the counting system for 

the determination of the calibration factor. The measured neutron calibration factors used in this 

work are reported in Table 4-1. 

Table 4-1: 3He neutron detector calibration factors for this work. 

Counter Calibration Factor 

SCA 39780 ± 920 

MCA 39320 ± 940 

  

4.1.3.2 HOMER operational procedure 

 To achieve peak high voltage performance, HOMER is subjected to high voltage 

conditioning after bringing the chamber up to air and whenever any new electrical insulator or 

electrode is introduced, replaced, or modified. For a gridded IEC device, high voltage conditioning 

may be achieved by operating under plasma conditions where ion bombardment of the cathode 

may help to clean surface impurities and remove micro-features of the electrode surfaces which 

may cause field enhancement and premature breakdown of the voltage gap. Operating at higher 

power inputs will rapidly heat the chamber walls and electrodes to encourage evolution of gasses 

from the structures and subsequent removal by pumping. Over time, the effect of conditioning is 

the minimization of outgassing impurities during operations and the increased high voltage 

standoff performance of the system. There is a limit to the upward progress of high voltage standoff 

improvement due to conditioning processes, after which standoff no longer can be improved by 

surface modification at the microscopic level [2].  
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 Some imposed limits of the system are in place due to the limitations of the hardware used. 

The external chamber wall temperature is not allowed to exceed 80 C due to the use of a nylon 

insulator standoff and elastomer seals. The maximum steady-state current draw from the system is 

limited to 100 mA by the resistive power dissipation in the ballast resistor assembly, which has a 

design rating of 2500 W. An upper chamber pressure during operation is determined by the high 

voltage breakdown of background gas into a glow discharge regime, which is noted to be in the 

range of 1.2 to 2.0 mTorr for the hardware configuration presented in this work. 

 The measurements taken for this work were typically done using two different data 

collection procedures. The first is that during each operation data is collected from LabVIEW, the 

IEC logbook, the RGA, and a document containing computer screen captures of the 

operating/LabVIEW computer and operator notes, which provides a quick snapshot reference to 

the operating conditions within a run. At the beginning of each operation, a set of fixed device 

parameters are operated for system monitoring. These fixed conditions represent operating 

parameters which fix the cathode voltage (30, 80, 120, 160 kV), cathode current (30 mA), and 

chamber pressure (1.0 mTorr) while measuring the neutron production rate. A comparison may 

then be made run-to-run and day-to-day to check for abnormalities and look for any long term 

trends of the system neutron production rate performance. This data is collected for all runs 

including conditioning and data collection runs.  

The second is a more specific data collection process that focuses on isolating specific 

parameters and conditions. At the start of the run day, a special program called a “priming run” is 

commenced to operate the chamber at the fixed conditions and to heat the chamber walls, which 

encourages outgassing and removal of impurities after an extended period of no operations 

(typically after not being operated overnight). A data collection day is planned to measure the 
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neutron production rate for the variation of one of the following: cathode voltage, cathode current, 

or chamber pressure while holding the other two constant. The set points of the parameter to be 

varied for the day are randomized in the order that they are to be measured. Each data run for the 

day consists of the fiducial startup sequence followed by a brief shutdown of the system followed 

by the acquisition of data at the selected set point(s) to be measured. This process typically takes 

no longer than 15 minutes and the experiment is then left to cool down and pump out over the next 

1.5 hours to reestablish baseline conditions of the chamber wall temperature and base pressure. 

 

 High voltage feedthrough design 

A major focus of this work has been the advancement of the high voltage feedthrough design, 

and this allowed for previously unachieved operational voltages up to 210 kV cathode voltage. In 

the previous work, the author collaborated with Michalak on the development of a 2-stage 

feedthrough [3]. This previous feedthrough utilized a separate -75 kV power supply to bias the 

intermediate voltage stage to control the voltage gaps and reduce the electric fields, and this design 

was successfully operated up to its anticipated cathode voltage design limit of 175 kV. The 

feedthrough was then disassembled and studied, looking for any regions of degradation and 

component wear due to electrical stresses and charged particle bombardment. Significant 

degradation of the blue nylon insulator near the grounded chamber lid was found where partial 

discharges had begun to bore holes through the bulk material in regions of high electrical stress. 

Additionally, electrical degradation was seen on the surfaces of the shield cone and grounded 

chamber lid and anode support plate where the electric field of the voltage gap was highest and 

evidence of arcing had occurred. 
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The design of this new feedthrough applied field reducing geometries to eliminate some 

critical regions of enhanced field stress.  It also eliminated the need for a second, high voltage 

power supply to actively control the intermediate voltage gap by using a passive resistive voltage 

divider design. This new design and some of the hardware features are pictured in Figure 4-4. A 

commercially available 100 kV vacuum feedthrough is integrated into a 2-stage voltage standoff 

approach and was modified by replacing the original conductor with a highly polished 12.7 mm 

diameter stainless steel conductor to reduce fields at the conductor and add rigidity to the stalk. 

The vacuum flange of the feedthrough rests on a toroidal voltage platform which also supports the 

electrostatic shield horn. The 100 kV feedthrough vacuum flange, torus platform, and shield horn 

are all electrically connected and biased to an intermediate voltage level determined by the voltage 

divider. The HVPS cable is plugged into the first stage voltage platform which connects the center 

conductor, cathode grid, and the first stage resistors. The first stage resistors connect to the second 

stage voltage platform via the torus, and a second set of resistors connect the second stage to the 

chamber ground. A small, 1 kΩ resistor is placed between the second stage resistors and the ground 

to monitor current draw of the voltage divider during operations. The resistor divider circuit and 

insulating standoffs are immersed in dielectric oil to improve voltage standoff and eliminate 

atmospheric corona. The body of the oil tank is constructed out of PVC and is coated externally 

with a conformal conductive spray coating and wrapped with sheet steel and conductive tape cover 

which are electrically connected to the grounded chamber. 
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Figure 4-4: A cutaway CAD model of the 2-stage resistively divided feedthrough design that 

was constructed for this  work. 

 

 Circuit model of the feedthrough design 

A simple DC circuit model was created to evaluate the current draw of the shield electrode 

due to the plasma interaction under operating conditions. Ions collected on the shield along with 

secondary electrons emitted contribute to the power supply current. The performance of the 2-
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stage biased feedthrough was analyzed in order to inform the design needs of the resistively 

divided 2-stage feedthrough. 

 

4.2.1.1 Circuit analysis of the previous 2-stage biased feedthrough design 

To estimate the current contribution to the system at the shield electrode for the resistive 

voltage divider design, a circuit model of the previous 2-stage biased feedthrough was evaluated. 

The circuit for this design is show in Figure 4-5, and a more detailed derivation of the following 

equations using Kirchhoff’s laws is given in the appendix. In this model, the plasma resistivity is 

represented by a total resistance across the plasma gaps at the cathode, 𝑅𝑝−𝑐, and at the shield 

𝑅𝑝−𝑠; the plasma resistance is treated as unknown in this analysis. The high voltage power supply 

voltage, 𝑉𝐻𝑉𝑃𝑆, sets the cathode voltage, 𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒, and the feedthrough power supply, 𝑉𝐹𝑇𝑃𝑆, sets 

the voltage at the shield electrode, 𝑉𝑠ℎ𝑖𝑒𝑙𝑑. 

By examining the feedthrough power supply circuit on the right side of Figure 4-5, the 

contribution of current collected at the shield through the plasma, 𝐼𝑠ℎ𝑖𝑒𝑙𝑑, may be determined by 

setting the feedthrough power supply voltage, 𝑉𝐹𝑇𝑃𝑆, and observing the current draw from the 

feedthrough power supply, 𝐼𝐹𝑇𝑃𝑆. 

 

𝐼𝑠ℎ𝑖𝑒𝑙𝑑 = (
𝑅1 + 𝑅2
𝑅1

) 𝐼𝐹𝑇𝑃𝑆 − (
𝑉𝐹𝑇𝑃𝑆
𝑅2

) 4-2 
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Figure 4-5: Circuit model of the previous 2-staged biased feedthrough design that used a 

second, external power supply to apply voltage to the shield electrode. 

 

 The current collected on the shield plate during operation was compared to the cathode 

current and cathode voltage while holding the feedthrough power supply at -60 kV. Figure 4-6  

shows the shield current has a strong dependence on the chamber pressure and cathode current and 

a weak dependence on cathode voltage. For operations at 1 mTorr chamber pressure, the shield 

current varied from 0.05-0.2 mA for cathode currents ranging 30-100 mA, and the shield current 

varied from 0.3 to ~0.9 mA over this same range while operating at 0.3 mTorr chamber pressure. 
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Figure 4-6: Current collected at the shield electrode is weakly dependent on cathode voltage 

and strongly dependent on chamber pressure and cathode current. 

 

4.2.1.2 Circuit model for 2-stage resistive feedthrough circuit 

Since the new 2-stage resistive voltage divider design does not rely on a regulated voltage 

supply to maintain a shield set point voltage, the estimated current collection was taken from the 

previous design and used to inform the selection of resistance values and power ratings for the 

divider resistors.  A simple DC circuit was modeled for the resistive voltage divider design is 

shown in Figure 4-7. Here, a voltage platform and electrostatic shield are placed between two 

resistors which bias the shield at an intermediate potential with respect to the center conducting 

stalk and the grounded chamber. The plasma impedance at the cathode and the shield are 

represented by the resistive component of the plasma for the purposes of this DC circuit analysis. 
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Figure 4-7: Circuit model of the 2-stage resistive feedthrough design. 

 

To determine the current at the cathode grid and shield electrodes, this system may be 

solved in terms of the measured voltage and current at the high voltage power supply along with a 

measurement of the current draw, 𝐼𝐶𝑆, through the resistive feedthrough via a 1 kΩ current sense 

resistor placed between 𝑅2 and ground. A derivation of the following equations is provided in the 

appendix. Solving this system for the shield current gives: 

 

𝐼𝑠ℎ𝑖𝑒𝑙𝑑 =
[𝑉𝐻𝑉𝑃𝑆  −  𝑅𝐵𝑎𝑙𝑙𝑎𝑠𝑡𝐼𝐻𝑉𝑃𝑆 − (𝑅1 + 𝑅2)𝐼𝐶𝑆]

𝑅1
 4-3 

 

And the current collected at the cathode is represented by: 

 

𝐼𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 𝐼𝐻𝑉𝑃𝑆 − 𝐼𝑠ℎ𝑖𝑒𝑙𝑑 − 𝐼𝐶𝑆 4-4 
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Under no plasma load, the system reduces simply to the current drawn, 𝐼𝑑𝑟𝑎𝑖𝑛, from the 

high voltage power supply across the series resistance from the barrel and the two resistor stages. 

 

𝐼𝑑𝑟𝑎𝑖𝑛 =
𝑉𝐻𝑉𝑃𝑆

𝑅𝐵 + 𝑅1 + 𝑅2
 4-5 

 

The drain current is related to the current draw across the second stage current sense resistor 

by: 

𝐼𝐶𝑆 = 𝐼𝐷𝑟𝑎𝑖𝑛 − 𝐼𝐶𝑎𝑡ℎ𝑜𝑑𝑒 (
𝑅𝐵

𝑅𝐵 + 𝑅1 + 𝑅2
) − 𝐼𝑆ℎ𝑖𝑒𝑙𝑑 (

𝑅𝐵 + 𝑅1
𝑅𝐵 + 𝑅1 + 𝑅2

) 4-6 

  

The selected resistance of the voltage divider stages must divide the voltage drop across 

the feedthrough appropriately at no greater than 100 kV, maintain voltage stability at the second 

stage in the presence of a current draw from the shield electrode, and dissipate an acceptable 

amount of power in the resistors. The power dissipation, 𝑃, across each stage is: 

 

𝑃1 = (𝐼𝑆ℎ𝑖𝑒𝑙𝑑 + 𝐼𝐶𝑆)
2𝑅1 4-7 

𝑃2 = 𝐼𝐶𝑆
2 𝑅2 4-8 

 

 To maintain voltage stability of the shield, the current drawn by the voltage divider circuit 

was chosen to be 5-10 times greater than the expected current draw from the shield under plasma 

load to reduce the amount of skewing in the voltage divider ratio during plasma operations. For 1 

mTorr operation, the shield current collected on the previous feedthrough design was near 0.2 mA 

for a cathode current operation at 100 mA and thus the voltage divider drain current should range 
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1-2 mA to provide adequate stability in the shield voltage due to perturbations. A total voltage 

divider resistance was chosen to be 125 MΩ to provide a drain current of 1.6 mA through the 

feedthrough resistor divider while setting the high voltage power supply to 200 kV under no 

plasma load. During plasma operation, the shield will draw a current from the plasma and 

contribute to the flow across the first stage resistors thus producing a larger voltage drop across 

the first stage and skewing the voltage divider ratio.  

To account for this shift in voltage, the resistance values were divided asymmetrically, 

setting 45 MΩ for the first stage and 80 MΩ for the second stage. For cathode operation at 200 kV, 

100 mA, this would give the first stage an estimated current of 1.73 mA, voltage drop of 77.8 kV, 

and power dissipation of 135 Watts. For the second stage, the estimated current would be 1.53 

mA, voltage drop of 122.2 kV, and power dissipation of 187 Watts. To accommodate the voltage 

drops and resistive power dissipation during plasma operations, EBG MTX 969.105 and 969.71 

series resistors were selected which are rated, respectively, for in-air operation at 96 kV and 64 kV 

standoff, 105 Watts and 71 Watts power dissipation, and both feature non-inductive windings. 

Each stage is comprised of two of resistors in parallel which are immersed in dielectric oil to 

increase voltage standoff and heat removal capabilities. 

 

 

 Electrostatic model of the feedthrough designs 

An electrostatic model of the previous 2-stage biased feedthrough design was created to 

examine the electrical stress created by the electrode geometries at high voltages. The electrostatic 

models presented here were generated using a finite element approach which solves Poisson’s 

equation for electrostatic potentials over a geometry for a given set of boundary conditions. A 1:1 
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scale CAD model was drawn using SOLIDWORKS which was then imported into Finite Elements 

Method Magnetics (FEMM) version 4.2 for analysis [4].  

