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Abstract

The research described in this dissertation was performed in the UW-

Madison Inertial Electrostatic Confinement (IEC) fusion research laboratory 

at the University of Wisconsin-Madison, in pursuit of a doctoral degree from 

the Electrical and Computer Engineering Department.  This work extends 

the  2008 discovery  and subsequent  studies  of  a  significant  negative  ion 

current produced in a gridded IEC device operating with deuterium fuel. 

This  study  has  been  carried  out  through  experimental,  analytical,  and, 

computational research as described below.

The discovery of a significant negative ion current in a gridded IEC 

device  immediately  prompted  exploration  of  this  phenomenon.   Studies 

were  carried  out  on  the  energy  spectrum  of  the  negative  ion  current. 

Following this,  studies  were made of  the magnitude and changes in the 

negative  ion  current  density  in  response  to  the  IEC  device  cathode 

potential, current supplied to the cathode, and background pressure.  While 

early examination showed the negative ion current varies in response to the 

orientation of the cathode, the early research was limited to two cathode 

orientations.

Because  the  cathode  of  a  gridded  IEC  device  has  structure, 

electrostatic  potential  in  an  IEC  device  is  a  rippled  profile  with  the 

strongest potential at the surface of the grid-wires, and dips in potential 
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between the grid-wires.  This rippled potential induces channels through-

which negatively charged particles tend to travel,  producing jets.  While 

these  jets  have  been  observed  in  some  of  the  earliest  IEC  device 

experiments, the profiles of these jets have never been directly measured 

before this thesis work.

This work measures the outgoing negative ion current with a mobile 

Faraday  cup  to  produce  the  first  measurements  of  the  IEC  device  jet 

azimuthal  profile.   It  also  measures  the  negative  ion  radial  profile  to 

produce the first measurements of how negative ion current density in the 

jet changes with radius outside the anode.  These measurements show that 

the profile of the negative ions in the jet is a function of cathode potential, 

showing  more  peaking  at  higher  potential  in  the  range  examined.   The 

negative ion current showed a purely linear response to current supplied to 

the  cathode between 15 and 45 mA.  Extrapolations  of  the  negative  ion 

current in the jet studied show the total negative ion current leaving the jet 

is on the order of 0.3-0.4% of the current supplied to the cathode.

This  thesis  work  also  explores  the  mean  free  path  analog  of  a 

sequence  of  reactions.   Such study  is  relevant  to  negative  ion  research 

because negative ions can be produced by a reaction chain of positive ion to 

fast neutral to negative ion.  Comparing the importance of this sequence of 

reactions with a single step reaction from positive ion to negative ion was 

undertaken by a series of analytic derivations and showed that the chain of 
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reactions was the dominant path for negative ion creation, even though the 

fast neutrals are not confined.  This analysis was extended to an arbitrary 

number of reactions and is applicable to a wide field of study.

Negative ion modeling capabilities were added to the Voltera Integral 

Code  for  Transport  in  Electrostatic  Reactors  (VICTER)  code.   This  one 

dimensional code modeled ion and fast neutral currents in an IEC device 

and  predicts  fusion  rates  and  radial  distributions.   Adding  negative  ion 

modeling  to  this  code  improves  the  VICTER  code's  accuracy,  enables 

parametric  studies  of  negative  ion  production  in  an  IEC  device,  and 

provides another avenue to benchmark the accuracy of the VICTER code. 

Benchmarking  shows  good  agreement  with  the  negative  ion  current 

response  to  supplied  cathode  current  and  distance  from  the  cathode. 

Similar trends in response to changes in cathode potential have also been 

demonstrated.
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I: Introduction

An Inertial  Electrostatic  Confinement  (IEC)  device  is  an apparatus 

that utilizes a spherically symmetric electrostatic potential well produced by 

biased,  highly  transparent,  spherical  grids  that  accelerate  ions to  fusion 

relevant energies.  Ions introduced into the potential well converge on the 

center of the system, where the potential well is deepest; if an ion fails to 

undergo  a  reaction  it  recirculates  in  the  potential  well  and  is  thereby 

confined until it undergoes a reaction, fusion or otherwise.  A gridded IEC 

device may not be suitable for producing fusion power in the near term; 

however, an IEC device produces a steady state fusion rate and associated 

fusion products,  such as protons and neutrons,  that may be useful for a 

variety  of  near  term applications.   Reactions  competing  with  the  fusion 

reactions must be considered to understand IEC device physics.

A significant deuterium negative ion current, produced by a number 

of competing reactions, was discovered in a University of Wisconsin IEC 

device  in  late  2008  [I-1,2].   Measurements  of  the  negative  ion  energy 

spectrum  were  made  using  the  Magnetic  Deflection  Energy  Analyzer,  a 

mass spectrometer designed to measure energetic particles produced by an 

IEC device [I-1]. The negative ion measurements were also confirmed using 

a Faraday trap, and the parametric responses to cathode voltage, cathode 

current, and chamber pressure were measured [I-1].  Measurements at two 
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different cathode orientations showed that the magnitude of the negative 

ion current varied with the azimuthal angle, but the spatial profile of the 

negative ion current was unknown until this thesis work.  The negative ion 

current was also expected to change with distance from the center of the 

spherical  potential  well,  but this was unconfirmed until  this thesis work. 

The VICTER code developed at the University of Wisconsin-Madison had no 

ability to model negative ion physics until this thesis work.

There are a variety of reasons why negative ions in an IEC device are 

of  importance.   Since negative ions are a significantly  energetic  species 

(some fraction of the negative ion current is the most energetic species in 

an IEC device), they can have important contributions to the fusion rate. 

Due to  the  high energy  of  the  negative  ions,  they  may produce a  more 

significant contribution to the fusion rate than their numbers would suggest 

when compared to the positive ion current.

Negative ions are also a valuable way to study IEC device physics. 

Negative  ion  currents  contribute  to  plasma  jets  in  an  IEC  device,  so 

measuring  negative  ion  profiles  yields  information  about  these  jets.   In 

addition, plasma jets are not visible at low pressure, so measuring negative 

ions  directly  becomes a  way to  unambiguously  confirm that  plasma jets 

exist in an IEC device at low pressure.

The  modeling  of  IEC  devices  is  currently  an  ongoing  avenue  of 

research.  Inclusion of negative ion physics in these models is valuable to 
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improve  the  accuracy  of  the  models  and,  paired  with  negative  ion 

measurements, produces a valuable way to benchmark IEC device models. 

Thus  far,  measurements  of  fusion  products  have  been  the  only  option 

available  to  benchmark modeling  efforts.   An  IEC device  utilizes  strong 

potentials with steep gradients, so probes are not viable inside the potential 

well of an IEC device.  Spectroscopic measurements are not viable at low 

pressure or with  a  great  deal  of  light  pollution from incandescent grids 

heated by energetic particle impact.

Negative ion sources are being used in numerous applications, from 

producing  energetic  neutral  beams  that  heat  magnetically  confined 

plasmas for fusion energy to semiconductor processing.  There exists the 

possibility that an electrostatic device utilizing IEC physics could represent 

a valuable negative ion source for some applications.  Studying negative 

ions in an IEC device is a necessary step in exploring that potential.

To improve understanding of negative ions in IEC devices this work 

explores  a  variety  of  negative  ion spatial  and energetic  profiles  through 

measurement  and modeling.   A  Faraday  cup has  been used to  measure 

spatial profiles (radial and azimuthal) in an IEC device.  An existing one 

dimensional  IEC  device  simulation  code  has  been  extended  to  model 

negative  ion  creation,  destruction,  and  propagation  in  an  IEC  device, 

producing energy and radial profiles of negative ion currents.

This work extends the initial study following the 2008 discovery of 
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negative  ion  currents  in  an  IEC  device  [I-1,2].   The  characteristics  of 

negative  ions  studied  previously  and  in  this  work  are  summarized  in 

Table I- 1 below.  Energy Spectrum describes the energy distribution of the 

negative ion current.  Radial Profile and Azimuthal Profile describe spatial 

variation in  the  negative  ion current,  described in  spherical  coordinates 

about the center of the potential well.  The Parametric Response describes 

the  negative  ion  current  magnitude  response to  variation  in  IEC device 

conditions, i.e. cathode current, cathode voltage, and background pressure.

Study

Profile

Previous Work Current Work

Magnetic 
Deflection 
Energy Analyzer

Faraday Trap VICTER 
negative ion 
subroutine

Faraday Cup

Energy 
Spectrum

Yes No Yes No

Radial 
Profile

No No Yes Yes

Azimuthal 
Profile

No Very limited No Yes

Parametric 
Response

No Yes Yes
Yes

Table I-1: A summary of research on negative ion profiles that has been carried out in previously  
[I-1,2] as well as in this work.

A variety of work has been done in the course of this research, not all 

of  which  will  be  discussed  in  this  thesis.   This  work  can  be  found  in 

refereed publications [I-2,  3,  4], an M.S. thesis [I-5], posters presented at 

conferences [I-6 to 9], and workshop presentations [I-10 to 27].

6,7,8,9 10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27
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II: Previous Work

II.1: Inertial Electrostatic Confinement device background

II.1.1: Historical review of IEC device research

This section will examine the established understanding of the Inertial 

Electrostatic  Confinement  (IEC)  device.   The  IEC  device  relies  on  an 

electrostatic potential to drive and confine positive ions to produce fusion. 

The principles of electrostatically driven confinement and fusion were first 

explored by Elmore, Tuck, and Watson in the 1950's [II-1].  Following this 

work, in the early 1960's P. Farnsworth patented an IEC device [II-2], which 

was  advanced  by  R.  Hirsch  [II-3,  4,  5].   Hirsch  reported  a  deuterium-

deuterium fusion rate of 108 s-1 or 5x107 n/s, and 3x109 n/s from deuterium-

tritium fusion in an IEC device.

This work was continued by others in the US, though interest in the 

IEC device waned in the  1980's.   This  may have been because the IEC 

device,  as  envisioned  at  the  time,  faced  the  seemingly  insurmountable 

challenge of grid melting if high power is achieved.  In 1983 an IEC device 

variant  called  the  PolywellTM was  proposed  by  R.W.  Bussard,  which 

reinvigorated  interest  in  the  IEC  device  concept  [II-6].   The  PolywellTM 

concept uses cusped magnetic fields to trap electrons in a virtual cathode to 
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create  a  central  potential  well  that  accelerates  ions  to  fusion  relevant 

energies.

In  the  1990's  gridded  IEC  devices  were  re-examined  as  valuable, 

simple,  and  potentially  mobile  fusion product sources  for  near  term 

applications, rather than as fusion power sources [II-7].  Thus exploration 

began on utilization of IEC devices as the source of high energy protons and 

neutrons for a variety of applications.  Research on IEC devices and their 

variants has been sustained at a variety of educational institutions [II-8, 9, 

10,  11] and government laboratories [II-12,  13,  14] in the US, as well as 

university  research  in  Japan  [II-15,  16,  17],  Australia  [II-18],  South 

Korea [II-19] and Iran [II-20].  There is also an active 'hobbyist' community 

surrounding the IEC device concept for homemade fusion devices [II-21].

IEC devices have been deployed as a neutron source for assay of coal 

impurities  [II-22,  23,  24].   There  have  been  a  number  of  IEC  device 

architectures that have been proposed for this application, often revolving 

around cylindrical devices [II-19].  There are further non-destructive testing 

applications  for  fusion  neutrons  from  an  IEC  device  that  have  been 

proposed, but not yet realized[II-7].

IEC  device  application  research  is  currently  ongoing  using  fusion 

neutrons for detection of clandestine materials.  Highly Enriched Uranium 

(HEU) can be detected by using fusion neutrons to cause fissions in the 
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HEU.   This  can  be  done  by  pulsing  the  neutron  source  and  detecting 

delayed neutrons between pulses[II-25], or by detecting a difference in the 

neutron  pulse  decay  due to  prompt  fission neutrons  (a  technique called 

Differential Die Away) [II-26].  Chemical explosives and illicit materials can 

be  detected  by  gamma  rays  produced  by  neutron  activation.   Further, 

neutron  imaging  can  be  used  in  conjunction  with  x-ray  imaging  for  a 

comprehensive assay of cargo [II-27].

Work  on  using  fusion  protons  to  produce  medical  isotopes  is  also 

ongoing.   This  research has  focused on production of  Positron Emission 

Tomography (PET) isotopes, as the compact IEC device could be deployed at 

many  hospitals  to  produce  the  short-lived  isotopes  that  often  must  be 

administered  at  the  production  site  [II-28].   Today  these  isotopes  are 

utilized mainly at research hospitals with accelerator facilities.

These  applications  have  been  successful  at  the  proof  of  principle 

stage,  but  IEC  device  fusion  rates  will  need  to  increase  for  successful 

application.   Currently  the  University  of  Wisconsin  –  Madison  holds  the 

record IEC device fusion rate, producing 2.4x108 n/s steady state in D-D 

fusion,  and 5x109 n/s in pulsed operation.   It  has also produced the IEC 

device record 5x107 p/s from D-He3 fusion reactions [II-29].

II.1.2: A description of a typical IEC device

The following description will be of the 'standard' spherical gridded 
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IEC device, used at the University of Wisconsin – Madison.  While there are 

a number of variants in the literature, most take advantage of the physical 

attributes discussed here. 