 

4.2.2.1 Electrostatic model of the 2-stage biased feedthrough design 

Figure 4-8 shows a 2D axisymmetric model of the electrostatic fields of the previous 2-

stage biased feedthrough design, which simulates -200 kV applied to the center conducting stalk 

and -100 kV applied to the high voltage platform and shield cone. In this model, the convoluted 

alumina feedthrough is surrounded by a column of dielectric oil supported by a PVC tube; outside 

this tube is an air gap and a grounded metal surround which is not shown in the CAD drawing. 

The model shows regions of strong electric fields at the rounded hoop of the shield horn and at the 

corners of the chamber lid and anode support plate where the fields are greater than 107 V/m at the 

electrode surfaces. In this simulation, 0.25 mm radii were added to 90 corners to reduce some 

artificial field enhancement positions not represented in the physical model. Additionally, field 

enhancement is also seen to occur at small gaps between dielectric interfaces near electrodes due 

to the discontinuity of the material permittivity. A list of the material permittivities used in the 

electrostatic models is shown in Table 4-2. 

 

Table 4-2: Relative permittivity of dielectrics used in the electrostatic models generated using 

FEMM software [4]. 

Material Relative Permittivity (ε) 

Vacuum 1 

Air 1 

Alumina 9.3 

Blue Nylon 3.6 

PVC 3.4 

Dielectric Oil 2.2 
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Figure 4-8: CAD model of the 2-stage biased feedthrough design overlaid with an 

axisymmetric electrostatic model showing electric field distribution created using FEMM 

software [4]. 
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4.2.2.2 Electrostatic model of the new 2-stage resistive feedthrough design 

A design goal of the new 2-stage resistive feedthrough was to modify the shield geometry 

to reduce the electric fields to below 5x106 V/m in the feedthrough regions between the conducting 

stalk and shield, between the shield and the grounded chamber lid, and between the shield and 

anode support plate. Figure 4-9 shows the CAD with a 2D axisymmetric FEMM electrostatic 

calculation of the 2-stage resistive feedthrough design. To accomplish these field reductions, a 

flared horn geometry was chosen for the shield which smooths out many of the field enhancing 

features seen in the previous design. To reduce the field enhancement caused by the squared corner 

of the chamber lid, a 19 mm radius has been added to the lower edge. It should be noted that the 

grids shown in Figure 4-9 are modeled as solid surfaces of revolution rather than the true grid wire 

structure represented in the CAD drawing and the physical hardware. Additionally, the voltage 

divider resistors and hardware have been left out of this electrostatic model. In this design, an oil 

column surrounds the 100 kV ceramic feedthrough, blue nylon standoff, intermediate voltage 

platform, and resistors on the non-vacuum side, and the oil column is supported by a PVC 

enclosure which is grounded on the outside. 

The simulation result shows the electric fields at the shield and lid are greatly reduced in 

comparison to the previous design (Figure 4-8) with a peak field reduction of greater than 2 times 

the previous design for the shield and chamber surfaces. The curvature of the shield to lid gap also 

creates a more uniform field distribution, and the vacuum gap lengths have been increased to 

reduce field enhancement. 
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Figure 4-9: CAD model of the new 2-stage resistive feedthrough design with an overlaid 

axisymmetric electrostatic model showing the distribution of electric fields generated using 

FEMM software [4]. 
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 Construction, fabrication, and testing of the feedthrough 

The construction of the feedthrough involved the fabrication of several pieces of hardware 

in addition to reusing the existing 100 kV ceramic feedthrough, aluminum torus HV platform, 

molybdenum stalk extender, and blue nylon standoff from the previous feedthrough design. Stages 

of the construction and testing of the feedthrough are shown in Figure 4-10. Custom 13 mm radius 

rounded high voltage platforms were machined from aluminum to connect resistors in both stages 

and facilitate the connection of the HVPS cable to the center conductor and the first stage resistors. 

The shield horn was produced using a spin manufacturing technique by an outside machine shop 

and is made of 2 mm thick 1100-O grade aluminum which is mechanically polished. The oil tank 

was fabricated out of PVC and coated with a conductive spray paint then wrapped with sheet metal 

and conductive tape to provide a well-defined ground plane. The top aluminum lid flange features 

ports allowing for the HVPS cable to pass through, a BNC connection for the current sense resistor 

voltage signal, and two access holes to allow the transfer of dielectric to and from the tank.  
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Figure 4-10: Assembly of the grids and shield electrodes (left), in air testing of the voltage 

divider circuit (center), full feedthrough assembly with dielectric oil tank (right). 

 

 Testing of the feedthrough circuit was conducted up to 100 kV cathode operation without 

the dielectric oil and tank assembly in place in order to test for corona formation from regions of 

high electrical stress and to validate the circuit model calculations of the stage voltages. The first 

and second stage resistors were assembled in air, and a high voltage probe was connected to either 

the first stage or second stage to independently measure the stage voltages under plasma operation. 

The stage voltages were calculated in LabVIEW during operation using the circuit model described 

previously in section 4.2.1.2. The voltage and current signals from the high voltage power supply 

along with the current sense resistor are used to determine the voltages at the cathode (first stage) 

and shield (second stage). The voltage measurements taken from the high voltage probe were 

found to be in agreement with the calculated values from the LabVIEW data acquisition. 
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 Arc rate diagnostic 

During the conditioning process, small arcs may form that are observed as brief spikes in the 

power supply current monitor signal. These fast transients in the current are about 50-1000 µs in 

duration and are generally attributed to the removal of high field producing micro features on the 

cathodes by localized ion bombardment, evolution of gas off an insulating surface creating a 

flashover event, or partial discharge events occurring within the insulators [2]. If an arcing event 

spikes the current beyond the power supply’s overload current threshold, the power supply will 

shut down as a safety measure. These shutdowns are frequent in the conditioning process; 

however, with high voltage conditioning, the frequency of shutdowns at a voltage level may be 

reduced. Not all arcing events will trip the power supply overload current, and these events may 

be seen in the sampling of the HVPS signal outputs. An indicator that the conditioning process is 

working is the reduction in frequency of these small arcs, and a well-conditioned system will have 

no transient events during steady state operation. The voltage across the feedthrough current sense 

resistor is monitored by an oscilloscope, which triggers on the fast rise time of the transient voltage 

pulse from the arcing event shown in Figure 4-11. To prevent overvoltage damage to either the 

DAQ or oscilloscope, a 12 V transient suppression circuit consisting of back to back Zener diodes 

is placed between the feedthrough and these instruments. From this configuration, the frequency 

of arcing events may be monitored, but the magnitude of current excursion is lost due to the 

transient suppression when the current through the current sense resistor exceeds 12 mA. 
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Figure 4-11: Oscilloscope trace of an arcing event captured during the conditioning process. 

The arc event captured from the current sense resistor (yellow) is more defined than the 

HVPS current signal (blue). 

 

 Design of the gridded electrodes 

The electrode grid configuration chosen for this work was informed from the previous work 

at UW-Madison as discussed in Chapter 2. A 20 cm diameter cathode grid and 50 cm diameter 

anode grid were constructed previously by the author to increase the grid spacing uniformity and 

the rigidity over the earlier grid designs used at UW-Madison and are shown in Figure 4-12. Both 

the cathode and anode use a 16-9 latitudinal-longitudinal wire configuration to keep the grid holes 

uniform and symmetric. The cathode is constructed out of 0.76 mm diameter W-25%Re alloy wire, 

which was chosen for its high melting point (near 3200 ºC) and ability to be spot welded for 

construction purposes. Improved rigidity in the cathode was achieved by using a rounded 

molybdenum nut to anchor the longitudinal hoop base structure, spot welding the latitudinal hoops 
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in place, then spot welding the remaining longitudinal semi-arc segments to the latitudinal hoops, 

creating an interlacing structure.  The anode was constructed using stainless steel wire with a 

diameter of 1.52 mm for the base structure and 0.76 mm diameter stainless steel wire for the grid 

wires. 

 

 

Figure 4-12: Construction of the 20 cm cathode grid (left) and construction of the 50 cm 

anode grid bottom hemisphere (right). 

 

During the initial testing of the 2-stage resistive high voltage feedthrough, frequent arcouts 

would trip the high voltage power supply, shutting down the operation when trying to operate at 

cathode voltages beyond 180 kV. The feedthrough and electrodes were disassembled to check for 

any electrical wear spots on the insulators and electrodes. The feedthrough components showed 

little to no sign of electrical wear from the operation; however, there were many trouble areas 

observed on the anode grid and the chamber walls. Several portions of the anode grid wire had 

been melted through, along with burn marks observed on the aluminum chamber walls and a melt 
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spot on the quartz safety glass that protects the vacuum window. It is believed that these melt and 

burn spots are caused by localized electron heating from electron jets streaming from the cathode. 

An attempt to fix these issues was made by increasing the longitudinal wire count to 32 and 

ensuring careful alignment of the cathode-anode hole structures. The effect of adding additional 

grid wires to the cathode adds more surface area, reducing the geometric transparency of the 

cathode grid, and may alter the electric field at the wire surface. The upgraded 32-9 longitudinal-

latitudinal cathode configuration is shown in  Figure 4-13.  

 

 

Figure 4-13: The 20 cm cathode modified to have 32 longitudinal wires. 
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 New 2-Stage Resistor Divider High Voltage Feedthrough 

and Modification of Cathode Grid Results and Discussion 
 

This chapter describes the results and performance of the 2-stage resistor divider 

feedthrough design during hardware testing and plasma operations. An analysis of the feedthrough 

circuit model is used in predicting the system behavior during plasma operations to better define 

the system design limits to protect critical hardware components. The results of improving high 

voltage operations by following the conditioning procedures outlined in Chapter 4 are described. 

Lastly, the improvements to high voltage standoff due to a modification of the cathode grid are 

presented and discussed here. 

 

 Voltage divider circuit response under plasma load 

Since the feedthrough shield electrode is exposed to charged particle bombardment, a 

current draw at this electrode will contribute to the high voltage power supply meter current and 

alter the voltage level of this intermediate platform. A circuit model of the 2-stage resistor divider 

feedthrough was presented in Chapter 4, which describes the relationship among the high voltage 

power supply current meter, shield current, and cathode current. Using this model, the voltage 

divider ratio (Vshield / Vcathode) is found to be dependent on the current collected by the electrostatic 

shield, Ishield: 

 

(
𝑉𝑠ℎ𝑖𝑒𝑙𝑑

𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒
) = (

𝑅2

𝑅1+𝑅2
) (𝑉𝐻𝑉𝑃𝑆 − 𝑅𝑏𝑎𝑙𝑙𝑎𝑠𝑡𝐼𝐻𝑉𝑃𝑆) [ 1 −

𝑅1𝐼𝑠ℎ𝑖𝑒𝑙𝑑

𝑉𝐻𝑉𝑃𝑆 −𝑅𝑏𝑎𝑙𝑙𝑎𝑠𝑡𝐼𝐻𝑉𝑃𝑆
]  5-1 
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 The ability to predict the voltage drop across the first and second feedthrough stages 

provides valuable insight in defining the system operational limits where voltage gaps are not to 

be overstressed and their likelihood of failure is reduced. The previous analysis of the original 2-

stage biased feedthrough circuit, which used an independently controlled high voltage power 

supply, showed a predictable response of the shield electrode current for varying experimental 

parameters. A similar approach was taken in the initial testing of the new 2-stage resistor divider 

feedthrough hardware design, where plasmas were operated to map the current collected at the 

shield electrode as functions of cathode current from 30 to 100 mA, cathode voltage from 80 to180 

kV, and chamber pressure at 0.3 and 1.0 mTorr D2, and the result is shown in Figure 5-1. The 

relationship between the cathode current and shield current are found to be strongly dependent on 

the chamber pressure with no significant dependence on cathode voltage for voltages ranging 80 

to 180 kV observed; each cluster of points represents data taken between 80 and 180 kV. 
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Figure 5-1: Electrostatic shield current draw from the plasma is a strong function of cathode 

current set point and chamber pressure. 

 

 By fitting a power law to the relationship between the cathode current and shield current 

in Figure 5-1, the circuit model may be used to predict the voltage divider circuit response to a 

range of cathode current and cathode voltage operating set points. An assumption is made that the 

shield current dependence on the cathode voltage is weak and is only dependent on the cathode 

current. For the case of 1.0 mTorr D2 operation, a shield voltage response is plotted in Figure 5-2 

for cathode voltages ranging 80 to 210 kV and cathode currents ranging 0 to 100 mA. As the 

cathode current goes to zero, the shield current contribution goes to zero; and the circuit response 

is the current drawn across the ballast resistor and the two resistor stages, all wired in series. With 

the first stage resistance of 45 MΩ and the second stage resistance of 80 MΩ, this gives a voltage 

divider ratio of 0.64 (Vshield / Vcathode) under no plasma conditions (Icathode = 0). As the cathode 

current is increased, the shield voltage is reduced while holding the cathode voltage at the same 

level. 
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Figure 5-2: Predicted voltage response at the electrostatic shield for varying cathode voltage 

and cathode current set points during 1.0 mTorr D2 operation in HOMER. 

  

Holding the cathode current constant, the predicted voltage divider ratio may be examined 

over a range of cathode voltages using this model. Figure 5-3 shows the model prediction of 

voltage divider ratio over a cathode voltage range of 0 to 210 kV for cathode currents of either 30 

or 100 mA. The assumption that the dependency between the cathode current and shield current is 

independent of the voltage fails when the shield voltage approaches zero, since the contribution of 

the shield current must also go to zero. 
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Figure 5-3: A comparison of the predicted versus measured response of the 2-stage 

feedthrough voltage divider ratio under plasma operating conditions. The yellow shaded 

region represents where the voltage design limit has been exceeded. 

 

Measurements of the cathode and shield voltages were collected over numerous variations 

of the system parameters, and data for these two cases are included in Figure 5-3. These 

measurements represent the average data collected for every 10 kV increment of the cathode 

voltage (± 1 kV) at cathode currents of 30 or 100 mA (± 1 mA) and chamber pressure 1.0 ± 0.05 

mTorr; the error bars represent the standard deviation of the sampled data. Limited measurements 

were available for the 100 mA case, and only data for 170 to 200 kV cathode operation were 

collected for this work. This model reasonably predicts the voltage divider ratio for the 30 mA 

case down to 30 kV at the cathode; however, the model underpredicts the voltage divider ratio for 

cathode operations at 100 mA.  
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This model may be used to predict a maximum operational voltage for this feedthrough 

design under the constraint that the first stage ceramic standoff gap does not exceed 100 kV where 

the cathode voltage is the sum of 100 kV and the shield voltage. The maximum shield voltage 

allowed to keep the first stage at 100 kV may be determined by examining the divider ratio: 

 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑖𝑣𝑖𝑑𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 =
𝑉𝑠ℎ𝑖𝑒𝑙𝑑
𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒

=
𝑉𝑠ℎ𝑖𝑒𝑙𝑑

100 𝑘𝑉 + 𝑉𝑠ℎ𝑖𝑒𝑙𝑑
   5-2 

 

For the 30 mA and 1.0 mTorr case, a voltage divider ratio near 0.58 is chosen, and a 

maximum shield voltage is predicted to be 138 kV. A combined shield voltage and 100 kV first 

stage voltage give a predicted maximum operational voltage of 238 kV at the cathode. The 

maximum achieved cathode voltage for these conditions was a cathode voltage of 210 kV and 

shield voltage of 122 kV, falling 28 kV short of the model predicted maximum. This is most likely 

due to electric fields overstressing the shield electrode gap or the anode-cathode grid gap, leading 

to arcouts and unstable voltage conditions, which are unable to be mitigated by high voltage 

conditioning strategies. 

 

 High voltage conditioning results 

The installation of the new feedthrough and modified cathode grid required an extensive 

high voltage conditioning period to improve voltage standoff and stability in HOMER during 

operation. After installing the new hardware and evacuating the chamber, plasma high voltage 

conditioning procedures were initiated using deuterium fuel operations. This method of electrode 

conditioning has been found in the past to reduce the duration of chamber conditioning time when 
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compared to conditioning procedures using high potential conditioning under no plasma load. 

Additionally, deuterium plasma conditioning allows for neutron production rate data to be 

collected during this process and builds up a data set of device performance evolution which will 

be discussed in Chapter 7. In this system, the onset of significant arcing and voltage instability 

occurred while operating the cathode at 130 kV at 30 mA and 1.0 mTorr of deuterium. Once the 

hardware had endured these conditions long enough to significantly reduce the rate of arcing 

observed, the voltage at the cathode was increased in 5 or 10 kV increments and this new voltage 

level was held until the rate of arcing observed was reduced once again. To improve the system 

condition, this procedure was repeated until an upward advancement in voltage standoff could no 

longer be achieved. Conditioning procedures described in Chapter 4 were successfully 

implemented to achieve a maximum operational cathode voltage standoff of 210 kV at 30 mA 

cathode current and a chamber pressure of 1.0 mTorr of D2  in HOMER.  

Figure 5-4 compares two plots of the cathode and shield voltages and cathode current 

during run conditioning of the system. The top figure shows the device performance earlier in the 

conditioning process and highlights several features of an unconditioned system. As new voltage 

levels are reached, the electrode and insulating surfaces require some duration of exposure at these 

voltages to remove field enhancing or excess current producing features such as sharp micro-

features, loose debris, or adsorbed gases on material surfaces. These features tend to burn off due 

to electron or charged particle bombardment at field enhanced spots on the surfaces under plasma 

operation, and it is believed that these types of events are responsible for the small current spikes 

observed in the high voltage trace for the unconditioned system. Large current spikes may trigger 

the high voltage power supply to shut down when it senses a current draw exceeding a set threshold 

(up to 200 mA). The high voltage power supply is able to shunt the voltage rapidly to protect the 
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IEC circuit from dissipating large amounts of energy due to a shorting event, and a high voltage 

power supply shutdown is seen in this top plot after a fast arc had surpassed the overcurrent limit. 

The bottom plot shows a later high voltage trace during operation after many conditioning runs 

where current spikes and fast shutdowns have been eliminated under the same operating 

parameters. 

 

 

Figure 5-4: High voltage traces are recorded during operations where an unconditioned 

system (top) shows many arcing events and shutdowns while a conditioned system (bottom) 

shows stable high voltage operation. The horizontal axis is the data acquisition index and 

represents the elapsed time of the run. 

 

 Modification of the cathode grid 

During the initial testing of the new feedthrough hardware, high voltage conditioning 

progress stalled at about 180 kV cathode operation. It was initially suspected that there may be a 
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system standoff limitation at either the feedthrough insulators or the shield electrode; however, no 

evidence of component degradation or arc spot formation was observed on the feedthrough 

insulators, shield electrode, or stalk. While examining the cathode and anode grids, several melted 

spots in the stainless steel anode wires and several burn spots were found inside the chamber as 

shown in Figure 5-5.  

 

 

Figure 5-5: Holes melted in the stainless steel anode grid wire due to electron jets. 

 

It is believed that strong electron jets accelerating outward from the cathode region had 

impinged on these spots, and the presence of electron jets was previously presented in Chapter 3. 

Electron jets have been found to have a sufficient power density to melt through the stainless steel 

anode wires, create scorch marks on the chamber wall, and form melt spots in a quartz safety glass 

which protects the vacuum window barrier. These jets, which occur more intensely during high 

cathode current operation, may lead to electro-thermal instabilities of the high voltage electrodes 
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resulting in current spikes, power supply shutdowns, and occasionally melting of chamber 

hardware. In an attempt to mitigate the impact of the jets while operating HOMER at cathode 

voltages above 170 kV and currents above 60 mA, careful positioning of the grid wires was made 

to ensure the hole positions were aligned, and an attempt to reduce the electric field at the cathode 

surfaces was made by the addition of more wires. 

The previously used cathode grid was modified by adding additional longitudinal wires to 

decrease grid hole size and reduce electric field at the cathode wires. New W-25%Re grid wires 

of 0.76 mm diameter were spot-welded to the previous 20 cm diameter 16-9 longitude-latitude 

wire cathode grid, designated W-20, to increase the number of longitudinal wires to 32; this new 

32-9 longitude-latitude configuration is designated grid configuration W-21 for the purposes of 

this work. The addition of these grid wires reduces the geometric transparency; however, the 

reduction in effective transparency to ion flow is expected to have a smaller effect due to the micro-

channeling of charged particles through the cathode previously discussed in Chapter 3. In addition 

to modifying the cathode, the melted portions of the anode grid wire were replaced with new 

sections of stainless steel wire. The cathode and anode were installed in HOMER, and the high 

voltage conditioning process was restarted using the plasma conditioning technique.  

To compare the performance of the revised grid design, a glow discharge voltage 

breakdown curve was created for the previous and new configurations, and the results are shown 

in Figure 5-6. This test was conducted by setting the chamber pressure then turning up the cathode 

voltage until a glow discharge is initiated; the breakdown voltage is determined as the cathode 

voltage where a plasma is initiated and current draw across the gap is observed. This test of 

breakdown voltage does not use the ionization filament assist typically used to control the cathode 

current during normal operations, and the result of this test shows an improvement of cathode 
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voltage standoff before initiation of a glow breakdown regime for the same deuterium chamber 

pressure for the new configuration. At a chamber pressure of about 1.2 mTorr, the breakdown 

voltage for the W-21 configuration was found to be nearly 50 kV higher than the W-20 

configuration. This improvement in voltage standoff allowed for more stable operations at cathode 

voltages beyond 180 kV and ultimately achieved a peak operational standoff voltage of 210 kV. 

Despite the improved performance of this revised grid, melting of anode grid wires due to electron 

jets was still an issue for this system, and a solution to this problem remains to be found. 

 

 

Figure 5-6: A comparison of high voltage breakdown curves shows the increased 

performance of the 32 longitudinal cathode wire grid over the 16 longitudinal cathode wire 

grid configuration using the new feedthrough design in each test.  
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 Summary 

The 2-stage resistive divider high voltage feedthrough was successful in achieving the goal 

of 200 kV operation in an IEC device. The 2-stage approach has been found to be robust against 

destructive arcs and failures of past designs by implementing the use of an intermediately biased 

electrostatic shield to protect the secondary stage insulating standoff from charge particle 

bombardment. The circuit model shows the voltage divider ratio may shift depending on the 

plasma conditions in the chamber, and this model may be used to predict operational limits. The 

plasma conditioning process has been found to be an effective means to improve the high voltage 

standoff of the cathodes using deuterium fuels. Concentrated electron jets accelerated outward 

from the cathode region are found to be detrimental to the anode structures they impact; at high 

enough voltages and currents, these jets have been found to melt stainless steel wires and quartz 

glass in the chamber. The approach to achieve higher voltage standoff by improving grid alignment 

and by adding additional grid wires was successful in improving the high voltage standoff before 

initiation of glow discharge breakdown. The result of this new 2-stage feedthrough and modified 

cathode grid was the achievement of a maximum high voltage cathode operation at 210 kV and 30 

mA for a 1.0 mTorr deuterium pressure during plasma operation. 
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 Parametric Study of Neutron Production Rates Results and 

Discussion 
 

This chapter presents the results of experimental investigations of the neutron production 

rate scaling with input parameters for the gridded IEC device HOMER. In this device, three key 

parameters have been identified that influence the neutron production rate: the cathode voltage, 

which influences the energy distribution of deuterium ions, the cathode current, which influences 

the density of ion current, and the chamber pressure, which may influence the deuterium target 

density and ion energy distribution. The geometric configuration may also influence the neutron 

production rate performance; however, the geometry remains fixed for all experimental studies in 

this work. Parametric scans of the neutron production rate for variations on cathode current (30–

100 mA), chamber deuterium pressure (0.2-1.5 mTorr), and cathode grid voltage (10-210 kV) are 

presented here in Section 6.1. Comparisons of this data are made to previous work performed by 

Michalak that studied parametric scaling of neutron production rates in HOMER up to 175 kV. 

Neutron production rate scaling measurements are also compared to theoretical predictions using 

the VICTER model. A discussion of these results and comparisons is presented in Section 6.2 

 

 Experimental results for parametric studies of neutron production rates 

The experimental results presented in this section are generated using the new 2-stage 

resistor divider feedthrough hardware and a spherical electrode set using a 20 cm diameter 32-9 

longitude-latitude spherical cathode grid and a 50 cm diameter 16-9 longitude-latitude anode grid. 

For the following results, the cathode voltage represents the voltage at the cathode grid and center 

conducting stalk. This cathode voltage is of negative polarity with respect to the grounded anode 
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grid and grounded chamber walls, and the voltages reported here are with a negative polarity 

implied. Details of the HOMER experimental setup are presented in Chapter 4, and the neutron 

counts are measured using the 3He proportional counter with a single channel analyzer counting 

system described previously. 

Experimental uncertainties in the neutron production rate measurements presented in the 

following sections are calculated by considering sources of error in the instrument set points, 

uncertainty in the neutron calibration factor, and the Poisson counting error in the neutron count 

measurements. Measurements of the neutron counts are selected from the run data of interest that 

meet the following criteria (unless otherwise noted): within ±1 kV of the cathode voltage set point, 

within ±1 mA of the cathode current set point, and within ±0.05 mTorr of the chamber pressure 

set point. Neutron counts and counting duration are summed over all measurements meeting the 

selection criteria, and the measured count rate is computed, dead time corrected, and multiplied by 

the calibration factor to give the true neutron production rate measurement. Counting error is 

calculated by the square root of the total counts and divided by the count duration to give the 

measured count rate uncertainty; the uncertainty in the computer sampling timing is considered 

negligible. The uncertainties of the count rate measurement and the calibration factor are 

propagated to give a measurement uncertainty in the true neutron production rate. The 

measurements of voltage, current, and pressure set points are respectively averaged over all the 

data meeting the selection criteria. The standard deviation of the free parameter measurements is 

calculated, and the relative error of the mean fixed parameter measurement is taken with respect 

to the reported set point values. The relative set point errors for the constrained parameters and the 

standard deviation of the free parameter are propagated with the true neutron production rate 

uncertainty to give the final experimental uncertainty of the measured true neutron production rate; 



102 

 

 

this uncertainty assumes only first order contributions with any covariance neglected. The true 

neutron production rate and experimental uncertainty are represented in the neutron production 

rate measurements presented in this chapter. 

 

 Variation of cathode current 

Neutron production rate measurements were taken by fixing the cathode voltage and 

deuterium chamber pressure set points and varying the set point of the current measured at the 

cathode grid. Data presented in Figure 6-1 shows the neutron production rate measurements for 

cathode currents varying 30 to 100 mA with cathode voltage set points ranging from 170 to 200 

kV and 1.0 mTorr deuterium pressure. For each fixed level of the cathode voltage, the order of 

cathode current set points chosen to measure the neutron production rate response was randomized 

and distributed over a series of four runs performed in one day. The data for the 170 kV cathode 

voltage case was taken in a single day with the data for the 180 kV case taken the following day 

and then incremented each day for the 190 and 200 kV cases.  

The maximum neutron production rate result of current scans performed between Runs 

3788 to 3811 is a neutron production rate measurement of 3.8x108 n/s at the experimental 

parameters: 98 mA, 190 kV, and 1.0 mTorr D2 where 10 seconds worth of counting data were 

collected. An attempt was made to measure the neutron production rate at 200 kV cathode voltages 

at cathode currents above 60 mA; however, the cathode voltage standoff under these conditions 

was unstable, and measurements of the neutron production rate were not achieved at these 

conditions. 
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Figure 6-1: Neutron production rate measurements for cathode currents 30 to 100 mA, 

cathode voltages ranging 170 to 200 kV, and chamber pressure of 1.0 mTorr D2 . 

 

A second attempt at measurements of the neutron production rate at 200 kV, 100 mA was 

made during a separate data run at a later date. To achieve better high voltage standoff at these 

levels, the experiment was vented before Run 3843 to mend an anode wire melted by an electron 

jet during a prior operation of HOMER. The system was pumped back down, and measurements 

of the neutron production rate were performed up to a 200 kV cathode voltage. These 

measurements, shown in Figure 6-2, were collected by operating at 170 kV and measuring the 

neutron counts taken at cathode currents from 30 mA increasing sequentially up to 100 mA. 