A typical IEC device consists of a spherical cathode of high geometric 

transparency  that  is  held  at  a  high  negative  voltage  surrounded  by  a 

concentric spherical anode at ground, producing a potential well between 

them.   The  highly  transparent  electrodes  are  often  in  the  shape  of  a 

latitude-longitude grid,  but  a variety  of  alternatives  have been explored. 

The  spherical  electrode  arrangement  produces  a  spherically  symmetric 

potential well, as diagrammed in fig. II-1.  

Positive  charges  introduced  to  the  potential  well  inside  the  anode 

experience the electrostatic force accelerating the ions toward the cathode, 

at energies high enough to produce fusion.  The main advantage of an IEC 

device as a fusion source over a beam accelerated into a target is that an 

ion in the IEC device may experience recirculation.  Further, target heating 

issues are reduced, longer life times are anticipated for gas targets than for 

solid targets, and there is no appreciable tritium inventory accumulated in 

the device when a deuterium tritium fuel is fused.

In recirculation, an ion is accelerated down the potential well of the 

IEC device, passes through the cathode, and decelerates as it climbs the 

potential well on the other side.  It runs out of kinetic energy at the anode 
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and is drawn back down the potential well for another pass.  This motion 

confines the energetic ions in the IEC device potential  well so they may 

undergo multiple collisions before producing a fusion reaction.

The previous description of  ion recirculation ignores the variety  of 

interactions  with  background  gas  the  ions  may  undergo  while  on  their 

trajectories through the IEC device.  These interactions are quite significant 

to IEC device operation; some of these reactions will be discussed, in the 

context of the IEC device, in some detail in section II.2.1.

Figure II-1: Sketch of generic IEC device geometry and potential profile –  
not to scale.
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Fusion in the IEC device occurs by three mechanisms.  Beam-beam 

fusion occurs when two fast charged particles interact.  This happens most 

often when inward moving particles converge on a central point, creating a 

high ion density.   In  the earliest  conception of  IEC device operations,  a 

dense core of these reactions (called a converged core in the literature) was 

thought to be the dominant fusion source.  However, it is now recognized 

that  reaching  converged  core  conditions  is  much  more  difficult  than 

originally thought.

Beam-embedded  fusion  in  the  IEC  device  cathode  also  occurs, 

because  the  cathode  grid  has  on  the  order  10  percent  opacity  to  the 

circulating ions.  A fraction of the inward ion current will impact the grid 

wires  at  high  enough  energy  to  undergo  fusion  with  the  fusible  nuclei 

previously embedded in the grid wires.  It has been determined that beam-

embedded fusion is a dominant source of fusion in D-3He plasmas in IEC 

devices that create both D and 3He ions in the same region.  This occurs due 

to Penning ionization of D by metastable excited  3He ions.  Ion collisions 

with atoms embedded in the grid wires not only produces fusion, but they 

also  produce  secondary  electrons.   While  secondary  electron  emission 

coefficients have not been determined with high precision because they are 

difficult to measure or calculate, they are expected to be on the order of 2 

[II-30].

Finally,  beam-gas  target  fusion  in  the  IEC  device  occurs  as 
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accelerated species collide with cold background neutral  gas to produce 

fusion.  Studies of fusion sources in the IEC device have shown that this is 

the dominant fusion source in D-D fusion for most IEC device operation 

regimes.   However,  as  will  be  discussed,  fusion  is  only  one  of  many 

reactions fast-moving species can have with this background neutral gas.

II.2: Negative ion reactions and background

The creation of  negative ions in an IEC device is  achieved by two 

types of processes: 

• charge exchange reactions between atoms or molecules and ions 

• electron attachment reactions by cold electrons and neutral molecules

This  thesis  will  exclusively  consider  hydrogenic  negative  ions,  as  all 

experimentation  and  simulation  were  done  with  the  deuterium  isotope. 

Many of these reactions are well documented [II-31].

II.2.1: Charge exchange reactions

A fast deuterium ion traveling through a neutral gas target may 

produce a a number of reactions.  Because an IEC device accelerates 

positively charged particles radially inward toward the cathode region, 

reactions are produced with the background gas in the IEC device, their 

cross sections varying as the ion energy changes with radius.  These 
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reactions produce a variety of impacts on IEC device operations.  All the 

charge exchange and dissociation reactions impact the creation of negative 

ion current.  These reactions either produce negative ions, daughter 

products that can can produce negative ions, compete with the reactions 

that create negative ions, or attenuate negative ions.

In the reactions discussed in this  section,  the cross sections are a 

function  of  the  relative  velocity  and  exhibit  no  other  isotope  effect;  a 

hydrogen reaction cross section and deuterium reaction cross section are 

the same at equivalent relative velocity [II-32].  In the projectile-stationary 

target case, a deuterium reaction cross section is the same as the hydrogen 

reaction  cross  section  at  twice  the  deuterium  projectile  energy,  as  the 

deuterium is twice as massive.

Before discussing the negative ion creation reactions we will discuss 

the  creation  of  fast  neutrals,  as  fast  neutrals  are  a  dominant  daughter 

product produced by positive ions and a potential parent of negative ions, 

with a stronger cross section than any positive ion double electron capture 

reaction  (that  produces  a  negative  ion  directly  from  a  positive  ion). 

Generally,  the  creation  of  fast  neutrals  occurs  by  charge  exchange, 

dissociation, or a combination of the two.  The energetics and cross sections 

of these reactions are controlled by the quantum mechanics governing the 

allowed states.  The most prevalent reactions are the ones with the least 

difference in energy between the parent and daughter states.  The atomic 
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fast  neutral  can  be  born  from  a  variety  of  projectiles  impacting  on  a 

(predominantly) diatomic cold neutral gas present as a background gas in 

the  IEC  device.   The  relevant  (but  not  all)  ion  reactions  producing  the 

atomic fast neutral are spelled out below, with the fast species underlined.

D ++D2 → D+D2
+

D++D2→ D+D ++D
 (II-1)

D2
++D2→ D+D ++D2

D2
++D2 →2D+D2

+  (II-2)

D3
++D2→ D+D2

++D2

and others
 (II-3)

In cases where parent species may produce a daughter projectile by 

multiple branches the sum of these cross sections can be collapsed into a 

single generation cross section.  It should be noted that multiple reactions 

with D3
+ occur, and while the individual reactions are still under study, the 

total generation cross section of fast neutral D production by collision of D3
+ 

with D2 is well characterized [II-30].

Molecular fast neutrals also must be considered.  They are created by 

the reaction in eqn II-4, and can undergo the reactions in eqn II-5:

D2
++D2→ D2+D2

+  (II-4)
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D2+D2 → D+D+D2

D2+D2→ D+D ++D2+e−  (II-5)

The total fast neutral creation cross sections are shown in fig. II-2.

The cross sections that produce atomic fast neutrals follow a similar 

profile,  peaking  in  the  10's  of  keV  range,  between   10-16 to  10-15 cm2. 

Assuming  a  roughly  room  temperature  2  mTorr  background  gas,  the 

shortest mean free path for the atomic fast neutral creation is on the order 

of 15 cm.

The direct creation of negative ions occurs by the following reactions 

[II-31, 33]:

Figure II-2: A graph of the total cross sections that give rise to hydrogenic 
fast neutrals [II-31].
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D+D2 →D −+D ++D  (II-6)

D2+D2→ D−+D ++D2  (II-7)

D ++D2→ D−+2D+  (II-8)

D2
++D2→ D−+2D++D  (II-9)

D3
++D2→ D−+2D++2D  (II-10)

As  illustrated  for  hydrogen  collisions  in  fig.  II-3,  the  cross  section 

responsible for negative ion formation from a fast neutral is higher than the 

cross section for double charge exchange (i.e. equations II-8, 9, and 10), but 

not  drastically  so.   Further  analysis  is  carried  out  in  chapter  III.4  to 

determine if double electron capture is as significant as sequential reactions 

in an IEC device.
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II.2.2: Electron attachment creation of negative ions

For deuterium negative ion formation by electron impact the dominant 

reaction is dissociative attachment, as follows: 

D2+e− → D2
− →D −+D (II-11)

A molecular hydrogen negative ion does form, but it is unstable and 

decays into an atomic negative ion and neutral; in most cases the molecular 

negative ion has a half-life of femtoseconds [II-34].

The cross section for this reaction is strongly dependent on the state 

of the hydrogen molecule at the time of electron impact, as seen from the 

Figure II-3: Graph of deuterium negative ion creation charge exchange 
cross sections on a background of D2 target gas [II-31,33].
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cross  sections illustrated in fig.  II-4.   This  is  because a molecule in the 

ground state is more likely to produce an autodetachment reaction where 

no negative ion is formed, while an excited negative ion is more likely to 

produce the desired dissociative electron attachment reaction.

Vibrational excitation of the diatomic hydrogen molecule is known to 

happen by a handful of reactions, only two of which are significant to this 

work: electron collision and wall collision.  The optimum temperature for 

electron  excitation  of  hydrogen  molecules  is  40  eV,  but  for  reasons 

described in Chapter II.2.3 a 40 eV electron population is detrimental to a 

Figure II-4: The cross sections for the dissociative electron attachment 
reaction for a variety of target hydrogen molecule vibrational states.  “v” is  
the vibrational quantum number of the H2 molecule [II-32].
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negative ion population.  This excitation also occurs by interaction with a 

solid  surface;  molecular  ion  neutralization  from  wall  collision  and  atom 

recombination on the wall are two such paths.  However, the principle loss 

process for excited molecular ion states is wall relaxation.

In the earlier discussion regarding electron dissociative attachment it 

was stated that the negative molecular ion is unstable, and typically lasts on 

the order of femtoseconds; however, even in early experiments on hydrogen 

negative ion formation, some experiments produced results that could be 

attributed to the presence of molecular negative ions [II-35].  These results 

could  not  be  verified,  and the  extremely  short  measured and calculated 

lifetime of molecular negative ions made these results inexplicable, as the 

molecular negative ions were not expected to have a long enough lifetime to 

be extracted and detected in their molecular state.

In  2006,  the  existence  of  long  lived  negative  ions  was  verified 

unambiguously  in  experiment  [II-36].   In  the  following  year  work  with 

theoretical  quantum  mechanics  models  revealed  that  a  metastable 

molecular negative ion can be produced from highly  rotationally  excited 

states, with rotational quantum numbers that exceeding 25 for hydrogen 

and 35 for deuterium.  These states can be thought of as a negative ion and 

a neutral orbiting a common center.  The D2
— molecule has been observed 

exhibiting  a  mean lifetime of  1.8  ms in  extremely  high rotational  states 

[II-37].
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Early IEC device negative ion research suggested the metastable D2
— 

molecule could be a surprisingly high constituent of the IEC device negative 

ion population [II-38], though this result is somewhat ambiguous, and it will 

be discussed in Chapter VII.1.

II.2.3: Surface reaction creation of negative ions

While surface reactions are not expected to be a significant source of 

negative  ions  in  an  IEC  device,  it  is  worth  discussing  this  physics  for 

completeness,  as  these  processes  are  the  most  commonly  utilized  in 

commercial negative ion sources.   When a low work function substrate is 

deposited on a high work function adsorbate, in proper coverage, the base 

adsorbate is induced to give up an electron to the substrate.  When this 

occurs  across  the  surface  the  resulting  image charges  produce a  dipole 

layer in the substrate that has a decreased work function.

The most effective combination of adsorbate and substrate used today 

is tungsten and cesium.  The minimum work function of this combination is 

1.5-1.6 eV with a 0.5 to 0.7 coverage of the substrate.  Improved surfaces 

are in development, using molecules for the adsorbate and substrate that 

depress the work function farther, though these are not in wide usage in 

application.  These sources require cesium to be redeposited periodically. 

There are applications where the redeposition of cesium is not possible or 

desirable,  which  motivates  the  development  of  alternative  negative  ion 
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sources [II-39].

The  relevant  materials  in  the  IEC  device,  a  tungsten  cathode,  a 

stainless steel anode, and aluminum chamber, do not have a particularly low 

work function.  There is no significant cesium in the IEC device, and any 

that might inadvertently be deposited on the IEC device tungsten cathode 

would quickly be boiled off by cathode heating.

It is possible for a fast neutral hydrogenic atom to impact a surface 

and  recoil  as  a  negative  ion.   This  has  been  examined  as  a  source  of 

energetic  negative  ions  in  the  source  region,  near  the  wall  of  the  IEC 

device, but in the case of deuterium impacting aluminum, between 1% and 

0.1% of the incident current has been observed to recoil as a negative ion in 

experiment  [II-40].   Recoil  as  a  fast  neutral  is  more likely  and requires 

further investigation to determine if  this  plays  an important  role  in IEC 

devices.

II.2.3: Neutralization of negative ions

Multiple processes are significant in negative ion destruction, as the 

electron affinities that bind the extra electron to the negative ion are low, no 

more than a few eV and typically a fraction of an eV.  The impact of these 

processes  on  the  negative  ion  population  cannot  be  neglected.   Adding 

complexity to the question of analyzing the negative ion population is the 

fact that many of the mechanisms responsible for producing negative ions 
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also destroy negative ions.

When a negative ion passes through a thick gas target, the fraction of 

neutralization is given by eqn. (II-12) [II-32]

f =2N∑
i
∫
0

l

σi⋅P dl (II-12)

where 

• N is the constant 3.54x1016 Torr-1 cm-3

• Σiσi is  the  sum  of  all  the  destruction  cross  sections  produced  by 

collisions with species present in the region

• P is the pressure in the region in Torr

• l is the path length in cm 

The two dominant negative ion electron stripping reactions in an IEC 

device are:

D−+D2→ D+D2+e−  (II-13)

D−+D2→ D++D2+2 e−  (II-14)

The  primary  reaction  that  destroys  the  deuterium  negative  ion  is 

reaction (II-13), due to the cross section as shown in fig. II-5.
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A photon of sufficient energy will  neutralize a negative ion via the 

hν +D–→D+e– reaction  [II-41].   The  cross  section  for  this  reaction  is 

dependent on photon energy, as illustrated in fig. II-6.

Figure II-5: Cross sections for destruction of deuterium negative ions 
through collision with molecular background gas [II-31].
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The fraction of negative ions neutralized by photodetachment is given 

by the equation:

f =1−e−σ F τ (II-15)

where: 

• F is the photon flux

•  is the cross section for the process,σ

• τ is the time the negative ions are in the photon flux

While  electron  impact  on  neutrals  can  form  negative  ions,  as 

described in section II.2.2, electron impact on negative ions can neutralize 

the negative ion via the e—+D— → 2e— + D reaction.  The cross section for 

this  reaction is  illustrated in fig.  II-7 below, along with the negative ion 

Figure II-6: Cross section of hydrogen negative ion photodetachment as a 
function of photon energy [II-41].

17
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creation  from  dissociative  electron  attachment  cross  section,  for 

comparison of the competing processes.

Due to the competing processes, to create an environment conducive 

to negative ion formation by electron attachment the electron population 

must be at a low temperature, less than  2-3 eV.  However, the cross section 

above assumes an excited H2 population, which in most systems is formed 

by  energetic  electron  impact,  with  the  excitation  cross  section  peaking 

around 40 eV where the detachment from electron impact cross section is 

high.  This presents a difficulty in hydrogenic negative ion sources utilizing 

Figure II-7: Electron attachment cross section for hydrogen 
(teal pentagons) and detachment cross section for negative ion collision 
with an electron (red diamonds).  Assuming the electron is the projectile,  
the cross section should be unchanged for deuterium [II-31].
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electron attachment that must be carefully overcome.

There are significant neutralization cross sections between hydrogen 

negative  ions  and  atomic  neutral  hydrogen  as  well  as  hydrogen  ions. 

However the density  of  these species are significantly  reduced from the 

molecular neutral hydrogen, and are considered negligible in this work.  

Neutralization can also occur by impacting a surface.  It is assumed in 

this  work  any  collision  of  a  negative  ion  with  a  surface  results  in  a 

destruction of the negative ion.

II.3: Negative ion measurements in an IEC device

II.3.1: Observations of electrons and fast neutral particles in an IEC 

device.

Besides  negative  ions,  electrons  and  fast  neutrals  can  escape  the 

anode-cathode potential well, forming a “jet” of particles.  Electrons that 

escape the region inside the anode are either secondary electrons born from 

impacts  on  the  IEC  device  cathode,  thermionic  electrons,  or  born  by 

liberation  from  ion  or  electron  collisions  with  neutral  particles.   These 

particles excite background gas, which produces line radiation that makes 

the path of the plasma jets emanating radially from the spaces in between 

the  IEC  device  cathode  grid  wires  visible  at  sufficiently  high  pressure. 

These structures are called plasma jets in much of the IEC device research 
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community,  drawing on terminology used in a variety  of  plasma studies, 

including hollow cathode discharges.  An example of an IEC discharge with 

visible jets is given in fig. II-8 [II-42].

For these jets to be visible in an IEC device the cathode must be sufficiently 

small to produce a focused jet and the background pressure must be high 

enough that sufficient gas is excited to produce visible emission.  These jets 

visibly weaken with distance from the cathode, but appear to extend all the 

way to the anode.  A brief study of the electrons from a hollow cathode that 

produces a plasma jet analogous to an IEC device jet shows the electrons in 

the jet are within 85% of the cathode potential energy when between 2 and 

10 keV is applied to the cathode, even at 10's of mTorr neutral pressure of 

hydrogen [IV-43].

The existence of a fusion relevant outward flux of energetic deuterium 

Figure II-8: Photograph of a gridded IEC device at the University of Illinois  
at Urbana–Champaign, where they typically operate in a regime that 
clearly exhibits visible plasma jets [II-42].  While this work at UW-Madison 
is carried out using grids with a latitude-longitude mesh, the same sort of  
structures are exhibited at high pressure and small radius cathodes.
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(in deuterium fueled runs) in an IEC device has been recognized since the 

mid 90's [II-44], when fusion diagnostic experiments detected a significant 

source  of  fusion  reaction  products  originating  in  the  IEC  device  anode 

region, away from the cathode.  Here the potential profile is expected to be 

flatter and no particles are accelerated to fusion relevant energies.  IEC 

device theory matured to take into account fast  ions charge exchanging 

with background gas to produce a fast neutral and cold ion flux.  Please 

refer to Chapter II.2.1 for a full discussion of these reactions.  Research by 

the UW-IEC group indicates that, in a deuterium plasma, fusion outside the 

cathode, even where a low potential gradient exists, is a significant source 

of  fusion  in  the  IEC  device  [II-45,  46],  and  work  at  Kyoto  University 

confirms this conclusion [II-47].

It has been hypothesized that the source of these energetic neutrals is 

the plasma jets visually observed in high pressure IEC device operation. 

Scientists  at  the  University  of  Illinois  Urbana-Champaign  (UIUC)  have 

proposed these jets are space-charge neutralized ion beams that they have 

named  microchannels  [II-22,48].   They  hypothesize  that  these 

microchannels increase the effective grid transparency from ~90% to 98-

99%,  based  on  jet  formation  predicted  by  the  SIMION  ion  optics  code 

[II- 42].  The power of an individual jet has been inferred from calorimetric 

measurement of a plate placed in the jet path.  Researcher at the Universit 

of  Sydney  have  concluded  that  the  sum of  the  power  in  the  jets  to  be 
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greater than 50% of the power supplied to the IEC device [II-50].

Scientists at the UIUC have also demonstrated that a jet intensity is 

strongly dependent on the cathode grid hole size [II-43].  If a single grid 

hole is expanded in size (by removal of a cross wire) the jet at that site 

becomes the dominant jet, and all other jets are weakened to the point of 

being invisible, as shown in fig. II-9.

A  thorough  study  of  electrostatic  plasma  jets  at  the  University  of 

Sydney  in  Australia  via  Doppler-shift  emission  spectroscopy  in  hollow 

cathodes that produce jets analogous to IEC device jets, has yielded a very 

detailed characterization of jet energies [II-49].  In these hollow cathode 

plasma jets, Doppler-shift spectroscopy shows that between the anode and 

cathode there is a stronger emission detected from outward traveling flux 

Figure II-9: IEC device cathode with a single enlarged grid hole.  The jet 
emanating from the large hole is dominant, to the point that the other jets  
are not visible [II-48].
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than inward traveling flux, as illustrated in fig. IV-10.  This emission from 

outward flux is observed to increase in magnitude and energy with radius, 

i.e. farther from the cathode [II-50].

The utility of the University of Sydney diagnostic approach is limited 

by the pressure at which emission spectroscopy is measurable; at pressures 

less than 5 mTorr the signal  becomes too weak to be detected by most 

visible  light  spectrometers.   Questions  have  remained  regarding  the 

applicability  of  these  conclusions  to  low  pressure  operation,  and  how 

excited  state  lifetimes  may  impact  these  results.   Further,  the  hollow 

cathode used at the University of Sydney has two open channels, and is 

otherwise opaque, which produces two strong jets, but the ratios of charged 

particles  in  these  jets  could  be  significantly  different  from  typical  IEC 

Figure II-10: Spectroscopic Doppler shift results of fast neutral particles in 
the IEC device, offset by distance from the cathode center [II-50].
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device  discharges.  However,  the  outward  acceleration  from the  cathode 

result  is  surprising  for  positive  ions  in  any  regime  of  the  IEC  device 

operation, and the results have remained the subject of debate.  Modeling 

work  by  Phelps  suggests  wall  interactions  may  be  responsible  for  this 

evolution in spectrum [II-51].

Until 2008, these plasma jets were hypothesized to consist entirely of 

positive ions, electrons, and fast neutrals; negative ions were not mentioned 

in the IEC device literature.   Despite  extensive study on the IEC device 

produced  neutral  flux,  the  neutral  current  has  never  been  isolated  and 

measured directly [IV-50, 48].

II.3.2: Measurements of negative ions in an IEC device

Negative ions were first measured at the UW-IEC laboratory at the 

University  of  Wisconsin  –  Madison  in  November  2008,  made  using  the 

Magnetic Deflection Energy Analyzer (MDEA), diagrammed in fig. II-12 [II- 

38,  52].   This  apparatus  uses  a  magnetic  field  produced  by  a 

GMW Associates electromagnet, model 5403, to bend charged particles out 

of the field of view of the IEC device chamber in a custom made vacuum 

elbow, into a charged particle detector.  

In the simplistic model the deflection angle is given by the equation: 
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sin(θd)=
( q

m v⃗× B⃗)t

v
 (II-16)

where 

• v is the particle velocity 

• t is the time in the magnetic field 

• θd is the angle of deflection

• q is the particle charge

• m is the particle mass

• B is the magnetic field 

Equation II-16 can be recast, such that: 

sin(θd)=
qlB
mv

 (II-17)

where l is the particle path length through the magnetic field.

It was determined from the initial measurements that a small iris was 

needed to prevent the solid state particle detector from being overwhelmed 

by  negative  ion  current.   Even  with  two  100  μm  diameter  irises,  the 

detectors  were  receiving  too  much  negative  ion  current  to  resolve  the 

energy  of  the  particles  without  pileup.   Thus  it  was  decided to  use the 

deflection angle to determine the energy of the current collected by the 

detector.   While  the  deflection  angle  calculation  of  equation  II-17 is 
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straightforward, in practice a physical magnet will not produce a perfectly 

uniform magnetic field, and it will exhibit “fringe” magnetic fields.  As such, 

a  more  detailed  simulation  was  carried  out  using  SIMION  [II-53]  to 

determine how charged particles would behave in the MDEA to determine 

the negative ions energy from the applied magnetic field, as shown in fig. 

II- 11.  This method is limited in that it cannot calibrate the energy of the 

measured particles, but rather, the particle charge to momentum ratio; this 

can be recast to energy if the species of the current is assumed.

Simulation and refinement led to the final design of the MDEA, shown 

Figure II-11: Method for calibrating the energy of the measured negative 
ion current with the applied magnetic field in the Magnetic Deflection 
Energy Analizer.  (Left) curve showing simulation results and equation 
fitting the curve.  (Right) the result of a SIMION simulation used to develop 
the calibration curve [II-38].
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in fig. II-12.  The results of this simulation show that the calibration is very 

sensitive  to  the  simulated  magnetic  field.   The  inclusion  of  the  fringing 

fields in the simulation produces a substantial difference in the calibration 

curve compared to the simulation without the fringing fields, which exposes 

this calibration method's sensitivity to correctly modeled magnetic field.

The MDEA results from a voltage parametric scan are shown in fig. 

II- 13.  This parametric scan shows that the negative ion energy spectrum 

has  structure,  and  that  structure  evolves  with  cathode  current.   To 

deconvolve the structure of the negative ion current energy spectrum, the 

100 kV cathode potential case was examined and decomposed into a sum of 

Figure II-12: (a) Illustration of the Magnetic Deflection Energy Analyzer,  
aligned so the negative ion jet is first reduced by a pair of 2 mm collimation 
irises, then bent by the field of an electromagnet, (b)then collimated by a 
pair of 100 μm diameter holes and then detected by a solid state charged 
particle detector [II-38, 52].
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Gaussian peaks.  The best fit  was achieved as a sum of 5 Gaussians,  as 

shown in fig. II-14.

Following measurement of negative ions by the MDEA, confirmation 

of this result  was pursued using a simplified Faraday cup detector.  The 

Faraday trap, diagrammed in fig. II-15, consists of a 0.7 cm2 collection plate 

and secondary electron suppression grid with a primary electron and cold 

ion deflection magnet.  The secondary electron suppression grid was -50 V 

with  respect  to  the  collection  plate,  and  kept  secondary  electrons  from 

escaping the collection plate.  The energetic primary electrons from the IEC 

device cathode (~100 keV) were unable to reach the collection plate due to 

Figure II-13: The results of the Magnetic Deflection Energy Analyzer 
measurement of the negative ion energy spectrum at a variety of cathode 
voltages, in a system with a 20 cm cathode and 50 cm anode, at 2 mTorr 
background pressure, and 30 mA cathode current.  Each cathode voltage is  
offset by 0.1 a.u. [II-38, 52].
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the 100 Gauss field from the deflection magnet, but the massive ions were 

only slightly perturbed by the weak magnetic field.  However, this magnet 

could be removed to measure the energetic  (>50 eV) electrons as well as 

negative ions.  The Faraday trap was recessed in a vacuum port, away from 

the plasma source region, which was necessary as the collection electrode 

was otherwise not shielded from charged particles from the environment. 