Measurements were then collected for a 200 kV set point starting at 30 mA and sequentially 

increasing in cathode current up to 100 mA. 
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The maximum neutron production rate result of current scans performed during Run 3843 

is a neutron production rate measurement of 3.8x108 n/s at the experimental parameters: 100 mA, 

200 kV, and 1.0 mTorr D2 where 12 seconds worth of counting data were collected. A comparison 

of this data set and data from the current scan presented in Figure 6-1 is made in Section 6.2.2.  

 

 

Figure 6-2: Neutron production rate measurements for cathode current 30 to 100 mA, 

cathode voltages at 170 and 200 kV, and chamber pressure of 1.0 mTorr D2 operation for 

HOMER Run 3843. 
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 Variation of deuterium fuel pressure 

Neutron production rate measurements were taken by fixing the cathode voltage and 

cathode current set points and varying the set point of the chamber deuterium pressure. Data 

presented in Figure 6-3 shows the neutron production rate measurements for cathode currents 

varying 0.2 to 1.5 mA with cathode voltage set points ranging from 50 to 200 kV and cathode 

current set point of 30 mA. For each fixed level of the cathode voltage, the order of chamber 

pressure set points chosen to measure the neutron production rate response was randomized and 

recorded in a single run. The data for the 50 kV cathode voltage case was taken first with the data 

for the 100 kV case taken the following run and then incremented each run for the 150 and 200 

kV cases.  

Figure 6-3 shows a rolling over in the neutron production rate performance with increasing 

deuterium pressure for all fixed voltage cases. Operation of the experiment was limited at each 

voltage level on the higher pressure side due to the pressure at which the system transitions into a 

glow discharge regime; measurements of neutron production rate under glow discharge conditions 

are not considered in this work. For the fixed 200 kV case, high voltage operation below 0.7 mTorr 

was found to be unstable, and no measurements of the neutron production rate were made. 

Examining the 100 kV case, the neutron production rate increased by a factor of 2.4 when the 

pressure was increased a factor of 6.2, from 0.23 mTorr to 1.42 mTorr. A discussion of this rolling 

over of neutron production rate with the increase in deuterium pressure is presented in Section 

6.2.3. 
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Figure 6-3: Neutron production rate measurements with varying deuterium chamber 

pressures of 0.2 to 1.5 mTorr D2, cathode voltages ranging 50 to 200 kV, and a cathode 

current of 30 mA in HOMER. 

 

 

 Variation of cathode voltage 

Neutron production rate (NPR) measurements were taken by fixing the chamber pressure 

and cathode current set points and varying the set point of the cathode voltage. Data presented in 

Figure 6-4 to Figure 6-6 show the neutron production rate measurements for cathode voltages 

varying 10 to 210 kV with cathode current at 30 mA and a chamber pressure set point at 1.0 or 1.2 

mTorr. For each data set, the order of cathode voltage set points chosen to measure the neutron 

production rate response was randomized and distributed over a series of four runs performed in 

one day. Measurements of the neutron production rate were taken in either 5 or 10 kV increments, 

and the presented data was reduced by selecting only data within ± 2.5 kV about the set point. A 

discussion of the results is presented in Section 6.2.4. 
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Figure 6-4: Neutron production rate measurements for cathode voltages ranging 10 to 200 

kV, cathode current 30 mA, and chamber pressure of 1.0 mTorr D2 in HOMER. Data is 

presented linearly with neutron production rate (top) and logarithmically with neutron 

production rate (bottom). 
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Figure 6-5: Neutron production rate measurements for cathode voltages ranging 10 to 210 

kV, cathode current 30 mA, and chamber pressure of 1.0 mTorr D2 in HOMER. Data is 

presented linearly with neutron production rate (top) and logarithmically with neutron 

production rate (bottom). 
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Figure 6-6: Neutron production rate measurements for cathode voltages ranging 10 to 200 

kV, cathode current 30 mA, and chamber pressure of 1.2 mTorr D2 in HOMER. Data is 

presented linearly with neutron production rate (top) and logarithmically with neutron 

production rate (bottom). 
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 Discussion of the parametric neutron production rate experimental results 

The results of the parametric scans in the previous section reveal information about the 

fusion reaction regimes present in this system, and measurements of the neutron production rate 

may be compared to theoretical expectations for these conditions. Past experimental diagnostic 

and theoretical work presented in Chapters 2 and 3 have informed the presence of several key 

physical phenomena at play in the gridded IEC device. The VICTER code [1], [2] was developed 

by Emmert and Santarius to model the physical effects of particle collisions in IEC devices, and 

this model is used to predict neutron reaction rate response to the device cathode voltage, ion 

current, and chamber background pressure for deuterium fuel in a spherical geometry. 

Comparisons to past experimental results and to theoretical predictions of the neutron production 

rate response using the VICTER model are presented in the following sections. 

 

 Comparison to previous work 

A comparison of the data in this work was made to the previous work of Michalak [3] 

which studied neutron production rate scaling in the HOMER IEC experiment for voltages up to 

175 kV and 100 mA. The hardware configuration in this past work used the actively biased 2-stage 

feedthrough and a 20 cm diameter16-9 longitude-latitude cathode and 16-9 longitude-latitude 

anode grids describe previously in Chapter 4. The uncertainty in the measurements of the previous 

work are represented by the uncertainty in the counting measurements and the error from parameter 

set points is assumed insignificant. Measurements of the neutron production rate for similar fixed 

parameter set point conditions are compared between this work and the past work for variations of 

the cathode current and the cathode voltage.  
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Figure 6-7 shows a comparison of the measured neutron production rate response with 

varying cathode current ranging 30 to 100 mA with a fixed cathode voltage at 170 kV and chamber 

deuterium pressure at 1.0 mTorr. Additionally, Figure 6-8 shows a comparison of the measured 

neutron production rate response with varying cathode voltage ranging 10 to 210 kV with a fixed 

cathode current at 30 mA and chamber deuterium pressure at 1.0 mTorr. The measurements of the 

neutron production rate taken for similar conditions of voltage, current, and pressure are found to 

be consistent between the two experimental setups despite using different configurations. The 

hardware used in this work used the 2-stage resistor divider feedthrough, which featured a different 

shield voltage biasing circuit, electrostatic shield profile, and cathode grid configuration than the 

previous work. The consistency in the measurements indicates these changes in the experimental 

geometry and feedthrough circuit have a negligible impact on the neutron production rates under 

similar operating conditions. 
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Figure 6-7: A comparison of neutron production rates the between previous work and this 

work shows agreement in the measurements taken at a cathode voltage of 170 kV for 

currents ranging 30 to 100 mA at 1.0 mTorr D2 chamber pressure in HOMER. 
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Figure 6-8: A comparison of neutron production rates between previous work and this work 

shows agreement in the measurements taken at a cathode current of 30 mA for cathode 

voltages ranging 30 to 100 mA at 1.0 mTorr D2 chamber pressure in HOMER. 
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 Variation of cathode current 

Fusion reactivity due to fast deuterium ion collisions with background deuterium particles 

(beam-background) or with embedded deuterium in solids (beam-embedded) will scale linearly 

with the ion current, and fusion reactivity due to a collision of two fast deuterium ions (beam-

beam) will scale with the square of the ion current. Since the fusion reactivity is related to the 

neutron production rate by a 50% branching ratio of the DD reaction products, the observed 

neutron rate scaling will follow the same scaling as the fusion reactivity. An examination of the 

experimental results presented in Figure 6-1 is performed by applying a zero intercept least squares 

linear fit of the data for each fixed voltage case to examine the linearity of the measurement scaling 

with cathode current and is presented in Figure 6-9. Since the ion current in the gridded IEC device 

is directly proportional to the cathode current, these result shows that neutron production rate 

measurements up to 200 kV demonstrate a linear scaling of cathode current (and thus ion current) 

which is consistent with a device operating in a beam-background and beam-embedded fusion 

reaction regime.  
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Figure 6-9: Neutron production rate measurements demonstrate a linear dependency with 

cathode currents ranging 30 to 100 mA, cathode voltages 170 to 200 kV, and chamber 

pressure of 1.0 mTorr D2 in HOMER. 
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A neutron production rate measurement of 3.8x108 n/s for experimental set points of 

cathode voltage: 200 kV, cathode current: 100 mA, and chamber pressure: 1.0 mTorr D2 was made 

during a later run, shown in Figure 6-2, where the hardware configuration remained the same, but 

the chamber condition was altered due to a venting procedure preceding the run. Since the neutron 

production rate is found to scale linearly with the cathode current, an extrapolation of the linear fit 

of the 200 kV data  from Figure 6-9 would predict a neutron production rate of 4.1x108 n/s with a 

95% confidence interval of 3.9x108 to 4.3x108 n/s. The discrepancy this measured neutron 

production rate with the extrapolated data prediction is believed to be caused by altered baseline 

chamber conditions due to impurity gas introduced during the venting procedure. The impact of 

impurity gas on the system will be considered in Chapter 7. 

 

 Variation of deuterium fuel pressure 

The results presented in Figure 6-3 show a rolling over in neutron production rate with the 

increase in chamber background gas pressure for all fixed voltage cases which indicates non-linear 

effects are present. Fusion reactivity for reactions consisting of mono-energetic beam-background 

collisions scale linearly with the background deuterium density and thus will scale linearly with 

the chamber background pressure while the reaction cross section remains invariant for the mono-

energetic species. This assumption of mono-energetic species is invalid since fast deuterium 

collisions with atomic and molecular species in the system will redistribute the energy of the fast 

deuterium species leading to a softening of the energy spectrum of reacting particles and a 

diminished reaction cross section contribution for each reaction to the total fusion reactivity. This 

can occur in the system by the presence of molecular dissociation, charge exchange, or ion impact 

ionization reactions. The effect of increasing pressure is thus: the neutron production rate increases 
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with the background density and the neutron production rate will decrease with a softened energy 

spectrum of the fast deuterium particles caused by increased collisions with increased background 

density and the ionization of deuterium species part way down the potential well resulting in a 

maximum energy less than the full anode-cathode potential difference.  

  The analysis of the current scaling in the previous section indicates this system is 

operating in a beam-background reaction regime, and neutron production rates are expected to 

demonstrate this scaling. Fusion reactions caused by fast deuterium interacting with embedded 

deuterium within solids are presumed to contribute some portion of the measured neutron 

production rate, and the magnitude of this contribution is considered further in Chapter 7. The 

neutron production rate dependence on chamber pressure normalized to the 0.2 mTorr 

measurements is shown in Figure 6-10 to examine the rate increase factors for different cathode 

voltage set points. The increase in neutron production rate is seen to be about a factor of 2.5 for 

increasing the chamber pressure by a factor of 6 over the 0.2 mTorr chamber pressure 

measurements for all voltage cases. This indicates that non-fusion producing deuterium collisions 

with background species will affect the neutron production rate performance of the device. The 

curvature of the neutron production rate response also suggests the energy spectrum softening of 

fast species has a stronger effect as the pressure increases over this pressure range. Previous 

measurements from the FIDO diagnostic [4] and the neutral particle analyzer [5] have 

experimentally measured these energy spectra softening effects in HOMER up to 60 kV cathode 

operation. The increase in neutron production rate across this pressure range is consistent for 

cathode voltage set points ranging 50 to 150 kV, which indicates the energy spectrum softening 

due to collisions is a strong effect and does not seem to be enhanced or diminished over this range 

of cathode voltages. The VICTER model was used to calculate the fusion reaction rate response 
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with increasing pressure over the same range, and the results showed the model predicts a greater 

than linear increase with pressure. The model predicts a divergence in the neutron rates with 

increasing pressure among the different voltage cases with the lower cathode voltage cases out-

performing the higher voltage cases, and this discrepancy in scaling suggests that some 

unaccounted for physical process may be missing from the model. 

 

 

Figure 6-10: Neutron production rate scales less than linear with increasing chamber 

pressure from 0.2 to 1.5 mTorr D2 while the VICTER model predicts a greater than linear 

increase with increasing pressure. 
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 Variation of cathode voltage 

6.2.4.1 Neutron production rate reproducibility with cathode voltage variation 

A check on the system to examine the reproducibility of the neutron production rate 

dependence on voltage was performed for a fixed cathode current of 30 mA and chamber 

deuterium pressure of 1.0 mTorr. Two scans were performed during separate times in the run 

campaign, and for each of the data sets, the order of voltage set points selected to measure the 

neutron production rate was randomized. Figure 6-11 shows these two scans plotted together 

demonstrate reproducibility in the data for these parameters. A greater than linear increase in the 

neutron production rate is observed for cathode voltages increasing until about 60 kV where the 

production rate falls off to a linear response with the cathode voltage up to 180 kV; the neutron 

production rate is then observed to increase at a less than linear rate with voltages 180-210 kV. 
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Figure 6-11: A comparison of two data sets shows reproducibility in measurements taken for 

cathode voltages 10 to 200 kV, while operating at 30 mA cathode current and a chamber 

pressure of 1.0 mTorr D2 in HOMER.  

 

Careful consideration must be given to the energy distribution of reacting species if the 

neutron production rate is to be well understood. Fusion reactivity for beam-background type 

collisions scales with the reaction cross section which is dependent on the energy of the reacting 

species. The energy spectrum of the reacting particles is complex due to the presence of non-fusing 

fast ion collisions with neutral particles resulting in charge exchange, ion impact ionization, 

negative ion formation, and molecular deuterium dissociation reactions. These reactions may result 

in deuterium ions born partially down the potential well, negative ions accelerated outward from 

the cathode, and fast neutral particles unconfined from the potential well. The overall effect of 
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these collisions is the redistribution of the energy for ions born outside the potential well region 

that are accelerated by drifting into the potential well, and a softening of the reacting deuterium 

energy spectrum from the full cathode potential.  