While  this  design choice limited secondary electrons born from glancing 

strikes on insulating surfaces, it meant the detector was fixed in the vacuum 

port where it was installed.

Figure II-14: Negative ion energy spectrum measured by the Magnetic 
Deflection Energy Analyzer, and decomposed into 5 Gaussians, the centroid 
of each listed as c1-c5

 [II-38, 52].
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This collector has a variety of merits.  Firstly, the Faraday Trap is a 

compact  diagnostic,  making  construction  and  installation  easy.   It  also 

provides an unambiguous current density measurement, uncomplicated by 

the  effective  collection  area  of  the  multiple  irises  and  fraction  of  the 

spectrum bent into the final iris by the bending magnet.   Also, with the 

primary electron bending magnet removed, this Faraday trap can measure 

primary electron current as well.

The Faraday Trap showed a factor of 5 reduction in collected current 

when aligned with  a  cathode wire.   In  a  jet  from an IEC device  with a 

cathode diameter of 20 cm and an anode diameter of 50 cm with a potential 

of 100 kV on the cathode and 30 mA meter current supplied to the cathode 

the negative ion peak current at the HOMER device wall (~45 from the 

Figure II-15: Diagram of Faraday Trap used to measure negative ion 
current produced by HOMER IEC device [IV-38, 52].
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center of the cathode) was measured to be roughly 6 μA.  Extrapolated to all 

250 channels, a total negative ion current for the entire device of ~1.5 mA 

is projected in a gridded IEC device running at these conditions.  

The Faraday trap also demonstrated a negative ion current peak and 

rollover with pressure (peak at ~2 mTorr) and cathode voltage (peak at 90 

kV),  while  negative  ion current  seemed to  plateau with  cathode current 

above 30-40 mA.  Whether these results indicate behavior in negative ion 

production, more complicated particle dynamics, or a combination thereof 

remains to be explored.  These results are somewhat speculative, due to the 

limited observations.  The jets must be better characterized before device 

currents, current production, and jet dynamics can be extrapolated.

As  electrons  are  very  mobile,  they  are  rapidly  diverted  by 

perturbations in the potential arising from discrete grid wires.  The negative 

(and  positive)  ions  will  also  respond  to  these  potentials  as  well  as  the 

electron  populations,  albeit  more  slowly.   How  charged  particle  flux 

interacts with perturbations in the IEC device potential remains an open 

question.   Understanding  this  flux  requires  mapping  in  the  radial, 

latitudinal, and longitudinal space at multiple pressures, cathode potentials, 

and cathode currents to examine if these potentials produce a microchannel 

focusing effect.
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III: Analytic determination of the mean free path of 

sequential reactions

As discussed in section II.2.1 analysis is needed to determine if the 

production of negative ions via the sequence of reactions of postive  ion to 

fast neutral to negative ion is as important as the double electron capture 

reaction from positive ion to negative ion in a single reaction.  The easiest 

way to compare the significance of reactions is to compare their mean free 

paths (also known as interaction lengths)  both to each other and to the 

length the reaction of interest can occur in (in this case the diameter of the 

chamber in which the reaction is occuring).  The result of this analysis will 

impact the reactions modeled in chapter IV.

III.1: Mean free path for a single reaction
As  an  energetic  ion  travels  through  a  target  population  it  may 

undergo a collision resulting in a reaction.  The distance the energetic ion 

travels without collision resulting in a reaction is named the mean free path. 

The derivation of the mean free path for a single reaction is given in many 

sources [III-1,2,3,4].  The outcome of this derivation for constant density 

and cross section is given by:

λ= 1
nσ  (III-1)

where
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• λ is the mean free path of a reaction

• n is the target density

• σ is the cross section for the reaction of interest

Comparing  the mean free path of competing reactions or comparing 

mean free path to the device size for  single reactions is straightforward. 

The analog of the mean free path for a sequence of reactions is complicated 

because  the  probability  of  preceding  reactions  and  the  probability  of 

attenuation of earlier generations impacts the probability of the ultimate 

reaction occurring at a given range.  For this reason the treatment of the 

interaction length of a sequence of reactions requires a careful assessment. 

This  chapter  summarizes  an  approach  that  the  author  developed  and 

published during his thesis research [III-1].

In  order  to  exploit  the  conventional  terminology,  we  call  the  total 

average distance in which a sequence of reactions occurs the “sequential 

mean  free  path.”  In  the  single  reaction  case  the  average  free  distance 

without a collision is equivalent to the average distance for a collision to 

occur. For a sequential reaction, the path is not truly “free” because one or 

more collisions occur in that distance. Nevertheless, this terminology seems 

like a reasonable extension of the conventional terminology.

Considering negative ion creation in an IEC device, two comparisons 

need to be made.  If the sequential mean free path for the chain of reactions 
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from ion to fast neutral to negative ion is much longer than the mean free 

path for creation of negative ions from double electron capture, then the 

former can be neglected in the modeling or vice versa.  If the sequential 

mean free path for the chain of reactions from ion to fast neutral to negative 

ion  is  much longer  than  the  device  size,  the  chain  of  reactions  can  be 

neglected in the modeling.  Beyond the negative ion creation context, the 

sequential reaction or sequential collision is important to microscopic fluid 

behavior, gas kinetics, radiation transport, and gaseous electronics [III-5].

III.2: Two step sequential mean free path
To generalize the sequential mean free path analysis we will consider 

generations  of  currents  denoted  by  a  sequence  of  numbers.   The  first 

generation  is  current  I1.   In  the  simplest  case,  which  will  be  used  to 

illustrate the theory, this current impinges on a target medium of infinite 

dimension and uniform density n.  Each component of current  I1 has some 

probability of colliding with the target medium and undergoing a reaction to 

produce the second generation of interest in the sequence of reactions, I2. 

The cross section for this reaction is denoted by σ12.  The current  I1 can 

undergo other attenuating reactions that compete with the creation of I2 as 

well, which will be summed into the current I1'. Like current I1, the second 

generation has some probability of colliding with the target medium and 

undergoing a reaction to produce the third generation of interest in the 

sequence of reactions, I3.  The cross section for this reaction is denoted by 
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σ23.  The current  I2 can undergo other attenuating reactions that compete 

with the creation of I3 as well, which will be summed into the current I2'.

To determine the sequential mean free path we also must consider the 

attenuating reactions  that  compete  with  the  reactions  of  interest  to  the 

sequential  reaction,  characterized  by  branching  ratios.   The  reactions 

attenuating current I1 will be described by the destruction cross section σ1d, 

and  the  reactions  attenuating  current  I2  will  be  described  by  the 

destruction cross section σ2d. The destruction cross section of a current is 

defined as the sum of all the cross sections that attenuate that current:

σad=σab+σ ai+σ aj+σak+⋯  (III-2)

where {Ib, Ii, Ij, …} represents every daughter current from Ia, each with the 

respective creation cross section {  σab,  σai, σaj,  ...}.  The destruction cross 

section gives rise to the total attenuation mean free path: 

λ ad=
1
nσad

 (III-3)

This series of reactions is expressed diagrammatically in fig. [III-1].
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In  some  cases  the  elements  of  I1' can  undergo  a  reaction  that 

contributes to the populations in the series of reactions of interest.  For the 

purposes of  this  analysis,  that  would be considered a separate series  of 

reactions, and be assessed as such.

Determining  the  mean  free  path  of  sequential  reactions  requires 

knowing the probability that the ultimate product is created in an interval 

dx about x . This probability is determined by the creation cross sections of 

the reactions leading to the ultimate product,  as well as the attenuating 

reactions  competing with  the  reactions  of  interest.  The sequential  mean 

free  path  should  not  be  considered  without  the  competing  reactions 

because these reactions attenuate the parent species in the sequence of 

reactions, reducing the probability that subsequent species are produced.

Figure III-1: Diagram of current evolution where I1 produces I2, which 
produces I3. The currents produced by I1 other than I2 are summed 
into the current I1' and the currents produced by I2 other than I3 are 
summed into the current I2'. The mean free path for a particle of 
species 1 to produce a particle of species 3 is denoted by λ13.
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Our notational convention is to let λab represent the mean free path for 

a  particle of species  a to produce a particle of species  b via a collision or 

series of collisions. In the general case where each species is numbered, a 

and b are integers specifying the species such that  b > a.  If  a and b are 

consecutive integers, e.g., λ12, λ23, etc., the reaction is the result of a single 

collision and λab  is  the conventional mean free path as discussed in the 

previous section. Thus, λab=1/nσab for consecutive species.

To  determine  the  mean  free  path  λ13  we  first  need  to  find  the 

probability that a particle of species 2 survives to a distance x, and multiply 

this by the probability that a particle of species 2 becomes a particle of 

species 3 within an infinitesimal distance dx. The probability that a particle 

of current I2 survives to a distance x is given by:

P2(x )=
I 2( x)
I 0

 (III-4)

where:

• I2(x) is the intensity of current I2 at x

• I0 is the intensity of the initial current I1 at x=0

This probability times the probability that I2 becomes I3 within the interval 

dx yields the probability of creation of I3 at x within dx.

The two step sequential reactions are governed by the equations:



50

dI 1

dx
=−nσ1d I 1=

−I 1

λ1d
 (III-5)

dI 2

dx
=nσ12 I 1−nσ 2d I 2=

I 1

λ12
−
I 2

λ2d
 (III-6)

dI 3

dx
=nσ 23 I 2=

I 2

λ23
 (III-7)

Assuming n and the cross sections are constant it is possible to solve for 

these currents analytically.  The solution for I2(x) is necessary to determine 

P2(x):

I 2( x)=
I 0

λ12 [ λ1d λ2d

λ1d−λ 2d
e−x/ λ1d+

λ1d λ2d

λ2d−λ1d
e−x/ λ2d]  (III-8)

This  is  used  to  determine  P2(x),  from  eqn. III-4. We  can  determine  the 

probability of creating I3 from I2 within the interval dx from eqn. III-7:

Q23(dx)=
dI 3( x)
I 2(x )

=nσ23dx=
dx
λ23

 (III-9)

Thus,  the  probability  of  creating  I3 from  I2 within  the  interval  dx, 

about  x  is  given  by  P13(x,dx)=P2(x)Q23(dx),  so  the  average  distance  for 

current I1 to undergo a series of collisions to produce current I3 is given by:

λ13=∫
0

∞

xP13(x ,dx )=∫
0

∞ xI 2( x)
I 0 λ23

dx  (III-10)

λ13=
λ1d λ 2d

λ12λ 23
(λ1d+λ2d )  (III-11)
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In the case that there are no competing reactions with the creation of 

I2 and I3 equation (III-11) takes on the intuitively satisfying result:

λ13=λ12+λ23  (III-12)

II.3: Sequential mean free path of arbitrarily high number 
of collisions
Having solved the equivalent mean free path of a sequence of two 

reactions,  we may extend the analysis for a higher number of reactions. 

Solving the sequential mean free path for a sequence of three reactions can 

be solved similarly to the two step sequential mean free path, resulting in:

λ14=
λ1d λ2d λ3d

λ12 λ23λ34
(λ1d+λ 2d+λ3d)  (III-13)

Comparing eqns. III-11 and III-13 a pattern emerges that a general solution 

to the sequential mean free path may satisfy.  Utilizing the argument that 

gave rise to eqn. III-10, we see the sequential mean free path for the mth 

generation in a series of generations is given by:

λ1m=∫
0

∞ x I m−1(x )
I 0 λ(m−1)m

dx  (III-14)

This can be solved in the general case, using the properties of the Laplace 

transform [III-1].   To begin with  we recognize  the  Laplace  transform of 

current Im-1(x) is 

Îm−1(s)=∫
0

∞

Im−1( x)e
−sx dx  (III-15)
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This can be differentiated to achieve the result:

d Îm−1

ds
=−∫

0

∞

xIm−1( x)e
−sx dx  (III-16)

When this is evaluated at s=0 this becomes: 

d Îm−1

ds
∣s=0 =−∫

0

∞

xI m−1(x)dx  (III-17)

which can be substituted into eqn. III-14, to produce the expression:

λ1m= 1
I 0λ(m−1)m

d Î m−1

ds
∣s=0  (III-18)

Equation  III-18 must  be  solved  using  the  generalized  governing 

system of equations:

dI 1

dx
=

−I 1

λ1d
 (III-19)

dI 2

dx
=
I 1

λ12
−
I 2

λ2d
 (III-20)

… 

dIm−1

dx =
I m−2

λ(m−2)(m−1)
−
I (m−1)

λ(m−1) d
 (III-21)

dIm
dx

=
−I m−1

λ(m−1)m
 (III-22)

and  applying  the  Laplace  transform  to  each  generation  of  governing 

equation, with the assumptions that I1(x=0)=I0 and all other initial currents 
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are 0.  Performing the Laplace transform on eqn. III-19 produces:

ℒ [ dI 1

dx =
−I 1

λ1d ]
s Î 1(s)−I 0=

− Î 1(s)
λ1d

Î 1(s)=
I 0

(s+1/λ1d)

 (III-23)

This result is substituted into the Laplace transform of eqn. III-20:

ℒ [ dI 2

dx =
I 1

λ12
−
I 2

λ2d ]
s Î 2(s)− I 2(0)=

Î 1(s)
λ12

−
Î 2(s)
λ2d

Î 2(s)=

1
λ12
I 0

(s+1/λ1d)(s+1 /λ2d)

 (III-24)

where I2(x=0)=0 as assumed above.  Similarly, the the Laplace transform is 

carried  out  on  each  succeeding  governing  equation,  drawing  upon  the 

previous transform, to produce the Laplace transform of eqn. III-22:

Î (m−1)(s)=

1
λ12

1
λ23

⋯ 1
λ(m−2)(m−1)

I 0

(s+1/λ1d)(s+1 /λ 2d)⋯(s+1 /λ(m−1)d)

Î (m−1)(s)=(∏i=1

m−2 1
λ i( i+1))(∏j=1

m−1 1
(s+1 /λ jd))

 (III-25)

Taking the derivative of eqn. III-25 and evaluating at s=0 yields:



54

d Î (m−1)

ds ∣s=0 =−I 0(∏i=1

m−2 1
λ i(i+1))(∏j=1

m−1

λ jd )(∑k=1

m−1

λ kd)  (III-26)

which is substituted into eqn. III-18 to produce the general solution to the 

sequential mean free path of m reactions:

λ1m=(∏i=1

m−1 λ id
λ i (i+1))(∑j=1

m−1

λ jd)  (III-27)

II.4: Sequential mean free path applied to currents in an 
IEC device
This  analysis  was  motivated  by  the  desire  to  compare  sequential 

reactions producing negative ions with direct reactions producing negative 

ions.  Of specific interest is determining if sequential reactions produce a 

significant fraction of the negative ions produced within an IEC device.  To 

determine the individual reaction mean free paths and destruction mean 

free paths a target population and density must be assumed.  This can be 

inferred from gas species, pressure during operation and gas temperature. 

The HOMER IEC device  typically operates at 2 mTorr of deuterium, which 

is roughly 6.6x1013 D2 molecules per cm3 at room temperature.  This value 

will be used for the following analyses.

While  the  sequential  mean  free  path  argument  as  presented  here 

assumes mono-energetic particles (note that ion energy in the IEC device 

changes with radius), the argument gives a sense of scale of the average 

path length for the sequence of reactions to occur, as the relevant cross 
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sections have only  modest variation across the energy range of interest. 

Assessing  this  sequential  mean  free  path  length  over  the  range  of  ion 

energies, as shown in fig. II-2, gives a more complete picture.

This result shows that over the full range of ion energies in the IEC 

device the length of the sequential mean free path is less than the HOMER 

device size of 91 cm.

We know that negative ions can be born from fast neutrals and from 

positive ions.  This analysis shows the sequence of reactions from positive 

Figure III-2: Sequential mean free path for three species of ions to become 
atomic fast neutrals and those fast neutrals to become negative ions in a 
2 mTorr D2 gas at room temperature, where the ions start with a kinetic 
energy between 5 to 100 keV, and undergo no acceleration.



56

ion to fast neutral  to  negative ions can occur in the length scale  of  the 

HOMER IEC device, and is of the same significance as the single reaction 

from positive ion to negative ion.  For modeling purposes, the negative ion 

creation reactions from fast neutrals should be included in any modeling of 

negative ion physics in an IEC device.  For comparison, the single reaction 

from ion species to negative ion species is considered in fig. III-3.

This analysis suggests that the sequential reaction production of negative 

Figure III-3: A plot of the mean free path for the reaction of an ion to collide 
with neutral D2 and become a negative ion directly, through a double 
electron capture in a 2 mTorr D2 gas at room temperature.  The y-axis is in 
logarithmic scale.  This plot shows the mean free path for double electron 
capture is much longer than the sequential mean free path for an ion to 
produce a fast neutral, which becomes a negative ion.  An ion would have to 
undergo hundreds of passes before it reached a path length that is a 
significant fraction of the mean free path for creation of negative ions.
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ions is the dominant path for negative ion production.

Another question of interest is the ionization of fast neutrals in an IEC 

device.   Energetic  particles  in  an  IEC  device  can  undergo  a  variety  of 

reactions, and neutralization of charged particles is characterized by some 

of  the  strongest  cross  sections.   This  makes  the  daughter  fast  neutral 

current a dominant constituent of the energetic particles in the IEC device 

and it is important to know if fast neutral particles are likely to undergo 

reaction.   For  our  modeling  in  particular,  it  is  important  to  know  if 

destruction of the fast neutral population is significant enough to require 

modeling.  The sequential mean free path argument can be used to assess 

this by comparing the positive ion to fast neutral to positive ion sequence 

mean free path to the device size.  The result of this sequential mean free 

path analysis is shown as a function of energy in fig. III-4.
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This analysis shows the sequential mean free path length for an ion to 

produce a fast neutral which then produces an ion is much longer than the 

HOMER IEC device chamber diameter of 91 cm.  For this reason, an effort 

to model currents in an IEC device can neglect ionization of fast neutrals 

from collisions with background gas.

Figure III-4: Sequential mean free path for atomic ions to produce atomic fast  
neutrals and those fast neutrals to become atomic ions in a 2 mTorr D2 gas at 
room temprature, when the particles have between 5 to 100 keV of kinetic 
energy.
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IV: Negative ion physics in the VICTER code
This section will outline efforts to model currents in an IEC device, 

first discussing the methodology pursued in the main code, and then how 

the code is extended to model negative ion currents in an IEC device.  A 

sample  of  the  results  of  this  extension  will  be  reported  in  Chapter 

V: Results.   Comparisons  between  VICTER  parametric  studies  and 

experimental parametric studies will be explored in Chapter VI: Discussion 

of results.

IV.1 VICTER code background

The Volterra Integral Code for Transport in Electrostatic Reactors (the 

VICTER code) was developed by Professors Emmert and Santarius [VI-1, 2] 

for  modeling  electrostatically  accelerated  spherically  convergent  current 

fluxes and attenuation as the currents react with a background gas.  As 

applied to an IEC device fueled with deuterium or helium-3 the VICTER 

code can predict fusion rates and the radial distribution of fusion reactions, 

within  the  approximation  of  the  one  dimensional  geometry  the  code 

employs.  There is an atomic version of the VICTER code, developed for 

analyzing helium in a reactor of this geometry, [VI-1] and molecular version 

of the VICTER code, developed for analyzing hydrogen isotopes, primarily 

deuterium, in a reactor of this geometry[VI-2].

The  VICTER code  models  currents  and  sources  in  an  IEC  device, 
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attenuating currents as they travel through and collide with background gas 

particles.  These collisions produce a number of reactions, including charge 

exchange,  dissociation,  and  ionization.   These  reactions  attenuate  the 

incident  ion current,  giving rise to fast neutral  particles and a daughter 

generation of cold ions and electrons.  The fast neutrals exit the device with 

the energy they were born at, and the ions respond to the electrostatic field 

of the IEC device.  Slow ions born inside the electrostatic potential of the 

IEC device are accelerated, but do not have the energy needed to leave the 

potential well inside the anode radius, so they radially oscillate inside the 

potential well.

These ion currents born inside the cathode can undergo an infinite 

number  of  oscillations,  but  the  currents  are  attenuated  as  they  travel 

through the background gas.   The attenuating reactions produce further 

generations  of  ions  and  fast  neutrals  that  follow  the  same  behavior. 

Summing these radial passes and generations of ions produces a Volterra 

integral source function, which is solved to produce the energy spectrum 

and currents in a self-consistent manner.

The main portion of  the  VICTER code solves  the  ion sources  as  a 

function  of  radius.   This  source  function  is  easiest  to  explain  using  the 

atomic formalism, in which the slow ions are produced by a single species. 

The main complexity the molecular code introduces is summing the multiple 

source species and adding reactions that contribute to the source function 
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at the radius of interest.  In the atomic case, the source term is given in 

Eqn. VI-1:

S (r )=A(r )+∫
r anode

r

K (r , r ' )S (r ' )dr (IV-1)

In this case S(r) describes the number of cold ions born per unit time 

per unit volume at position r, and has two contributions.  First, the function 

A(r) describes ions from outside the potential well that react to produce 

slow ions at r.  Ions from the source region enter the potential with some 

very  low  energy  (from the  plasma  temperature)  and  travel  through  the 

potential well.  The uncollided fraction of the ions from the source region 

leave the potential well with the energy it entered with.  Second, there is a 

term for the source of ions produced by all generations of ions oscillating 

inside the potential well that can contribute the source S(r); this is given by 

the integral in Eqn. VI-1.

The function A(r) is described by:

A(r )=ng Γ(r )σ total [T (r )]  (IV-2)

where  ng stands  for  gas  density,  (r)  is  the  unattenuated  flux  from  theΓ  

source region, and σtotal[T(r)] is the total attenuation cross section (only due 

to charge exchange in the atomic case) which is a function of kinetic energy 

T(r) of the uncollided flux. 

The function  K(r,r') is the kernel that relates (propagates) the source 



63

function S(r) at radius r to all the preceding generations born at radius r' 

through the source function S(r') and oscillating through r, as explained in 

fig. IV-1:

In the kernel,  T(r,r') is the kinetic energy at radius r of an ion born 

cold at r'; it is simply the ion charge times the difference in potential at 

these two points.  Tc is the cathode transparency, which is taken to be the 

geometric transparency. The function g(r, r') is the attenuation function: 

g (r ,r ' )=exp(−∫
r

r '

ng σ cx[T (r ' ' , r ' )]dr ' ' )  (IV-3)

which is the probability of an ion born at radius r reaching radius r'.  Here 

Figure IV-1: Graphical depiction of current sources and how they are described by the kernel  
used in Eqn. IV- 1.  The blue arrow (fine dotted line) represents the path of the sum of current  
sources for currents born inward at radial bin r from currents born at radial bin r', while the red  
arrow (dashed line) represents the path of the sum of current sources for the currents born 
inward at radial bin r from currents born at radial bin r'.  The arrows in the diagram omit the  
oscillations from r' to the center-line before the final pass to react in radial bin r.
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σcx[T(r'', r')] is the charge exchange cross section at r', which is a function of 

the kinetic energy of an ion at r'', that was born at r'.  The term gcp is the 

complete pass attenuation factor, given by: 

g cp=g 2(0,r ' )  (IV-4)

so that each pass is attenuated by the term Tc
2gcp(r').  Summing over an 

infinite  number  of  passes  produces  the  factor 

1T c
2g cpT c

2 gcp
2T c

2 gcp
3⋯= 1

1−T c
2 gcp r '  .

The negative ion simulation work deals with the molecular version of 

the VICTER code, as the atomic code is applicable to IEC device operation 

in helium and the helium negative ion is a short lived metastable state when 

it does form (from excited states) so will have little impact on an IEC device 

fueled with helium.  In the molecular code there are three species of ions 

treated:  {D+,  D2
+,  and  D3

+};  these  three  species  enter  from  the  source 

region,  and  the  currents  in  the  IEC device  produce  currents:  {D fast,  D+, 

D2,fast, and D2
+}, but the only source of D3

+ is the source plasma.  Thus, the 

source  terms  for  D+ and  D2
+ are  somewhat  more  complicated  than  the 

expression in Eqn. VI-1, that is: 

S1(r )=A1(r )+ ∫
r

r anode

K 11(r , r ' )S 1(r ' )dr '+ ∫
r

r andoe

K12(r , r ' )S 2(r ' )dr '  (IV-5)
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S2(r )=A2(r )+ ∫
r

r anode

K21(r , r ' )S 1(r ' )dr '+ ∫
r

r andoe

K 22(r , r ' )S 2(r ' )dr '  (IV-6)

where, Si(r) is the source term for species i (1 being D+ and 2 being D2
+), Ai 

represents the ions produced by the current originating outside the anode 

analogous  to  Eqn.  VI-2,  and  Kij(r,r')  is  the  kernel,  analogous  to  what  is 

described in fig. IV-1.  There are multiple kernel terms in each source term, 

because the  molecular  code accounts  for  the  multiple  molecular  species 

contributing to the relevant source term Si(r) so Kij(r, r') relates Si(r) to the 

ions from source Sj(r').  Due to conservation of energy, r'> r as positive ions 

cannot be born cold at r' and travel to a higher position in the potential 

well.

The  VICTER code  calculates  radial  and  energy  profiles  of  the  ion 

currents  based  on  a  number  of  user  provided  parameters,  including: 

cathode,  anode,  and  chamber  radii;  cathode  and  anode  transparencies; 

cathode  voltage;  supplied  cathode  current;  background  gas  density;  the 

fractions  of  ion  species  in  the  source  region  (D+,  D2
+,  D3

+);  and  ion 

temperature outside the anode. An example of the input file is shown in 

fig. IV-2.  From the input cathode current and transparency, and utilizing an 

energy  dependent  secondary  electron  coefficient  for  the  cathode  (and 

assuming  perpendicular  incidence),  the  code  determines  the  ion  current 

leaving the source region by imposing a current balance on the cathode. 