 

6.2.4.2 Comparison of measurements to the VICTER model 

The VICTER model considers these non-fusing ion collision reaction cross sections along 

with the energy and radial distributions of fusing deuterium reactions, and a prediction of the 

system neutron production rate response may be made. Figure 6-12 shows the VICTER model 

prediction for the neutron production rate dependency on cathode voltages ranging from 10 to 200 

kV at a cathode current of 30 mA and chamber pressure of 1.0 mTorr D2 using a 20 cm diameter 

cathode and 50 cm diameter anode configuration. The model is plotted along with the 

experimentally measured neutron production rate response for similar fixed conditions for 

comparison, and the VICTER model is found to under predict the neutron production rate response 

across the cathode voltage range by nearly an order of magnitude.  
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Figure 6-12: A comparison of the absolute neutron production rate response of HOMER for 

cathode voltages 10 to 200 kV, cathode current of 30 mA, and chamber pressure 1.0 mTorr 

D2 shows the VICTER model under predicts the measured response. 
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The discrepancy in the measured response versus the VICTER model prediction is 

investigated by performing a linear least squares fit between the model results and the experimental 

measurements, shown in Figure 6-13, to determine the magnitude of rate disparity and to look for 

nonlinear deviations. The linear fit of the data indicates the measured neutron production rate is 

about a factor of 7.84 times greater than the VICTER model prediction. The residuals are 

represented here by a percent difference of the measurement with respect to the linear fit for clarity 

over five decades of response. The measurements when compared to the linear fit show nearly all 

points fall within a 10% range from this fit. This suggests that most of the discrepancy between 

the measurement and model are recovered by simply scaling the model by a factor of 7.84. The 

residuals of this fit also indicate that linear scaling will generally under predict the response for 

cathode voltages below 100 kV and over predict measurements above this voltage and that a 

weakly non-linear offset between the VICTER predicted response and the experimental 

measurements exists. Figure 6-14 shows the VICTER model predicted neutron production rate 

multiplied by a factor of 7.84 in comparison to the experimentally measured rate. 
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Figure 6-13: (Top) A linear least squares fit of the measured neutron production rate to the 

VICTER model prediction shows a factor of 7.84 discrepancy in the voltage parameter scan. 

(Bottom) A plot of the percent difference of measurement to the fit indicates this discrepancy 

in the model is not purely linear, and it is likely that unknown physical effects are 

unaccounted in the model. 
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Figure 6-14: A plot of the VICTER model predicted voltage scan response scaled by a factor 

of 7.84 compared to the measured neutron production rate response for HOMER plotted 

linearly (top) and logrithmically (bottom). 
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 There are phenomena that occur in the physical system which are not accounted for in the 

VICTER model, and these effects may increase or reduce the predicted neutron production rate. 

The presence of embedded fusion reactions originating from the chamber walls can contribute to 

the observable neutron production rate and may offset this discrepancy by some amount. Fast 

unconfined deuterium particles can stream outward from the device center and fuse with deuterium 

implanted into the wall increasing the neutron yield of the system. It is suspected that the 

contribution to the observable fusion reaction rate may be a significant effect, and a model to 

estimate the contribution of embedded fusion events is considered in Chapter 7. Reionization 

events involving fast neutral particles interacting with background gas are not represented in the 

VICTER model since the mean free path of these collisions is long compared to the cathode-anode 

distance, and the presence of such events would be considered a small effect.  Additionally, elastic 

scattering events are not considered in the VICTER model which may have the effect of softening 

the ion energy spectrum, this additional softening of the deuterium ion energy spectrum would 

reduce the effective reaction cross section resulting in a decrease in neutron rates.  

The discrepancy in the response curves at cathode voltages greater than 180 kV between 

the measurements and model may be due to unaccounted for electron emission processes at the 

cathode grid for elevated wire temperatures and ion energies as the system power is increased with 

voltage while maintaining a fixed cathode grid current. The diminishing gains of neutron 

production rate above 180 kV cathode voltages were observed in Figure 6-11 for both 

measurement sets taken at cathode current of 30 mA and chamber pressure of 1.0 mTorr D2, 

indicating this rolling over may be systematic and not random. Enhanced electron emission from 

the cathode can occur as the substrate temperature is elevated by increasing the heat loading of the 

wires to the point where the grid begins to glow. Thermionic emission of electrons may occur at 
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these portions of the grid that experience high heat fluxes. Secondary electron coefficients will 

also increase with substrate temperature and energy of the ions impacting the grid, and both 

processes will displace the ion current in the system resulting in a reduced system efficiency and 

lower neutron production rate. During operation at higher power inputs, the grids in HOMER have 

been observed to glow, which may lead to the effects described above and has been experimentally 

observed elsewhere [6]. Additionally, the cathode grid transparency plays a role in determining 

the amount of recirculating ion current is removed from the system due to ion strikes with the grid 

wire, and this transparency may not be properly accounted for in the VICTER model. The effective 

ion transparency of the grid will differ from the geometric transparency due to the presence of 

microchannel formation in which electron jets streaming from the cathode region will 

preferentially ionize the background gas along the channel making the effective transparency 

harder to predict. 

 

 Summary 

 Parametric scans have been performed using the gridded IEC device HOMER to 

investigate the neutron production rate scaling with variations in the input cathode current, cathode 

voltage, and chamber pressure. Variations in the cathode current between 30 to 100 mA produced 

a linear response in neutron production rate indicating the fusion reaction regimes are most likely 

dominated by beam-background and beam-embedded collisions in this IEC device for cathode 

voltages ranging 170 to 200 kV at a 1.0 mTorr D2 chamber pressure. A new steady state D-D 

neutron production rate record in an IEC device of 3.8x108 n/s has been measured for a cathode 

voltage of 200 kV, cathode current of 100 mA, and a chamber pressure at 1.0 mTorr D2. An 

investigation into the device response with varying deuterium chamber pressure showed a less than 
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linear response when the pressure was increased over a range from 0.2 to 1.5 mTorr. This would 

indicate a strong dependence of the reacting deuterium energy and population with pressure, and 

the effect of energetic collisions with background gas reduces the energy distribution of fusing 

particles, decreasing the neutron yield. Variation of the cathode voltage showed the neutron 

production rate scaling is complex with an increase with voltage. The D-D neutron production rate 

performance in HOMER is observed to transition from a greater than linear response below 60 kV, 

a near linear response ranging 60 to 180 kV, and a less than linear response beyond 180 kV while 

operating at a cathode current of 30 mA and chamber pressure of 1.0 mTorr D2. A comparison to 

the VICTER model prediction of the device performance shows the model under predicts the 

measured neutron production rate by nearly a factor of 8, and this discrepancy may be due to 

neutron producing processes not considered in the model. 
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 Effects of Impurity Gas and Embedded Fusion on the 

Neutron Production Rate Performance 
 

This chapter examines the presence of long term trends in device performance by 

examining the results of replicate measurements of the neutron production rate for fixed 

experimental parameters taken at the start of each experimental run. Evidence of an increase in 

neutron production rate over the course of many runs was previously observed by Michalak [1], 

and this chapter will examine this drift in neutron production rate for the new data taken with the 

upgraded hardware for this work. Two effects were hypothesised to contribute to an upward drift 

in the neutron production rate over the device operation history during this data campaign: the 

presence of impurity background gas which may degrade neutron production rate and the 

contribution to the measured neutron production rate performance due to beam-embedded fusion 

in the chamber walls. The effect of impurity gas will be discussed in Section 7.2 and an embedded 

fusion model used to describe rate contributions is discussed in Section 7.3.  

 

 Results for replicate measurements of neutron production rate performance  

A check of the system performance was conducted at the beginning of each run by 

operating the HOMER experiment at the same fixed set points to monitor for any changes or 

anomalies in the system. All startup data was performed by fixing the cathode current at 30 mA, 

the chamber pressure at 1.0 mTorr D2, and measuring the neutron production rate for cathode 

voltages at 30, 80, 120, and 160 kV taken sequentially in that order. At each fixed voltage, about 

30 seconds of counting data were collected. The measurements of the neutron production rate here 

represent only the data taken during the startup sequence of each run as described in Chapter 4, 
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and the experimental uncertainty of the measurements is determined using the method described 

previously in Chapter 6. 

The results of these measurements  are presented in Figure 7-1 to Figure 7-4, and show an 

upward trend in the neutron production rate for each set of fixed parameters taken at the start of 

each run. The first experimental run after the final cathode grid modification was Run 3746 

performed on 01/05/2018, and the last experimental run presented here was Run 3845 performed 

on 2/16/2018. The data is presented with respect to the experiment date and to the run number to 

highlight distinguishing features. Looking at the data with respect to the run date (the top plots in 

Figure 7-1 to Figure 7-4), gaps in the data points represent dates during which no experimental 

data was taken. One consistent feature seen in all fixed voltage cases is that the measured neutron 

production rate is observed to drop after long durations of experimental downtime (order of days), 

and in subsequent runs, the measurements quickly return to the level of rates observed prior to this 

downtime. A second consistent feature of the data for all fixed cases is a distinct change of the rate 

performance increase, which is highlighted when the data is plotted by incrementing run number 

(bottom plots). This deflection in the rise of neutron rate seems to indicate a change in the system 

conditions has occurred and the overall upward rate of rate improvement is seen to change around 

Run 3785, which occurred on 1/30/2018. No notable changes to the experimental setup or counting 

system were made around this point in the campaign that would change the measurement response 

of the neutron production rate. It should be noted that all data collected for the experimental 

measurements used in the parameter study presented in Chapter 6 were performed after Run 3787, 

and these experimental measurements are taken in this more slowly varying portion of the curve. 
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Figure 7-1: Startup neutron production rate measurements for cathode voltage 30 kV, 

cathode current of 30 mA, and chamber pressure of 1.0 mTorr D2 plotted by run date (top) 

and by run number (bottom). 
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Figure 7-2: Startup neutron production rate measurements for cathode voltage 80 kV, 

cathode current of 30 mA, and chamber pressure of 1.0 mTorr D2 plotted by run date (top) 

and by run number (bottom). 
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Figure 7-3: Startup neutron production rate measurements for cathode voltage 120 kV, 

cathode current of 30 mA, and chamber pressure of 1.0 mTorr D2 plotted by run date (top) 

and by run number (bottom). 
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Figure 7-4: Startup neutron production rate measurements for cathode voltage 160 kV, 

cathode current of 30 mA, and chamber pressure of 1.0 mTorr D2 plotted by run date (top) 

and by run number (bottom). 
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 Discussion of the impurity effect on neutron production rate performance 

The presence of impurity gas in the system will have a negative impact on the neutron 

production rate performance of an IEC device due to several effects. First, the energetic collisions 

of non-fusing deuterium species do not contribute to D-D neutron production and may redistribute 

ion energy by dissociative or charge exchange reactions. Secondly, impurity ions may be confined 

by the potential well, contributing to the system ion current and striking the cathode grid wire, 

which reduces the fraction of deuterium ions contributing to the meter current. The ion current 

contribution, 𝐼𝑖𝑜𝑛, to the cathode is represented by the contribution of the sum of deuterium species,  

𝐼𝐷, and sum of impurity species, 𝐼𝐼. 

 

𝐼𝑖𝑜𝑛 = 𝛴𝐼𝐷𝑖 + 𝛴𝐼𝐼𝑖  7-1 

 

The cathode meter current, 𝐼𝑐𝑎𝑡ℎ𝑜𝑑𝑒, measured by the system will be the contribution of both the 

ions impacting the cathode grid and stalk surfaces,  and the secondary electrons leaving the 

cathode, 𝐼𝑒− . 

 

𝐼𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 𝐼𝑖𝑜𝑛 + 𝐼𝑒−  7-2 

 

Electron current contributions are due to the emission of secondary electrons from the impact of 

ions at the cathode surface, neglecting contributions from field emission, photoemission, and 

thermionic emission electrons. The electron contribution to the cathode current due to ions striking 

the grid is related by the secondary electron coefficient, 𝛾, summed over all ion species: 
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𝐼𝑒− = 𝛴𝛾𝑖𝐼𝑖 = 𝛴𝛾𝐷𝑖𝐼𝐷𝑖 + 𝛴𝛾𝐼𝑖𝐼𝐼𝑖  7-3 

 

Combining these equations, the cathode current is related to the ion species which may impact the 

grid: 

𝐼𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 𝛴(1 + 𝛾𝐷𝑖)𝐼𝐷𝑖 +  𝛴(1 + 𝛾𝐼𝑖)𝐼𝐼𝑖  7-4 

 

For a fixed cathode current, the deuterium ion current will decrease as the impurity levels 

increase. Since current from the deuterium and impurity species are weighted by their secondary 

electron coefficients, the presence of heavier mass impurities will have a stronger effect due to 

their higher secondary coefficients compared to lighter deuterium species. The presence of 

impurities will have the effect of reducing the measurable neutron production rate by displacing 

the fusible deuterium ion contributions in the system. Impurities due to outgassing from material 

surfaces and the vacuum chamber leak rate are likely the largest contributing sources for HOMER. 

A typical system base pressure of 4x10-7 Torr is achieved. 

A test demonstrating the impact of impurity gas in the system was performed in an earlier 

experiment by measuring the neutron production rate for similar deuterium flow rates with 

impurity gasses added. In this test, the deuterium flow rate is fixed, resulting in a chamber 

background pressure near 0.26 mTorr. The chamber pressure is then raised by the introduction of 

impurities to the chamber by outgassing via heating the chamber walls or by a controlled air leak. 

Figure 7-5 shows the result from three different cases of system response: fixed deuterium flow 

rate only, a fixed deuterium flow rate plus a calibrated air leak, and a fixed deuterium flow rate 

with outgassing contributions from heating the chamber walls. For this test, a thermocouple probe 

is mounted to the outside wall of the aluminum HOMER chamber to monitor changes in 



138 

 

 

temperature. The measurements of the neutron production rate for the outgassing case were taken 

over several points in time as the chamber pressure increased with increasing outside chamber wall 

temperature from 27 to 56 ºC for fixed deuterium flow rate and vacuum pumping conditions. The 

controlled air leak and the deuterium only cases were taken with an outside chamber wall 

temperature of 27 ºC. A similar drop in neutron production rate performance by about a factor of 

3 was observed as the chamber pressure increased 60-80% above the fixed deuterium pressure in 

both the outgassing and air leak cases, which indicates both sources of impurities have similar 

effects in reducing the neutron production rate. 

 

 

Figure 7-5: For similar deuterium flow rates, the neutron production rate is seen to decrease 

due to the introduction of impurities into the system by chamber outgassing or by an air 

leak.  
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The effects of outgassing will probably be reduced in HOMER after many conditioning 

runs have been performed, where the system has been allowed to heat and cool over several run 

cycles. The system neutron production rate was measured while fixing the cathode voltage to 120 

kV, cathode current to 60 mA, and chamber pressure to 1.0 mTorr D2 and allowing the chamber 

wall to heat up over 5 minutes of run time. Figure 7-6 shows the neutron production rate does not 

drastically decrease while the chamber wall temperature is increased from 42 to 73 ºC. 