The ion species mix is determined by a separate code that was validated by 
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an ion acoustic wave diagnostic [VI-3].

Since  the  discovery  of  substantial  negative  ion  currents  in  an IEC 

device,  adding negative ion current  modeling capabilities to the VICTER 

code has been a priority.  Modeling negative ion physics is both useful for 

understanding the significance of negative ion currents  in an IEC device 

and is used to compare against measurements of negative ion currents to 

validate the VICTER code.  Adding negative ion modeling to the VICTER 

code allows for rapid parametric studies on device parameters with the goal 

of  production  optimization.   It  also  provides  a  way  to  examine  which 

reactions are primarily responsible for producing negative ions in an IEC 

device and exploring the physics that gives rise to the spectrum profile. 

Further, similar to how measurements of fusion reactions are used to test 

the  accuracy  of  the  VICTER  code  predictions,  negative  ion  current 

measurements  in  energy  and  total  current  can  also  be  used  to  further 

validate the VICTER code predictions.
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IV.2 Negative ion physics implementation in the VICTER 

code

The VICTER code negative ion subroutine follows a series of steps to 

ultimately calculate the negative ion flux as a function of radius and energy. 

First, the negative ion source densities (inward and outward directed) are 

tabulated in matrices from the ion and fast neutral fluxes calculated in the 

Figure IV-2: Example input file for the molecular version of the VICTER code; after defining  
each parameter, that parameter is described by the following bracketed statement.  The switches  
control how the system is modeled and what optional results are calculated.  The physical  
parameters define the physical system modeled.  The grid mesh defines the energy and radial  
resolution the code uses to model the system. 

[ input data for IEC multi-species source model, version Dec. 29, 2011]
    [switches]
    field=0              [ potential model, 0=vacuum, 1=Child-Langmuir ]
    coldionswitch=0      [ cold ion switch, 0=don't include cold ions in cathode,
1=include them]
    negativeions=1       [ negative ion switch, 0=skip, 1=compute ]

    [physical parameters]
    a=0.10               [ cathode radius (m)]
    b=0.25               [ anode radius (m)]
    c=0.45               [ spherical equivalent wall radius (m)]
    V0=70.               [ cathode potential (kV)]
    h1=0.06  [ D+ source fraction ]
    h2=0.23  [ D2+ source fraction ]
    h3=0.71  [ D3+ source fraction ]
    cathodecurrent=30.   [ desired total cathode current (ma)]
    pressure=1.25        [ gas pressure (mTorr) ]
    E0=.01               [ ion energy at anode (keV)]
    TC=0.92              [ cathode transparency ]
    TA=1.0               [ anode transparency ]

    [radial and energy grid mesh sizes]
    n=100                [ number of zones in the intergrid region, max=100]
    nc=30                [ number of zones in the cathode region, max=50]
    ns=30                [ number of zones in the source region, max=50]
    ng=30                [ number of energy groups for the energy spectra, max =40]
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main code.   Next,  the  negative  ion stripping cross  sections  are  used to 

calculate  the  survival  probability  of  the  negative  ions  from  their  birth 

positions to every position along their path.  The negative ion fluxes are 

then obtained by  integrating over  the  sources coupled with  the  survival 

probabilities.  The  attenuated  negative  ion  flux  produces  inward  and 

outward  fast  neutrals  from  negative  ion  source  matrices,  which  are 

integrated to calculate the flux  of  fast  neutrals  generated from negative 

ions.  Finally, fusion from these negative ions and fast neutrals is calculated.

The VICTER code is  currently equipped to only handle atomic and 

molecular  collisions.   It  does  not  model  electron  currents  or  collisions. 

Electron collisions play small role in IEC devices that are primarily sourced 

with  ions  from  outside  the  anode,  because  the  electrostatic  gradient  is 

strong and the electrons are mobile with a long mean free path.  At high 

pressures an IEC device enters a glow discharge state where the electron 

collisions are integral to the IEC device operation, and for this reason the 

VICTER code cannot currently model an IEC device in the glow discharge 

state.  Further, the VICTER code neglects the creation of negative ions from 

electron  attachment  inside  the  cathode  of  the  IEC  device  as  well  as 

neutralization  of  negative  ions  from  electron  impact.   However,  it  is 

expected  that  the  charge  exchange  and  dissociative  reactions  are  the 

dominant channel for creation and neutralization (i.e. stripping) of negative 

ions  when  the  IEC  device  operates  in  the  single  millitorr  range  of 
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background pressure.  This is due to the low densities of electrons and is 

supported by the results of the Magnetic Deflection Energy Analyzer.  

We model five negative ion creation reactions:

D+D2→D −+D ++D  (IV-7)

D2+D2→ D−+D ++D2  (IV-8)

D ++D2→ D−+2D+  (IV-9)

D2
++D2→ D−+D ++D2

+  (IV-10)

D3
++D2→ D−+2D2

+  (IV-11)

and one neutralization cross section, the electron stripping cross section:

D −+D2→ D+D2+e−  (IV-12)

Each fast daughter product is  born with the same velocity that its 

parent had when the reaction that created or destroyed the negative ion 

occurred,  conserving  energy  and  momentum.   These  reactions'  cross 

sections are plotted in fig. (IV-3).

To model these reactions in an IEC device, it was necessary to have 

suitable fitting functions for the cross sections of these reactions.  Reactions 

VI-7, 9, and 12 are available in the Oak Ridge National Laboratory Red Book 

[IV-4], with Chebyshev polynomial of the first kind  fitting functions that are 

within  10%  of  the  data.   The  cross  sections  and  fitting  functions  for 

reactions VI-8, 10, and 11 were obtained from private correspondence and 
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used with the permission of Arthur Phelps [VI-5].

While the main part of the code calculates the ion and fast neutral 

currents  in  a  self-consistent  manner,  the cross  sections for  creation and 

destruction of negative ions are small enough that attenuation of positive 

ions and fast neutrals due to the creation of negative ions can be treated as 

perturbation  of  the  currents  calculated  by  the  main  code.   Even  if  the 

negative ion subroutine is not self-consistent in treating the attenuation of 

parent  current,  the  number  of  confined  particles  is  consistent:  due  to 

conservation of charge when negative ions are born positive ions are born 

as well.

The ion and fast neutral currents predicted by the main code are used 

to predict the negative ion source distribution in radius and energy: 

Figure IV-3: Cross section for creation of negative deuterium ions by charge exchange from 
each parent species (left) and electron stripping of deuterium negative ions (right)
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S ±
N (r , E)=∑

i
ng σi (T )F ±

i (r ,T )  (IV-13)

The SN term is the negative ion source density, integrated over a spherical 

shell at radius r, where the subscripts denote the outward (+)  and inward 

currents  (–)  currents;  the  source  density  from  each  parent  species  is 

tabulated in an inward or outward matrix dependent on radius and total 

energy.   The  'i'  subscript  or  superscript  denotes  the  parent  species  of 

negative ion, (Dfast, D2,fast, D+, D2
+, D3

+), σi is the cross section for the creation 

of  negative  ions  from species  'i',  and Fi is  the  parent  flux  of  species  'i' 

previously calculated by the VICTER code.  The cross section is dependent 

on  the  parent  species  kinetic  energy  (T),  but  the  source  currents  are 

computed using the total energy (E), which is the sum of the kinetic energy 

and the potential energy from the cathode potential at r.



72

Once  the  negative  ion  sources  are  calculated,  their  attenuation, 

dependent on motion, must be calculated.  There are three categories of 

motion, depending on the negative ion total energy, as outlined in fig. IV-4. 

Negative ions born traveling outwards, class (1), are accelerated outward, 

responding to the potential between the anode and cathode, until they leave 

the  anode  region  (where  the  potential  is  assumed  to  be  zero)  and  the 

currents continue at constant energy.  Negative ions born traveling inward 

produce two categories of motion.  Negative ions born inward with total 

energy greater than the negative ion's charge times the cathode potential, 

Figure IV-4: The three types of negative ion trajectories, as dependent on total energy and 
direction.  Cathode  potential energy is outlined in blue.  Negative ions of type (1) are born 
traveling outward, and are accelerated outward as the the electrostatic potential increases.  
Negative ions of type (2) are born traveling inward with enough energy to reach the cathode,  
decelerating as they approach the cathode, pass through the cathode and accelerate outward.  
Negative ions of type (3) do not have enough energy to reach the cathode, decelerating until they  
reach a turning point of zero kinetic energy and then accelerate out.  The energy of the outward 
portion of the inward born currents are the same as the inward portion of these currents, but are  
offset for clarity.
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class (2),  decelerate as they travel  inward until  they reach the cathode, 

travel through the cathode at constant kinetic energy (where the potential 

is assumed flat) to the center point, where they become outward traveling 

negative ions, following the behavior of class (1) negative ions. Inward born 

negative ions with total energy less than the cathode potential, class (3), 

have insufficient  energy  to  reach the  cathode and decelerate  until  their 

kinetic energy reaches zero, where they become outward traveling negative 

ions, following behavior of class (1) negative ions.

The  survival  probability  of  a  negative  ion  in  class  (1),  outward 

traveling from outward born negative ions,  is given by Eqn. VI-14: 

p++ (r ,r ' , E)=exp [−∫
r '

r

ng σ s(r ' ' )dr ' ' ]  (IV-14)

where  p++(r,r',E)  is  the  survival  probability  of  a  negative  ion  at  r,  born 

traveling outward at r'  and with total  energy E.  Because outward born 

negative ions only travel outward this integral can only be applied for r>r'. 

The stripping cross section σs is  dependent on the kinetic  energy of  the 

particle, and is the difference between total energy of the negative ion and 

the potential energy at r''.

Inward  traveling  negative  ions  can  only  come  from  inward  born 

positive ions.  The survival probability of inward traveling negative ions is 

the same for class (2) and class (3) negative ions: 
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p−− (r ,r ' , E)=exp [−∫
r

r '

ng σ s(r ' ')dr ' ' ]  (IV-15)

where p--(r, r', E) is the survival probability of an inward traveling negative 

ion at r, born moving inward at r' and with total energy E.  As this is the 

survival probability for negative ions traveling inward, r<r'.  Also, the total 

energy must be greater than or equal to the negative ion's charge times the 

potential at r, or the negative ion does not have enough kinetic energy to 

reach r.

The outward traveling phase of negative ions that were born traveling 

inward must be considered according to their class.  For class (2) negative 

ions the survival probability of outward traveling from inward born negative 

ions is given by: 

p−+ (r ,r ' , E )=exp [−∫0
r '

ng σs (r ' ' )dr ' '−∫
0

r

ng σ s(r ' ' )dr ' ' ]  (IV-16)

where  p-+(r,  r',  E)  is  the  survival  probability  of  an  outward  traveling 

negative  ion  at  r,  born  inward at  r'  and with  total  energy  E.   The first 

integral in the exponent covers the attenuation inward from birth position r' 

to the center of the device, and the second covers the attenuation outward 

from the center of the device to r.

For  class  (3)  negative  ions  the  survival  probability  of  outward 

traveling from inward born negative ions is given by:
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p−+ (r ,r ' , E)=exp [−∫r '

rt

ng σ s(r ' ')dr ' '−∫
r t

r

n g σs(r ' ' )dr ' ' ]  (IV-17)

where  rt is  the  turning  point  radius  at  which  the  negative  ion's  kinetic 

energy reaches zero, and the negative ion becomes an outward traveling 

negative  ion.   Thus  the  first  integral  in  the  exponential  covers  the 

attenuation inward from the birth position r'  to the turning point and the 

second integral covers the attenuation outward from the turning point to r.

Based on these quantities, the negative ion current density matrices 

can be calculated.  For inward traveling negative ions the current density is 

calculated from:

F −
N (r , E)= ∫

r anode

r

S −
N (r ' , E) p−− (r ,r ' , E)dr '  (IV-18)

Physically,  this  integral  represents  integrating  from  each  birth 

position  to  each  r  position  the  current  can  reach  with  total  energy  E, 

starting at the anode and continuing inward.

The  outward  traveling  negative  ion  current  density  has  two 

components.  For negative ions of total energy E greater than the cathode 

potential there is a contribution from class (1) and class (2) negative ions: 
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F +
N (r , E)=∫

0

r

S +
N (r ' , E) p++ (r , r ' , E)dr '

+ ∫
0

r anode

S −
N (r ' , E ) p−+ (r ,r ' , E)dr '

 (IV-19)

For negative ions of total energy E less than the cathode potential 

there is a contribution from class (1) and class (3) negative ions: 

F +
N (r , E)=∫

r t

r

S +
N (r ' , E) p++ (r , r ' , E)dr '

+ ∫
rt

r anode

S −
N (r ' , E ) p−+ (r ,r ' , E)dr '

 (IV-20)

where rt is the turning point for inward traveling negative ions; there can be 

no current with total energy less than the potential energy, so the integral 

for outward traveling current begins at the previously defined turning point 

as well.