Additionally, a small rise in pressure of 0.75% over 1.029 mTorr was measured as the chamber 

wall heated. This pressure increase may be due to a rise in gas temperature for a fixed volume by 

the ideal gas law; however, measurements of the background neutral gas temperature are not 

available for comparison. Additionally, outgassing of impurities into the chamber may also 

contribute a small amount to this pressure rise. 

 

 

Figure 7-6: Effects of outgassing due to chamber wall heating are minimized in HOMER for 

a well-conditioned system. The neutron production rate is not seen to drastically change as 

the chamber is heated from 42 to 73 ºC, where a 0.75% rise in chamber pressure from 1.029 

mTorr D2 is observed. 
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Large errors in the deuterium chamber pressure set point may affect the neutron production 

rate output for repeated startup measurements, and sensitivity of the neutron rate is examined for 

the 160 kV startup data in Figure 7-7. The startup data presented in Figure 7-4 is analyzed by 

plotting the neutron rate with the spread in the chamber pressure set points, and the color mapping 

represents the run order. The conditioning data points taken from Runs 3759-3787 are seen to 

generally underperform for similar pressures of about 1.025 mTorr when compared to later data 

taken between Runs 3788-3842. A linear regression of the data for Runs 3788-3842 was analyzed 

by a one-way analysis of the variance (ANOVA), which tests if the neutron production rate 

measurements over this range of chamber pressure set points has a slope that is statistically 

different from zero. The result of the ANOVA test found the slope of the neutron production rate 

over this range is not significantly different from zero with an F Value = 1.17 and p = 0.29; this 

indicates the system response is insensitive to the small variations in the chamber pressure set point 

for these measurements. The neutron rate performance difference between the earlier and later 

runs in the series indicate that some other uncontrolled parameter may be responsible for a drift in 

neutron production rate performance. It is believed that these earlier runs in the data set (Runs 

3759-3787) may have been affected by the presence of outgassing impurities during the initial 

conditioning process of the system after the previous up to air maintenance and installation of the 

modified cathode was performed. 
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Figure 7-7: Neutron production rate plotted with the spread in chamber pressure 

measurements for HOMER startup data at a cathode voltage of 160 kV and cathode current 

of 30 mA. Runs 3788-3842 show the neutron production rate response is insensitive to 

variations in the pressure set point measurements ranging 0.975 to 1.075 mTorr, and Runs 

3759-3787 represent data taken during initial conditioning of the system. 

 

To examine the system for the presence of impurities, residual gas analysis (RGA) spectra 

are taken during operation using a quadrupole mass analyzer. The RGA data contains information 

related to gas present in the system, filtering by the mass to charge ratio of ionized background 

gas. Different sensitivities due to the ionization cross sections of the background gas species make 

the RGA spectral response difficult to interpret for absolute partial pressure measurements, and 

differential pumping on the hardware may bias the gas distribution observed at the RGA 

instrument. Qualitative comparisons may be made by examining the relative characteristics of the 

spectra under similar operating parameters. Select runs, highlighted in Figure 7-8, are chosen for 

analysis to compare the distribution of gas species during the collection of the 160 kV start up 

data. 
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Figure 7-8: RGA data is taken for analysis from select runs to examine the chamber 

conditions during the measurements taken during the startup procedure at cathode voltage 

160 kV, cathode current 30 mA, chamber pressure 1.0 mTorr D2. 

 

A comparison of the RGA spectra is shown in Figure 7-9 for the four runs highlighted 

above, and the RGA spectra in each instance is captured during the measurement of the neutron 

production rate where a 1.0 mTorr chamber pressure is maintained. To compare the relative 

intensities of the impurity masses, each spectrum is normalized to the dominant amu/e 4 peak after 

subtracting off the spectrum background noise floor. The result of the RGA scans show a 

dominating presence of peaks 1-6 in the system and smaller relative intensities of peaks greater 

than 6 amu/e. In this figure, the relative intensities for peaks > 6 amu/e are generally observed to 

decrease as the number of runs progresses and the relative intensity at peaks at 1, 2, 3, and 5 amu/e 

are observed to drop slightly as well.   
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Figure 7-9: A comparison of the relative RGA spectra to the shows a reduction in impurity 

levels over the course of several runs. Each RGA spectrum is baseline corrected for noise 

then normalized by the amu/e = 4 peak which represents D2 in the system. 

 

 The peaks at 1-6 represent the presence of deuterium and hydrogen molecular species, and 

to a lesser extent helium, and Table 7-1 gives the most likely contributions of these species to the 

spectrum response. The contribution of tritium or helium-3 to the background gas population from 

deuterium fusion reaction products are assumed negligible since a background gas density at 1 

mTorr is ~1019 m-3 and fusion rates of ~108 reactions/second are only sustained for minutes at a 

time while the chamber gas is constantly pumped on in the open flow system for a chamber volume 

~0.5 m3.  
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Table 7-1: Light mass gas species most likely to contribute to the RGA spectrum for 1-6 

amu/e. 

amu/e Species 

1 H+ 

2 D+, H2
+ 

3 H3
+, DH+ 

4 D2
+, DH2

+, He+ 

5 HD2
+ 

6 D3
+ 

 

 

IEC operations using electron impact ionization to drive the ion source plasma region 

(outside the anode grid) will result in the formation of D+, D2
+, and D3

+, and the formation of mixed 

hydrogen-deuterium ion species to the extent that hydrogen exists in the system. Proton exchange 

reactions due to singly ionized diatomic species colliding with a diatomic background neutral may 

produce triatomic ions: 

𝐻2
+ + 𝐻2  → 𝐻3

+ + 𝐻  7-5 

 

This exchange reaction may also occur for deuterium species [2], and similar reactions are likely 

to be observed by the RGA ionizer of the background gas since the instrument also uses electron 

impact to ionize the background gas. A deuterium gas purity level of 99.999% is used for all 

experimental measurements in this work, and the presence of helium impurities are expected to 

have a negligible contribution to the 4 amu/e peak while the chamber pressure is maintained at 1.0 

mTorr using deuterium gas. 

 The contribution to the RGA spectrum for mass/charge ratios greater than 6 amu/e are due 

to higher mass impurities found in the background gas of the system, and Table 7-2 gives a list of 

suspected contaminants in the system and the most predominantly observed mass/charge fractions. 
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Contaminants in the system are most likely due to a small air leak or outgassing from elastomer 

seals and the blue nylon high voltage insulator; the use of ethanol and methanol in the cleaning 

process of the elastomers and nylon may have also led to an absorbed quantity of the alcohols 

which may contribute to the outgassing load. Without careful instrument sensitivity calibration 

and accounting for the gas species biasing due to the differential pumping, the absolute impurity 

fraction is not determined for this system using the RGA. With a deuterium chamber fill pressure 

of nearly four orders of magnitude greater than the chamber base pressure, the total impurity 

fraction is most likely under 0.1% contribution to the background gas. For a fixed chamber fill 

pressure of 1.0 mTorr D2, the RGA data in Figure 7-9 shows a decrease in relative intensities of 

these higher mass species which would indicate a removal of impurities as the chamber is cycled 

through many runs while keeping the system under constant vacuum. The reduction of impurity 

gas would have a positive increase on the neutron production rate performance under similar 

operating conditions due to a larger portion of deuterium species contributing to the ion current. 

 

Table 7-2: Table of mass/charge spectrum for most likely contaminants present in the 

HOMER vacuum chamber due to atmospheric constituents and common solvents used [3]. 

Species Most Common Mass Peaks Observed (amu/e) 

N2 28 14 29   

O2 32 16    

Ar 40 20 36 38  

CO2 44 28 16 12  

Ne 20     

He 4     

Methane 16 15 14 13 12 

Water 18 17 16 19 20 

Ethanol 31 45 29 27 46 

Methanol 31 32 29 15  
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 Discussion of embedded fusion contributions to the neutron production rate 

The increase in neutron production rate observed over periods of several runs for similar 

fixed experimental parameters may be due to an increasing amount of embedded fusion reactions 

occurring with an increasing rate of deuterium density in the wall over many experimental runs. 

Unconfined energetic neutral and negative ion deuterium particles are formed during the operation 

of an IEC device, and these fast deuterium particles can collide with other deuterium particles 

embedded in the chamber wall, which can result in a neutron producing fusion reaction. Under 

normal operating conditions, these unconfined energetic deuterium particles will embed in the 

wall, leading to an accumulation of deuterium near the chamber inner surface. The rate of 

deuterium accumulation in the wall will depend on the incident deuterium particle current and the 

rate of deuterium diffusion out of the wall, and the deuterium density profile in the wall will be 

primarily the result of the stopping range of the energetic deuterium in the chamber wall and the 

diffusion of deuterium. The deuterium particle current and energy distribution into the chamber 

wall is dependent on the operational parameters of the IEC device, and the VICTER model may 

be used to predict the incident particle current and average energy for specified operational 

parameters. With this information, an order of magnitude estimate of the neutron production rate 

due to fusion reactions occurring within the chamber wall is made, and the upward trend in neutron 

production rate is examined by estimating the rate of increase in deuterium density in the wall.  
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The following embedded fusion analysis considers the increase in rates observed during 

the repeated 160 kV measurements and aims to determine if the increasing rate of neutron 

production may be reasonably accounted for by considering deuterium density buildup in the 

chamber walls over a set of experimental runs. This estimate is performed by the following 

method: 

 Calculate the range of the typical incident deuterium travelling through aluminum 

using the continuous slowing down approximation (CSDA). 

 Estimate the deuterium particle flux incident on the walls using the VICTER model 

for typical experimental operating conditions. 

 Calculate the neutron production rate due to embedded fusion reactions from the 

energetic deuterium particle current colliding with a background deuterium density 

in the aluminum wall as the deuterium slows down in the substrate. 

 Calculate the increase in deuterium density needed to match the observed rate of 

neutron production increased over the set of fixed parameter measurements. 

 Compare this deuterium density matching condition to the estimated amount of 

deuterium implanted into the chamber wall during experimental operations over the 

set of runs. 

If the increase in deuterium density in the aluminum wall needed to match the 

experimentally measured increase in neutron production rate is similar or less than the estimated 

increase in deuterium density due to implanted deuterium during experimental operations over the 
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set of runs, then it is considered plausible that the observed rate of neutron production increase is 

due to embedded fusion reactions in the chamber wall. 

To calculate the total distance travelled by the deuterium slowing down in the aluminum 

chamber wall, the continuous slowing down approximation is used for the energetic deuterium 

ions. Previous work [4] has shown the average energy spectrum of the incident deuterium at the 

wall is typically in the range of 20 to 30 keV due to the elevated charge exchange cross section 

within this energy range. The CSDA ranges calculated for energetic deuterium in aluminum are 

given in Table 7-3.  

 

Table 7-3: CSDA range in aluminum for incident deuterium energies ranging 20 to 30 keV. 

Energy [keV] CSDA Range (µm) 

20 0.33 

22 0.35 

24 0.38 

26 0.40 

28 0.42 

30 0.44 
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The case of deuterium energy of 26 keV with a range of 0.4 µm is chosen as a base case 

for the rest of the analysis, and a plot of the incident deuterium energy with distance travelled in 

aluminum is plotted in Figure 7-10. 

 

 

Figure 7-10: Deuterium ion energy as a function of distance travelled in aluminum. 

  

The VICTER model is used to estimate the number of neutral deuterium particles hitting 

the wall for both atomic and molecular species, and the input to the model used for this comparison 

was: 100 kV cathode voltage, 30 mA cathode current, 1.0 mTorr D2 chamber pressure, 20 cm 

diameter cathode radius, 50 cm diameter anode, and 90 cm diameter spherical chamber wall. The 

model neglects the contribution of fast negative ions reaching the wall; however, the negative 

deuterium ion contribution is believed to be a small contribution of ~5% of the ion current based 

on previous observations [2]. Under these operating conditions, VICTER predicts a total deuterium 
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particle current of 5x1017 deuterium/s incident on the chamber wall, and a deuterium particle flux 

at the chamber wall is ~2x1017 D/m2-s. 

The fusion rate contribution due to this incident fast deuterium on the chamber surface will 

depend on the incident deuterium energy and particle flux, along with the embedded deuterium 

density and depth profile in the aluminum. Half of the fusion reactions resulting from a fast 

deuterium ion colliding with a stationary embedded deuterium particle (beam-embedded) will 

result in neutron production and contribute to the measurement. The energy attenuation of the fast 

deuterium ions is proportional to the stopping power in aluminum and folds into the energy 

dependent fusion cross section for this calculation. An average incident deuterium energy of 26 

keV is used for the purposes of this calculation with an incident deuterium particle flux of 2x1017 

D/m2-s. An initial estimated deuterium density of ~1025 m-3 in aluminum is arbitrarily assumed, 

which is about 0.017% aluminum atomic density. The actual density profile of deuterium in the 

wall is unknown, and several cases are examined here for Gaussian profiles with a specified mean, 

µ, and width, σ, in addition to a flat density profile. Since the incident deuterium energy will 

typically range from 20-30 keV, resulting in a CSDA range ~0.4 µm, peaked Gaussian profiles 

centered about a 0.4 µm depth with varying widths and a flat density profile are chosen for analysis, 

and the density profiles used are shown in Figure 7-11. A broadened density profile away from the 

mean implantation depth is likely since the real energy spectrum of incident deuterium particles is 

expected to be broader, and diffusion of the deuterium is expected to occur as the chamber wall is 

heated beyond 340 K [5]. For these calculations, each profile has been normalized such that an 

equal number of embedded deuterium atoms is represented over a depth of 4 µm. 
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Figure 7-11: Simulated deuterium density profiles in the aluminum chamber wall for several 

Gaussian parameters: [blue: µ = 0.4 µm, σ = 0.1 µm], [green: µ = 0.4 µm, σ = 0.3 µm], [purple: 

µ = 0.4 µm, σ = 0.5 µm], [red: flat density profile]. 