As the negative ions are attenuated, they produce fast neutral fluxes, 

which are calculated in a  similar  series  of  steps as above.   Inward and 

outward source density matrices for fast neutrals from negative ions are 

calculated from the negative ion fluxes, and the fluxes of fast neutrals from 

negative  ions  are  calculated  from these  sources.   As  in  the  main  code, 

attenuation of fast neutrals is neglected.  The source of fast neutrals from 

negative ions is given by:

S ±
a (r , E)=ng σ s F ±

N (r , E)  (IV-21)
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This is used to produce the fast neutral flux from negative ion fluxes, 

similar to how it is calculated in the main code.  For the inward fast neutral 

fluxes the total flux is the source density integrated from the anode to r:

F −
a (r , E)= ∫

r

ranode

S −
a (r ' , E)dr '  (IV-22)

For the outward fast neutral fluxes the total flux is the sum of the 

inward  source  densities  integrated  from the  anode  to  the  center  of  the 

device and passed through the center of the device, and the outward flux 

from 0 to r:

F +
a (r , E)= ∫

0

r anode

S −
a (r ' , E)dr '+∫

0

r

S +
a (r ' , E )dr '  (IV-23)

Using the negative ion and fast neutrals from negative ions fluxes a 

fusion  radial  profile  and  fusion  rate  are  calculated  and  added  to  the 

appropriate tallies.

As the negative ion fluxes are calculated in terms of the total energy 

E, a post processing routine is applied to display the output in terms of the 

kinetic energy T.  Also, to compare with the total measured negative current 

density, the negative ion current can be integrated with respect to energy at 

the measured radius and divided by the area of a sphere of that radius to 

produce  the  total  negative  ion  current  density  in  assuming  spherical 

symmetry.   This  approximates  the  discrete  jet  formation  that  is 
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experimentally  observed,  and  provides  a  point  of  comparison  between 

experiment and simulation.

This formalism is complete; the negative ion fluxes at any radius and 

total energy in the IEC device can be calculated from the parent flux at any 

birth radius.  However, when calculating the total flux and energy spectrum 

across all of the radial space in the IEC device it is possible to improve on 

the algorithmic above for reasons of computational efficiency.  

As outlined above, the survival probability is recalculated for every 

position r and r', for every total energy.  It is more efficient to recognize that 

the  survival  probability  at  p(r+ r,  r',  E),  when the  integral  is  evaluatedΔ  

using the trapezoidal rule approximation, is the evaluation of the integral 

from r to r+ r added to the integral from r' to r.  Thus, a single trapezoidalΔ  

element is added to the integral evaluated for p(r, r', E) to calculate p(r+ r,Δ  

r', E), saving calculations.   Using this framework, the code starts with each 

birth  position  and  energy,  calculates  the  flux  from that  source  to  every 

radial bin the source current reaches in the IEC device, and then proceeds 

to the next energy bin until the current density across the energy spectrum 

from that source position is complete.  The code then proceeds to the next 

birth position.

This  formulation has been successfully  added to the VICTER code, 

predicting results that can be bench marked against experimental results.
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V. Experimental approach

V.1 Laboratory facility

The  UW-IEC  Advanced  Fusion  Fuels  Laboratory  is  a  facility  that 

supports  three  IEC fusion devices  (HOMER, HELIOS,  and SIGFE) and a 

fusion materials testing experiment (MITE-E).  These devices are depicted 

in fig. V-1.

As these devices all produce radiation of varying degrees, including 

Figure V-1: The four experimental devices in the UW-IEC laboratory clock-
wise from the top left: HOMER, HELIOS, MITE-E, and SIGFE.
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neutrons in the case of HOMER and SIGFE, the UW-IEC laboratory has a 

radiation vault that is sufficient to shield the operators and surroundings 

from the radiation produced by the housed experiments, utilizing a 1.3 m 

thick concrete and brick walls and a lead door.  The UW-IEC laboratory is 

outfitted with cold water hookups for cooling, a gas manifold able to deliver 

a variety of species of gas to the experiments, and a high voltage power 

supply able to provide between 1 and 300 kV negative voltage, at up to 

150 mA of current.  There is also a biasing DC power supply for supplying 

between 0-100 volts negative biasing and heating power to filaments for the 

creation  of  filament  assisted  plasma  discharges,  which  act  as  source 

plasmas in HOMER, MITE-E, and SIGFE.  Grounding loops are mitigated by 

the use of a universal grounding strap that runs the perimeter of the UW-

IEC  laboratory  radiation  vault.   Each  experiment  has  its  own  suite  of 

diagnostics,  and  all  experiments  utilize  a  common  neutron  detector 

mounted on the vault wall.

The controls for the high voltage power supply and the filament power 

supply are located in the control room.  Computers for data collection are 

located  in  the  control  room,  outside  the  radiation  vault.   Most  data  is 

collected by a data acquisition system automated by LabView® control; a 

hand entered record is also added to a logbook database.  Controls for gas 

flow controllers in the gas manifold are in the control room, but the the gas 

manifold and gas tanks are in the radiation vault so the associated valves 
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must  be  opened  and  closed  manually  when  the  IEC  devices  are  not  in 

operation.

V.2 HOMER IEC Device

The  HOMER  IEC  device  has  been  utilized  in  this  negative  ion 

experimental research.  A basic schematic of HOMER is in figure V-2.

HOMER can broadly be described as having three regions separated 

by a spherical cathode and a spherical anode.  The innermost region is the 

cathode region.  Surrounding that region is the anode region.  Surrounding 

Figure V-2: Diagram of the HOMER Inertial Electrostatic Confinement 
device.

Grounded cage x4
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these two is the plasma source region.

The cathode in HOMER is suspended by a high voltage stalk.  This 

stalk  and high  voltage vacuum feed-through assembly  is  able  to  deliver 

between 0 to -200 kV negative voltage to the cathode when in operation. 

The  anode  is  suspended  from  the  vacuum  chamber  cover,  in  electrical 

contact  with  the  grounded  chamber.   As  discussed  in  section  II.1,  an 

electrostatic well is formed between the anode and cathode, to the depth of 

the cathode voltage.

The filaments that emit electrons throughout the source region in the 

HOMER IEC device are situated in four columns spaced 90 degrees apart 

on the  wall  of  the  HOMER chamber,  with  two biased filaments  in  each 

column to produce electrons that ionize gas outside the anode, which acts 

as a source plasma.  Electrostatic potential from the cathode does leak past 

the anode mesh to the wall; when the cathode voltage is high enough the 

potential  in  the  source  region  overwhelms  the  bias  on  the  filaments, 

repressing electron emission, effectively eliminating the source plasma.  To 

prevent this, the columns of filaments are shielded by grounded cages.  A 

~3-5 eV temperature plasma with a density of ~106 cm—3 is present when 

the cathode is at operating voltage [V-1].

The  vacuum electrostatic  potential  profile  is  calculated  and  scales 

with  the  inverse of  the  radius  between the  anode and cathode.   As  the 
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current in HOMER is 10's of mA in a potential well 10's of kV deep the 

space-charge effects  are small,  so the potential  profile  is  somewhat less 

steep  than  the  Child-Langmuir  potential  and  is  essentially  the  vacuum 

potential.  The potential profile is expected to be somewhat peaked inside 

the cathode and relatively flat outside the anode, as discussed in Chapter II, 

and shown in fig. II-1.

V.3 High voltage switch

For an IEC device cathode to reach a desired voltage the cathode 

must be electrically connected to a power supply capable of providing that 

voltage, and the electrical connection must be engineered to deliver that 

voltage without failure.   While  the current  power supply  in the UW-IEC 

laboratory can provide -300 kV, the electrical connections were engineered 

to  withstand  a  -200 kV  voltage,  as  that  was  the  limit  of  the  UW-IEC 

laboratory's previous power supply.  Improving the high voltage system in 

the IEC laboratory has been a extended campaign that all members of the 

IEC laboratory staff have contributed to.  While this work does not directly 

contribute to the effort to study negative ion profiles in an IEC device, this 

novel and useful work has not been published elsewhere.

The  high  voltage  system in  the  UW-IEC laboratory  consists  of  the 

power supply,  cabling rated above a 300 kV capacity,  an oil  filled barrel 

housing an inline resistor chain to limit the current (and thereby the power) 
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in arcs, the high voltage vacuum feed-through and the stalk that connects to 

the  cathode.   A  high  voltage  vacuum  feed-through  designed  to 

accommodate  300 kV  has  been  designed  and  outlined  in  previous  work 

[V-2], and is expected to be fully implemented in 2012.

Power  cables  rated  above  300 kV  are  commercially  available,  but 

utilizing them add complexity to the operation of the UW-IEC laboratory. 

The cables rated to 300 kV are not as robust to flexing as the cables rated 

to 200 kV that the UW-IEC laboratory used previously.  In the previous high 

voltage system the barrel housing the inline resistor system is used as the 

terminal  that  cables  are plugged into,  connecting the  power supply  and 

resistors to the experiments in the UW-IEC laboratory.  The flexing to plug 

and unplug cables from the resistor system would stress the high voltage 

cable rated to 300 kV, potentially causing degradation and failure.  Utilizing 

the cable rated to 300 kV requires a high voltage switching system that 

allows changing the connections between the high voltage power supply 

and experiments without moving the cabling.   Further,  a resistor system 

able to accommodate a 300 kV capacity must also be implemented.

Finally, the UW-IEC laboratory is interested in continuing experiments 

that operate in a pulsed mode.  In the previous system a barrel housing high 

voltage capacitors and resistors was connected inline between the resistors 

and power supply to provide capacitance in parallel with the power supply, 

so the voltage does not drop when current in the cathode is pulsed [V-3].  To 
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minimize stress to the cabling, minimize disruption of laboratory operations 

when engaging the pulsing system, and minimize the floor space required, it 

was  decided  that  the  high  voltage  switch  will  also  house  the  pulsing 

capacitor system and be able to switch it into operation.

To design a system that can deliver these goals, a prodigious amount 

of modeling was done.  The design criteria are to produce a system that 

keeps the peak field below ~6 MV/m with 300 kV applied to the electrodes, 

has more than 15.24 cm of dielectric oil filled distance between the high 

voltage electrodes and ground, and the surface length along non-conducting 

surfaces between the  high voltage electrodes  and ground (i.e.  supports) 

greater than 40.64 cm [V-4].  Modeling was performed with Maxwell-3DTM 

[V-5]; using these criteria it was determined that the high voltage electrodes 

had to have a diameter greater than 10.16 cm while keeping the nearest 

grounded  surface  more  than  15.24 cm away,  minimizing  the  size  of  the 

switch.  The dielectric properties for modeling purposes were taken from 

the  oil  specifications  data  sheet  of  the  Diala® A  X  oil  provided  by  the 

manufacturer, Shell Oil company.  Specifically, the data sheet provided the 

relative  permittivity  range  of  2.2-2.3  and a  resistivity  of  2x1015 Ω∙cm at 

25∘C.  The modeling showed cylindrical electrodes with hemispherical ends 

are most successful in reducing field concentration.  

The resistors that were used have very small features, namely a fin 

profile to maximize cooling.  However, these small features are also sites for 
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field  concentration,  so  it  was  decided  to  surround  the  resistors  in  a 

conductive shield that would also serve as an electrode.  This resistor shield 

reaches the same potential that is delivered to the IEC device. This means 

the voltage difference inside the shield is no more than the voltage drop 

from the top  of  the resistor  system to the  end.    This  shield also gives 

flexibility to install  multiple strings of resistors in parallel,  which can be 

engaged selectively to vary the amount of inline resistance and resistive 

heat load on the resistors.  The resistors are installed on strings of printed 

circuit boards, providing robustness and surety of connection, as illustrated 

in fig. V-3.
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A series  of  moving electrodes  is  used to  connect  the  high  voltage 

power supply and resistors to the experiments.  Power flows through the 

resistors to the shield, which acts as an electrode, and is connected by cable 

to  a  selection  electrode  that  rotates  into  position  to  connect  to  an 

Figure V-3: Diagram of resistor system, with shield made transparent.  The 
printed circuit boards are green and the resistors are the white 'fins'.  The 
strings of resistors are arranged in a pentagon, each face a continuous 
string.  At the top is a switch assembly to engage or disengage the strings 
from the power supply to the shield which is connected to an experiment.  
One of the switch pins controls a short that bypasses the resistors 
altogether.

Resistor strings (5)

Resistor shield
(transparent) 12.7 cm
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experiment.  The selection electrode and the electrode connected to each 

chamber are engaged by a bridge electrode that is raised into position.  This 

double  action  to  create  a  connection  between  the  power  supply  and 

experiment  ensures  that  a  connection  cannot  be  inadvertently  made, 

creating a reliably safe system.  The layout of connecting electrodes and the 

resistor shield electrodes was modeled in Maxwell-3DTM [V-5], the result of 

many iterations is illustrated in fig. V-4.
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The tank that houses the switch is held at ground.  In modeling the 

resistor shield, the selector electrode, the bridge electrode and the engaged 

chamber electrode are held at 300 kV.  The chamber electrodes that are not 

engaged are held at ground; the bridge electrodes that are not connected 

Figure V-4: Electrode arrangement and grounded tank laid out in Maxwell-
3DTM.  The large L-shaped assembly holds the resistor strings within, the 
top of which is connected by high voltage cable to the power supply.  This  
electrode is connected by a high voltage cable that runs along the z-axis to  
the selector electrode, which is connected by the shown bridge electrode 
(the other three bridge electrodes are not shown) to the chamber electrode 
which is connected by cable to an experiment by a high voltage cable.  Only 
the connected chamber electrode is at voltage, the others are grounded.