 

The neutron production rate due to the embedded reactions contribution is then calculated 

by integrating the product of deuterium flux, fusion cross section, and density profile over the 

CSDA range. The total simulated neutron production rate contributions for each case are reported 

in Table 7-4, and the cumulative and differential neutron rate contributions with depth are shown 

respectively in Figure 7-12 and Figure 7-13.  
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Figure 7-12: Cumulative embedded neutron production rate with depth for several Gaussian 

density profiles: [blue: µ = 0.4 µm, σ = 0.1 µm], [green: µ = 0.4 µm, σ = 0.3 µm], [purple: µ = 

0.4 µm, σ = 0.5 µm], [red: flat density profile]. 

 

 

Figure 7-13: Differential embedded neutron production rate contribution with depth in 

aluminum for several cases shows most all fusion events occur within the first 0.2 µm depth 

for all simulated Gaussian profiles: [blue: µ = 0.4 µm, σ = 0.1 µm], [green: µ = 0.4 µm, σ = 

0.3 µm], [purple: µ = 0.4 µm, σ = 0.5 µm], [red: flat density profile]. 
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Table 7-4: Simulated total neutron production rate contribution of embedded fusion 

reactions in the wall for different deuterium density profiles assuming ~ 0.017% deuterium 

atomic fraction in aluminum. 

Deuterium  

density profile 

Neutron Production Rate 

[n/s] 

Gaussian: µ = 0.4 µm, σ = 0.1 µm 0.2x104 

Gaussian: µ = 0.4 µm, σ = 0.3 µm 4.2x104 

Gaussian: µ = 0.4 µm, σ = 0.5 µm 5.5x104 

Flat Profile 2.5x104 

 

 

The embedded fusion reaction rate contribution becomes negligible beyond a depth of 0.2 

µm for all cases where the deuterium ion energy is attenuated below ~10 keV as it moves through 

the substrate and the fusion cross section drops rapidly. Averaging the neutron rates from these 

different cases gives an estimated neutron production rate of ~3x104 n/s due to embedded fusion. 

To estimate the increase in the neutron production rate, a linear fit is applied to the 

measured rates for Runs 3788 to 3842 for the 160 kV cathode voltage case, shown in Figure 7-14. 

The increase in measured neutron production rate over this range is then calculated by the 

difference in fit of the rate from Run 3788 to Run 3842. For cathode voltage of 160 kV, cathode 

current of 30 mA, and chamber pressure of 1.0 mTorr D2, the increase in the neutron production 

rate by linear fit is (3.8 ± 1.2)x106 n/s from Runs 3788 to 3842, which represents about 4% of the 

average neutron production rate of 9.2x107 n/s over this range. This analysis was repeated for the 

30, 80, and 120 kV cathode voltage cases, and the increase in neutron production rate calculated 

from the linear fit of the data is presented in Table 7-5.  
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Figure 7-14: A linear fit of the neutron production rate measurements is taken from Run 

3788 to 3842 for fixed operating set points of cathode voltage of 160 kV, cathode current of 

30 mA, and chamber pressure of 1.0 mTorr D2. The slope of the fit indicates a rise in neutron 

production rate after several runs are performed. 

 

Table 7-5: Increase in neutron production rates from Runs 3788 to 3842 determined by a 

linear fit of the measurements for different cathode voltage setpoints and a fixed cathode 

current of 30 mA and chamber pressure 1.0 mTorr D2. 

Cathode Voltage [kV] 
Increase in Neutron 

Production Rate [n/s] 

30 (7.2 ± 2.8)x104 

80 (1.2 ± 0.2)x106 

120 (2.6 ± 0.5)x106 

160 (3.8 ± 1.2)x106 
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Since the embedded fusion rate scales linearly with the deuterium density in the wall, a 

comparison may be made to the change in neutron rate to estimate the density increase needed to 

match this upward trend in measured rate. The change in neutron production rate, ∆𝑁𝑃𝑅𝑜𝑏𝑒𝑠𝑟𝑣𝑒𝑑, 

with respect to the initial neutron rate predicted from embedded fusion calculation, 𝑁𝑃𝑅𝑒𝑚𝑏𝑒𝑑𝑑𝑒𝑑, 

should scale as the change in the deuterium density, ∆𝑛𝐷, with respect to the deuterium density in 

the wall, 𝑛𝐷𝑜 : 

∆𝑛𝐷
𝑛𝐷𝑜 

 ~ 
∆𝑁𝑃𝑅𝑜𝑏𝑒𝑠𝑟𝑣𝑒𝑑
𝑁𝑃𝑅𝑒𝑚𝑏𝑒𝑑𝑑𝑒𝑑

→ ∆𝑛𝐷 ~ 
∆𝑁𝑃𝑅𝑜𝑏𝑒𝑠𝑟𝑣𝑒𝑑
𝑁𝑃𝑅𝑒𝑚𝑏𝑒𝑑𝑑𝑒𝑑

 𝑛𝐷𝑜  7-6 

 

Using an assumed deuterium density ~1025 m-3 in the aluminum wall, the predicted neutron rate 

averaged over the embedded fusion cases of 3x104 n/s, and the observed upward trend in neutron 

production rate for the 160 kV cases is ~4 x106 n/s, so the increase in deuterium density needed to 

match the production increase would be ~1.3x1027 m-3. This change in deuterium density to match 

this neutron production rate represents ~2% the atomic density of the deuterium in aluminum.  

To estimate the total incident deuterium particles on the wall that had occurred over these 

runs, the time integrated particle current incident on the wall is calculated over the device 

operational history within this run span. The device operation time under plasma conditions during 

these runs is summed up for all voltage and current conditions, and the total time is calculated to 

be ~5x104 seconds. The external chamber wall temperature was recorded at maximum 78 ºC      

(351 K), and the time weighted average temperature over these runs was 39 ºC (312 K). The 

product of the cathode current and operation time integrated over the set of runs was calculated to 

be 1.5x106 mA-s, and the product of the cathode voltage, cathode current, and run duration 

integrated over these runs was calculated to be 2x108 kV-mA-s. To bracket the total amount 
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deuterium particles embedded into the wall over this run duration, the minimum is approximated 

as this time integrated cathode current converted to particle current by the coulomb charge: 

~9x1021 deuterium atoms, and the maximum is approximated by weighting the integrated product 

of cathode voltage, cathode current, and run duration by the average neutral deuterium energy of 

26 keV to give: ~5x1022 deuterium atoms. This weighting represents an estimate of the number of 

neutral particles escaping the system per each full cathode voltage energy ions entering from the 

source region. If an assumption is made that these implanted deuterium ions are uniformly 

distributed up to their range depth in the aluminum wall, then the [minimum, maximum] estimated 

increase in deuterium density over this set of runs would be ~[9x1027, 4.5x1028] m-3. 

By comparing the estimated increase in deuterium density of 1.3x1027 m-3 needed to match 

the observed rising trend in measured neutron production rate to the estimated increase in 

deuterium wall density due to implanting deuterium over this period of runs, it is found that the 

matching condition is exceeded by a factor of 7 to 35. If it is assumed that a substantial fraction of 

the implanted deuterium does diffuse out of the aluminum chamber with time due to heating, the 

upward trend in neutron production rate operating under fixed cathode voltage, cathode current, 

and chamber pressure due to an increasing contribution of embedded fusion events can be 

considered plausible. 
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 Summary 

Repeated measurements of the neutron production rate for fixed experimental parameters 

cathode voltage, cathode current, and chamber pressure revealed an upward trend in neutron rates 

over a span of 100 run operations. The effects of impurity gas, chamber condition, and embedded 

fusion were investigated as possible causes of this trend in neutron production rate. A test of the 

impact of impurities in the system showed that a near 1:1 ratio of deuterium to impurity gas (total 

chamber pressure ~0.5 mTorr) decreased the measurable neutron production rate by about a factor 

of 3 for impurity gas loads originating from a calibrated atmospheric leak or heated chamber 

outgassing in an unconditioned system. By extensive run conditioning of the chamber, the impact 

of outgassing impurities on the system due to heating of the chamber walls was reduced to a 

negligible effect. Residual gas analysis of the background chamber gas during run operations 

showed a reduction in relative intensities of all non-deuterium gas constituents over this series of 

experiments while keeping the chamber under constant vacuum, and the effect of reducing gas 

impurities in the system can lead to an increase in neutron production rate. The extent to which the 

reduction of impurity gas over time contributed to the upward trend in neutron rates remains 

uncertain, since careful calibrations of the quadrupole mass analyzer response are needed to 

determine absolute partial pressure measurements of the impurity gas; however, the impurity 

fraction with respect to deuterium is estimated to be <0.1% contribution of the total background 

gas pressure for this work.  

The presence of embedded fusion reactions was also considered as a contributor to the 

upward trend in neutron rates due to the build-up of implanted deuterium density in the chamber 

wall. An estimated increase in deuterium density of ~1x1027 m-3 near the surface of the aluminum 

wall was calculated to be necessary to account for this trend, and almost all embedded fusion 
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reactions are predicted to occur within a 0.2 µm depth for typical incident deuterium particle 

energies of 26 keV. An estimated ~1022 fast deuterium particles originating from charge exchange 

reactions were incident on the chamber wall from runs 3788 to 3842, and build-up in deuterium 

density over these runs is estimated to be ~3x1028  m-3 if distributed uniformly over a 0.4 µm depth. 

Since the estimated increase in deuterium during this run period is found to be on the order of ten 

times larger than the build-up needed to match the upward trend, embedded fusion reactions may 

be a plausible mechanism for the observed increase in neutron rate under these assumptions. More 

detailed experiments may be designed in the future to measure the increase in deuterium density 

and depth profile at the wall during IEC operations. 
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  Conclusions 
 

The work presented in this work has achieved a new milestone in gridded IEC devices by 

increasing operational capability to 210 kV at the cathode grid using a 2-stage feedthrough 

technique. The new feedthrough, designed and implemented for this work by the author, has 

allowed access to new experimental parameter space previously unachieved in any gridded IEC 

device, and an experimental campaign has been conducted to study the neutron production rate 

response. Comparisons of the experimental data were made to the VICTER code, a theoretical 

model of the neutron-producing reactions in a spherical IEC device, for variations of cathode 

voltage, cathode current, and chamber pressure. Additionally, long term trends showed a 

measurable increase in the neutron production rate for repeated measurements under similar 

experimental parameters taken over 100 experimental runs conducted over the course of 43 days. 

To analyze this trend in neutron production rate, an investigation into the effect on neutron rate 

due to the presence of impurity background gas has been performed, and an estimation of the effect 

of embedded fusion contributions from the chamber wall has been made. The following is a 

summary of conclusions from this work: 

 The 2-stage resistor divider feedthrough approach has been found to be robust against 

destructive arcs and failures, which occurred in past designs, due to the implementation of 

an intermediately biased electrostatic shield to protect the insulating standoff from charged 

particle bombardment. High voltage standoff under plasma operations has been achieved 

to 210 kV, 30 mA at the cathode grid. 
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 A high voltage plasma conditioning procedure using deuterium fuel has been found to be 

an effective method of improving the standoff performance of the high voltage electrodes 

during operation. Additionally, careful alignment of the cathode and anode grid openings 

and doubling the number of longitude wires at the cathode improved the high voltage 

stability of the system for operations beyond 180 kV; however, the issue of electron jets 

melting portions of the anode grid wire, which had been seen with fewer longitude wires, 

persisted. 

  A new steady-state D-D neutron production rate record in an IEC device of 3.8x108 n/s 

has been achieved at a cathode voltage of 200 kV, cathode current of 100 mA, and a 

chamber pressure at 1.0 mTorr D2.  

 The linear neutron production rate response to variation in the cathode current from 30 to 

100 mA indicates the fusion reaction regimes are dominated by beam-background and 

beam-embedded collisions in this IEC device for cathode voltages ranging 170 to 200 kV 

at a 1.0 mTorr D2 chamber pressure. 

 A factor of 2.5 increase in neutron production rate response for a factor of 6 increase in the 

deuterium pressure from 0.2 mTorr D2 suggests the effects of non-fusing deuterium 

collisions are sufficient to soften the energy spectrum of the accelerated deuterium ions 

and reduce the fusion reaction rates.  

 A comparison of neutron production rate scaling with cathode voltage to the VICTER 

model prediction showed the model under predicts the neutron production rate by nearly a 

factor of 8. This discrepancy may be due to unaccounted for physical processes in the 

model. 
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 Residual gas analysis of the background chamber gas during run operations showed a 

reduction in relative intensities of all non-deuterium gas constituents while keeping the 

chamber under constant vacuum, and the effect of reducing gas impurities in the system 

can lead to an increase in neutron production rate.  

 A calculated increase in deuterium density of ~1x1027 m-3, about 2% the atomic density of 

aluminum, near the surface of the chamber wall is needed to account for the upward trend 

in measured neutron production rates for repeated experimental conditions, and almost all 

embedded fusion reactions are predicted to occur within a 0.2 µm depth for typical incident 

deuterium particles energies of 26 keV.  

 An estimated ~1022 fast deuterium particles originating from charge exchange reactions 

were incident on the chamber wall from runs 3788 to 3842, and build-up in deuterium 

density over these runs is estimated to be ~3x1028 m-3 if distributed uniformly over a 0.4 

µm depth and if there is no diffusion of deuterium out of the aluminum. Since the estimated 

increase in deuterium during this run period is found to be on the order of ten times larger 

than the build-up needed to match the upward trend, embedded fusion reactions may be a 

plausible mechanism for the observed increase in neutron rate under these assumptions. 
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  Recommendations for Future Work 
 

This work has contributed to significant advancements in the high voltage operational 

capability of gridded IEC devices and to new insight into the neutron production rate up to 200 

kV. In the process of completing this work, several avenues for future advancement have been 

identified. 

The investigation into embedded fusion contributions to the neutron production rate has 

offered insight into the order of magnitude density of deuterium near the surface of the aluminum 

chamber wall needed to account for measured increase in rates over time. Several assumptions 

were made concerning the density profile of embedded deuterium and incident deuterium flux to 

estimate these rates, and the actual deuterium density profile and fusion rate at the wall remains 

unverified. Experimental study of the wall implantation by fast deuterium particles can be 

performed by inserting samples into the chamber and measuring the deuterium density profile 

build up by nuclear reaction analysis or other material characterization techniques. A collimated 

proton detector looking at the wall can give a measure of the fusion rate by measuring the fast 

proton producing channel of the D-D reaction, and the neutral particle analyzer can give more 

detailed information about the incident neutral particle energy distribution at the wall. The results 

of these experimental studies may be used to better inform the embedded fusion model and add to 

the fusion rate prediction capabilities for IEC devices.  

The VICTER model showed discrepancies in the prediction of absolute neutron production 

rate when compared to the measurements taken in the cathode voltage variation study; however, 

the code predicted a scaling of rates in good agreement with the measurements. A portion of this 

discrepancy may be due to the presence of embedded fusion reactions contributing to the 
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experimental measurements that are unaccounted for in the model, and further investigation of the 

embedded rates may reduce this discrepancy. Another discrepancy with the VICTER model 

showed a greater than linear rise in neutron production rate with increase in chamber pressure 

starting from 0.2 mTorr D2 in comparison to a less than linear scaling with pressure observed in 

the experimental setup. The cause of this scaling discrepancy remains unknown, and an 

investigation into how the model depends on background chamber pressure should be conducted 

to resolve this physics issue. 

The campaign to increase high voltage operation has led to the development of a resistively 

divided 2- stage high voltage feedthrough, and this prototype design may be extended to a multiple 

stage approach, allowing for a higher maximum operating voltage. The results of this work showed 

a less than linear increase of fusion rate with cathode grid operations greater than 180 kV for 

deuterium fuels; however, studies of advanced fuel reactions such as D-3He and 3He-3He demand 

higher ion energy and thus higher voltage to achieve significant fusion rates for experimental 

study.  Technical improvements to the design can be made by replacing the nylon insulator with a 

bonded ceramic to metal insulator. By moving to all ceramic and metal materials, higher 

temperature operation and better vacuum performance may be achieved, leading to more reliable 

high voltage standoff. Additionally, the field shaping geometry used to shield the insulating 

surfaces from charged particle bombardment may be optimized to reduce the current collected at 

the shield electrode. This will relax the requirements of the drain current due to the cathode-resistor 

path to ground, and tax the high voltage power supply less by selecting higher resistive values. 

The full high voltage capability of the new 2-stage high voltage feedthrough remains unknown 

since the cathode grid seems to be an influencing factor of the breakdown limits. To separate the 

grid influence from the feedthrough high voltage design limits, the cathode grid may be replaced 
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by a hollow sphere electrode, representing a minimization of the electric field at the cathode 

surface, and a high potential test of the system to determine the upper boundary of the feedthrough 

standoff may be conducted. 

High voltage performance of the system may also be limited by high electric fields at the 

cathode grid wire surfaces due to the manufacturing process, which produces sharp points and 

irregularities in the grid structure and provides sites where field-enhanced breakdown may occur. 

Uniformity in the grid design can be achieved through the use of additive manufacturing of 

tungsten; however, surface roughness and material porosity are key issues with the use of additive 

manufacturing in high voltage applications. Post-processing of the material surface will likely be 

needed to ensure smooth electrode surfaces for high voltage standoff performance, and outgassing 

of a porous material is detrimental to high voltage standoff and vacuum.   

The cathode grid geometry may be optimized for hole symmetry, hole alignment with 

anode holes, transparency, and power dissipation through the use of additive manufacturing. 

Melting of the anode grid wires by localized electron jets was a pervasive issue while operating at 

high voltage and high currents. The presence of fast electrons leaving the cathode region is an 

inherent issue with this type of gridded IEC device, and the anode design may be revised to 

withstand a higher heat flux by increasing material thickness or by using refractory metals in place 

of stainless steel. 
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Appendix: High Voltage Feedthrough Circuit Model 
 

 This appendix details the derivation of the circuit model equations that describe the high 

voltage circuit used to operate the IEC device and 2-stage feedthrough and is an extension of the 

circuit model discussion presented in section 4.2.1.  Section A.1 derives the circuit equations used 

to analyze the old 2-stage biased feedthrough that used an independent power supply to bias the 

shield electrode, and section A.2 derives the circuit equations used to analyze the new 2-stage 

resistor divider design developed for this work. 

A.1 Analysis of 2-stage biased feedthrough circuit model 

To estimate the current contribution to the system at the shield electrode, a circuit model 

of the previous 2-stage biased feedthrough, shown in Figure A-1, is evaluated using Kirchhoff’s 

laws for nodal and mesh analysis. In this model, the plasma resistivity is represented by a total 

resistance across the plasma gaps at the cathode, 𝑅𝑝−𝑐, and at the shield 𝑅𝑝−𝑠; the plasma resistance 

is treated as unknown in this analysis and only the resistive portion of the total plasma impedance 

is considered for DC analysis. The high voltage power supply voltage, 𝑉𝐻𝑉𝑃𝑆, sets the cathode 

voltage, 𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒, and the feedthrough power supply, 𝑉𝐹𝑇𝑃𝑆, sets the voltage at the shield electrode, 

𝑉𝑠ℎ𝑖𝑒𝑙𝑑. The quantities 𝑉𝐻𝑉𝑃𝑆 and  𝐼𝐻𝑉𝑃𝑆 along with 𝑉𝐹𝑇𝑃𝑆 and  𝐼𝐹𝑇𝑃𝑆 are determined from the power 

supply meter outputs. 𝐼𝑠ℎ𝑖𝑒𝑙𝑑 is drawn to represent the current contribution to the shield from the 

plasma resistance path. 
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Figure A-1: Circuit model of the previous 2-staged biased feedthrough design for analysis. 

  

Summing the voltage drops around loop a due to a loop current, 𝑖𝑎 , starting clockwise from ground 

gives: 

(a) −𝑖𝑎𝑅𝑝−𝑐 − 𝑖𝑎𝑅𝑏𝑎𝑙𝑙𝑎𝑠𝑡 + 𝑉𝐻𝑉𝑃𝑆 = 0 A-1 

 

Taking 𝑖𝑎 = 𝐼𝐻𝑉𝑃𝑆 and rearranging to solve for the plasma resistance at the cathode gives: 

 𝑅𝑝−𝑐 =
𝑉𝐻𝑉𝑃𝑆 − 𝐼𝐻𝑉𝑃𝑆𝑅𝑏𝑎𝑙𝑙𝑎𝑠𝑡

𝐼𝐻𝑉𝑃𝑆
 A-2 

 

The cathode voltage may be determined moving counter clockwise starting from the power supply:  

 𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = −𝑉𝐻𝑉𝑃𝑆 + 𝐼𝐻𝑉𝑃𝑆𝑅𝑏𝑎𝑙𝑙𝑎𝑠𝑡  A-3 

 

To operate the cathode at -100 kV with a cathode current of 30 mA, then solving equation A-3 for 

the high voltage power supply meter voltage would give 108 kV. 
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Next, to solve for the current collected at the shield electrode, the voltage drop is summed 

around loop c, moving counter clockwise from ground: 

(c) −𝑉𝐹𝑇𝑃𝑆 − 𝑖𝑐𝑅1 + (𝑖𝑏 − 𝑖𝑐)𝑅2 = 0 A-4 

 

Taking 𝑖𝑏 = −𝐼𝑠ℎ𝑖𝑒𝑙𝑑 and 𝑖𝑐 = −𝐼𝐹𝑇𝑃𝑆, equation A-4 is solved in terms of 𝐼𝑠ℎ𝑖𝑒𝑙𝑑: 

 𝐼𝑠ℎ𝑖𝑒𝑙𝑑 = 𝐼𝐹𝑇𝑃𝑆 (
𝑅1 + 𝑅2
𝑅2

) −
𝑉𝐹𝑇𝑃𝑆
𝑅2

 A-5 

The voltage at the shield is determined by working clockwise around loop c from the feedthrough 

power supply: 

 𝑉𝑠ℎ𝑖𝑒𝑙𝑑 = −𝑉𝐹𝑇𝑃𝑆 + 𝐼𝐹𝑇𝑃𝑆𝑅1 A-6 

 

The plasma resistance at the shield can be determined by combining equations A-5 and A-6 by: 

 𝑅𝑝−𝑠 =
𝑉𝑠ℎ𝑖𝑒𝑙𝑑
𝐼𝑠ℎ𝑖𝑒𝑙𝑑

 A-7 
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A.2 Analysis of 2-stage resistor divider feedthrough circuit model 

Since the new 2-stage resistive voltage divider design does not rely on a regulated voltage 

supply to maintain a shield set point voltage, the cathode voltage and current will be affected by 

the addition of current collected at the shield.  A simple DC circuit was modeled for the resistive 

voltage divider design, shown in Figure A-2. Here, a voltage platform and electrostatic shield are 

placed between two resistors which bias the shield at an intermediate potential with respect to the 

center conducting stalk and the grounded chamber. The plasma impedance at the cathode and the 

shield are represented by the resistive component of the plasma for the purposes of this DC circuit 

analysis as done previously in section A.1. 

 

 

Figure A-2: Circuit model of the 2-stage resistive feedthrough design for analysis. 

 

To determine the current at the cathode grid and shield electrodes, this system may be 

solved in terms of the measured voltage and current at the high voltage power supply along with a 

measurement of the current draw, 𝐼𝐶𝑆, through the second stage resistor, 𝑅2,  via a 1 kΩ current 
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sense resistor placed between 𝑅2 and ground and is a negligible perturbation of the voltage across 

the second stage resistor. The voltage drops around loops a, b, and c are determined moving 

counterclockwise from ground:  

(a) (−𝑖𝑎 + 𝑖𝑐)𝑅𝑝−𝑐 − 𝑖𝑎𝑅𝑏𝑎𝑙𝑙𝑎𝑠𝑡 + 𝑉𝐻𝑉𝑃𝑆 = 0 A-8 

(b) − 𝑖𝑏𝑅2 + (−𝑖𝑏 + 𝑖𝑐)𝑅𝑝−𝑠 = 0 A-9 

(c) (−𝑖𝑐 + 𝑖𝑏)𝑅𝑝−𝑠 − 𝑖𝑐𝑅1 + (−𝑖𝑐 + 𝑖𝑎)𝑅𝑝−𝑐 = 0 A-10 

 

Adding together equations A-8, A-9, and A-10 reduces to: 

 𝑉𝐻𝑉𝑃𝑆 − 𝑖𝑎𝑅𝑏𝑎𝑙𝑙𝑎𝑠𝑡 − 𝑖𝑏𝑅2 − 𝑖𝑐𝑅1 = 0 A-11 

 

The loop currents are related to the system measurements by: 

 𝑖𝑎 = 𝐼𝐻𝑉𝑃𝑆 A-12 

 𝑖𝑏 = 𝐼𝐶𝑆 A-13 

 

And by nodal analysis at (2): 

 𝑖𝑐 = 𝐼𝑠ℎ𝑖𝑒𝑙𝑑 + 𝐼𝐶𝑆 A-14 
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Substituting the loop current relationships into equation A-11 and solving for the shield current 

gives: 

 𝐼𝑠ℎ𝑖𝑒𝑙𝑑 =
[𝑉𝐻𝑉𝑃𝑆  −  𝑅𝐵𝑎𝑙𝑙𝑎𝑠𝑡𝐼𝐻𝑉𝑃𝑆 − (𝑅1 + 𝑅2)𝐼𝐶𝑆]

𝑅1
 A-15 

 

And the voltage of the shield is determined by the voltage drop across the second stage resistor to 

ground: 

 𝑉𝑠ℎ𝑖𝑒𝑙𝑑 = −𝐼𝐶𝑆𝑅2 A-16 

 

The current collected at the cathode is found by nodal analysis at (1): 

 𝐼𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 𝐼𝐻𝑉𝑃𝑆 − 𝐼𝑠ℎ𝑖𝑒𝑙𝑑 − 𝐼𝐶𝑆 A-17 

 

And the cathode voltage is determined once again by the voltage drop across the resistor ballast:  

 𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = −𝑉𝐻𝑉𝑃𝑆 + 𝐼𝐻𝑉𝑃𝑆𝑅𝑏𝑎𝑙𝑙𝑎𝑠𝑡  A-18 

 

The plasma resistance at the cathode and at the shield are determined by: 

 𝑅𝑝−𝑐 =
𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒
𝐼𝑐𝑎𝑡ℎ𝑜𝑑𝑒

 A-19 

 𝑅𝑝−𝑠 =
𝑉𝑠ℎ𝑖𝑒𝑙𝑑
𝐼𝑠ℎ𝑖𝑒𝑙𝑑

 A-20 
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Under no plasma load, the system reduces simply to the current drawn, 𝐼𝑑𝑟𝑎𝑖𝑛, from the 

high voltage power supply across the series resistance from the ballast and the two resistor stages: 

 𝐼𝑑𝑟𝑎𝑖𝑛 = 𝐼𝐻𝑉𝑃𝑆𝑛𝑜 𝑝𝑙𝑎𝑠𝑚𝑎 =
𝑉𝐻𝑉𝑃𝑆

𝑅𝐵𝑎𝑙𝑙𝑎𝑠𝑡 + 𝑅1 + 𝑅2
 A-21 

 

The drain current is related to the current draw across the second stage current sense resistor 

by combining equations A-15 and A-21 which reduces to: 

 𝐼𝐶𝑆 = 𝐼𝐷𝑟𝑎𝑖𝑛 − 𝐼𝐶𝑎𝑡ℎ𝑜𝑑𝑒 (
𝑅𝐵𝑎𝑙𝑙𝑎𝑠𝑡

𝑅𝐵𝑎𝑙𝑙𝑎𝑠𝑡 + 𝑅1 + 𝑅2
) − 𝐼𝑆ℎ𝑖𝑒𝑙𝑑 (

𝑅𝐵𝑎𝑙𝑙𝑎𝑠𝑡 + 𝑅1
𝑅𝐵𝑎𝑙𝑙𝑎𝑠𝑡 + 𝑅1 + 𝑅2

) A-22 

 

The power dissipation, 𝑃, across each resistor stage is: 

 𝑃1 = (𝐼𝑆ℎ𝑖𝑒𝑙𝑑 + 𝐼𝐶𝑆)
2𝑅1 A-23 

 𝑃2 = 𝐼𝐶𝑆
2 𝑅2 A-24 

 