Chamber electrode
(stationary)

Bridge electrode
(vertical movement)

Selector electrode
(rotating movement)

Resistor shield

Chamber electrodes
(grounded)

10.16 cm
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may float in potential and are not modeled.  The results of this simulation 

are shown in fig. V-5.

Once satisfied that the fields would be within specifications a more 

detailed design was made in SolidWorks®.  The electrodes at voltage in the 

model pictured in fig. V-5 are shown with support structure in fig. V-6.

Figure V-5: Electrostatic fields in switch as modeled in Maxwell-3DTM with 
300 kV applied to the electrodes.  Left shows fields in the plane of the 
bridge electrode axis, right shows the field in the YZ-plane.
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The assembly of the entire switch,  as designed and constructed, is 

shown in fig. V-7.

Figure V-6: Left: SolidWorks design of a set of connected electrodes  with 
support structure.  Right: the constructed electrodes, hanging with support 
structure from the lid of the switch as they are installed in the switch.  The 
selector electrode and bridge electrode are covered in a plastic wrap to 
protect the copper plating on the aluminum electrode bodies during 
assembly.

10.16 cm

Bridge electrode
(not engaged)

10.16 cm

Chamber
electrode

Chamber
electrodeBridge 

electrode

Selector 
electrode

Resistor 
shield

Power 
in

Power 
out

Selector 
electrode
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Testing of the high voltage switch at 100 kV while the switch is filled 

with  air  indicates  operational  capability  at  300 kV  when  the  switch  is 

eventually filled with high voltage oil.  The air filled switch has passed a 

high pot test to 100 kV when not connected to anything.  Unfortunately, the 

air filled switch connected to an IEC device (at vacuum) has demonstrated 

previously unobserved arcs of microsecond scale that draw enough current 

to cause the power supply overload sensor to fault and shut down.  Further 

modeling suggests  that  the problem is  capacitance between the  resistor 

Figure V-7: (Left) Full SolidWorks assembly of the high voltage switch 
design; on the rear wall of the tank is the pulsing system, which is engaged 
by rotating the rod and ball into contact with the resistor shield electrode.  
(Right) Constructed switch elements before installation in the switch tank 
for initial testing.  The tank and the pulsing system are not shown here.
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shield and the ground tank storing enough energy between the resistors 

and IEC device that small arcs can draw a great deal of current.  Filtering 

out  high  speed  signal  to  the  power  supply  controller  has  not  made  an 

appreciable difference in operation.   A 85 Ω resistor in the high voltage 

feed-through has allowed the HOMER IEC device to reach 100 kV, but not 

stably.   It  is  expected a  higher  value  resistance (1 kΩ) will  produce the 

desired performance when the high voltage switch is fully integrated in to 

UW-IEC laboratory operation.

V.4: Design of a movable Faraday cup for use in the 

HOMER IEC device

V.4.1: Motivation

While the underlying physics that governs the creation, destruction, 

and acceleration of negative ion current is reasonably well understood, an 

IEC device has inherent complexities requiring experimental measurement 

to underpin our understanding of this current in an IEC device.  Previous 

work has shown that the negative ion current varies with azimuthal angle 

[V-6,7] and a similar response to elevation angle is expected.  Variation of 

negative ion current with radius is fully expected from theory and modeling. 

The negative ion current profile must be measured to produce a complete 

picture of the shape of variation of the currents in an IEC device.  
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The negative ion current changes with radius due to reactions with 

the background gas that both create and attenuate the negative ion current. 

The kinetic energy of the reacting species also depends on the birth position 

of the parent and is thus a function of radius from the center of the cathode, 

which adds further complexity to modeling these reactions, as outlined in 

Chapter IV.

As the cathode and anode are highly transparent grids with discrete 

wires,  the  equipotential  contours  produced  by  this  system  are  not 

spherically symmetric; they are strongest at the wires and weakest at the 

center of the holes between the wires, as illustrated in fig. V-8.  This results 

in  a  rippled  potential  structure,  causing  negatively  charged  particles  to 

channel where the negative potential is at a minimum in the holes between 

the  cathode  wires.   This  phenomenon  gives  rise  to  the  IEC device  jets 

visually observed in IEC devices with cathodes of small radius operated at 

high background pressure[V-8,9].
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Measuring  the  spatial  profiles  of  the  negative  ion  currents  is 

important,  both  for  understanding  the  negative  ion  physics  in  the  IEC 

device as well as providing a means to further understanding of the IEC 

device.

Because  the  negative  ion  current  varies  with  the  azimuthal  and 

elevation angles, it is impossible to estimate the total negative ion current 

at a given radius and operating condition without an understanding of the 

Figure V-8: Results of a Maxwell-3DTM simulation of the potential at the 
equator of an IEC device with a cathode of 20 cm diameter at applied 
potential of 90 kV and anode of 30 cm diameter at ground potential.  This  
simulation shows a nearly 30% dip in potential between the cathode wires 
Inset top is an isometric view of the simulated anode and cathode grids and 
inset bottom is a top down view of the simulation.  Note, only two latitude 
lines are included in the simulation to reduce complexity of the simulation.  
It is expected the latitude lines far from the equator have less influence on 
the potential at the equator.
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negative ion current spatial profile.  In a cathode where the spaces between 

grid wires are of equal area the jets leaving each grid hole are believed to 

be roughly equal.  Making this assumption, in a latitude-longitude cathode 

grid, an azimuthal scan of the negative ion current leaving the anode in a jet 

can be used to make a reasonable extrapolation of the total negative ion 

current at a given radius in an IEC device.  This, coupled with the energy 

spectrum, informs an estimate of the negative ion current contribution to 

the IEC device's total fusion rate.

Not only can a profile measurement tell us about the negative ions 

themselves, but it can also tell us about the physics inside the IEC device 

anode, which is  not  easily  probed due to the high potentials  in the IEC 

device  at  fusion relevant  operating conditions.   The negative  ions are a 

constituent of the IEC device jets, so measuring the width of the jets can tell 

us about how the jets respond to system parameters both in magnitude and 

dimension.

V.4.2: Requirements for measuring the negative ion spatial profiles

To measure  the  negative  ion  profiles  the  detector  must  be  mobile 

enough to sweep the desired profiles, able to isolate the negative ions from 

other  charged  particles,  and  insensitive  to  x-rays.   While  it  would  in 

principle be possible to move the IEC device cathode relative to a stationary 

detector,  doing this  would  not  be  a  trivial  task,  so  a  mobile  detector  is 
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preferred [V-10].  This detector must not produce spurious readings from 

energetic electrons or the thermal plasma outside the anode.  As stated 

above, secondary electrons due to energetic particles impacting the cathode 

get accelerated outward, striking the wall and producing a considerable x-

ray flux that the detector must contend with.

Solid-state  charged  particle  detectors  can  be  used  to  measure 

negative ions, however they are overwhelmed by x-ray noise when used in 

the line of sight of the IEC device chamber, and shielding against this while 

still measuring negative ion current is not possible.  The UW-IEC group has 

had  success  isolating  the  negative  ion  current  from  all  other  charged 

particles  and  x-ray  flux  using  the  Magnetic  Deflection  Energy  Analyzer 

(MDEA), described in Chapter II.  The MDEA utilizes a magnetic field to 

bend the negative ions out of the field of view of the IEC device cathode into 

a  solid-state detector  [V-6,  7].   While  the  MDEA has  been successful  in 

measuring negative ions,  it  is  not  mobile,  and therefore not  suitable for 

measuring negative ion spatial profiles.

A Faraday cup is,  at  its  most  basic,  an arrangement  of  electrodes 

engineered  to  collect  and  measure  a  charged  particle  current  while 

minimizing spurious signals, such as secondary electron emission [V-11].  So 

long  as  an  amplifier  can  create  a  measurable  signal  from the  collected 

current, a Faraday cup can be nearly arbitrary in size.  Finally, a Faraday 

cup is insensitive to x-ray flux.  If the Faraday cup isolates negative ion flux 
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from other charged particles it represents a suitable detector technology for 

measuring negative ion spatial profiles.

V.4.3: UW-IEC Faraday Cup Design

Many Faraday cups use electrostatic potentials to filter the energy of 

the incident charged particles, but in an IEC device fast electrons leaving 

the cathode are of equivalent energy to the negative ions, so this option is 

not  suitable.   However,  at  equivalent  energy,  the  momentum of  the  fast 

electrons is much lower than that of the negative ions.  Since the gyroradius 

of two charged particles in a magnetic field is equivalent when they have 

the same momentum per charge ratio, a magnetic field can be used to bend 

the  low  momentum  electrons  and  cold  ions  away  from  the  collection 

electrode  of  a  Faraday  cup.   This  allows  the  collection  of  the  high 

momentum negative  ions  with  much  larger  bending  radius  in  the  same 

magnetic field.

To design a Faraday cup that successfully  filters  all  other charged 

particles except energetic negative ions, the desired magnetic fields must 

first  be  calculated,  and  arrangements  of  magnets  must  be  modeled  to 

determine how to achieve the desired field.  A 1.5 cm long deflection region 

in front of the collection electrode can be used to effectively deflect 100 keV 

electrons  away  from  the  collection  electrode  with  7 Gauss  or  greater, 

according to eqn. (1):
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v m
q r b

=B (V-1)

where

• v is the particle velocity

• m is the particle mass

• q is the charge of the particle

• rb is the bending radius

• B is the magnetic field strength

Over the same 1.5 cm bending region, a 5 eV thermal ion population 

from the source plasma will be deflected away from the collection electrode 

with 300 Gauss or greater, according to eqn. (2):

1.02x102 √(μT i)
Z rb

=B  (V-2)

where 

• μ is the ratio of ion mass to proton mass

• Ti is the ion temperature in eV

• Z is the charge state of the ion

If the field is too strong the lower energy negative ions will also be 

deflected away from the collection electrode.  Using eqn. V-1 again shows 
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that  so  long as  the  field  is  below 4300 Gauss  negative  ions  will  have a 

bending radius that exceeds the 1.5 cm bending region and therefore will 

impact the collection aperture.   With a defined solution space it is possible 

to  design a  magnetic  system to  provide  a  magnetic  field  in  the  desired 

range.   It  is  possible  to  produce  this  field  using  electromagnets,  but 

permanent  magnets  are  more compact  and less  technically  complicated. 

The main drawback to permanent magnets is their demagnetization if they 

get too hot.

The relatively  strong magnetic  field  requires  the use of  rare earth 

magnets, such as those supplied by K&J Magnetics.  Using their N42SH 

high temperature neodymium magnets with the dimensions 2.54 x 1.27 x 

0.3175 cm,  with  a  surface  field  of  2186 Gauss  magnetized  through  the 

0.3175 cm thickness, we can model the field these magnets would produce 

in pairs using Maxwell-3DTM's  magnetostatics modeling capabilities  [V-6]. 

By truncating the scale of the results above 300 Gauss it is shown that the 

magnetic  field  is  strong  enough  to  deflect  the  thermal  ions  and  fast 

electrons, as shown in fig. V-9.  By truncating the scale of the results above 

4300 Gauss we can show that the field strength is not enough to deflect the 

negative ions, as shown in fig. V-10.  In this simulation the magnets are held 

3.3 cm apart.
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Figure V-10: Maxwell-3DTM magnetostatics model of two K&J Magnetics 
BX082SH magnets held 3.3 cm apart with the magnetic scale truncated 
above 3400 Gauss to show that energetic negative ions will penetrate to the 
collection aperture.

Front aperture 

Figure V-9: Maxwell-3DTM magnetostatics model of two K&J Magnetics 
BX082SH magnets held 3.3 cm apart, with the magnetic scale truncated 
above 300 Gauss to show that thermal ions will not penetrate to the 
collection aperture.
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The  UW-IEC  Faraday  cup  was  designed  using  the  Maxwell-3DTM 

simulations as a starting point, constraining the location of the magnets and 

the distance for the deflection region, and requiring the relevant elements 

to fit between the magnets.  The system also had to be optimized for ease of 

construction and cost.  The Faraday cup components had to be constructed 

on  the  available  facilities  at  the  UW  COE  Student  Shop,  and  it  was 

determined that a cylindrical form would be easiest to construct, utilizing 

an engine lathe in machining.  The collection electrode had to be shrouded 

from currents in the source plasma, and this shroud could also be used to 

hold the magnets in place.  

The front aperture defines the collection area; a second electrode in 

front of the collection electrode defines the 1.5 cm bending region.  If the 

second aperture is electrically isolated it can be biased negative to act as a 

secondary  electron  suppression  electrode.   A  secondary  electron 

suppression electrode is superfluous in the presence of the strong magnetic 

field.  If the magnets were to be removed and the case were to be biased 

more  positive  than  the  plasma potential,  the  Faraday  cup  would  collect 

negative ions and fast electrons.  The difference in collected current with 

and without the magnets will yield a measurement of the energetic electron 

profile.

The metal elements are constructed out of aluminum for its ease of 

machining and low cost.  The diagram of the Faraday cup design is shown in 
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fig.  V-11  All  parts were machined on a lathe and mill  from a 4.445 cm 

diameter piece of aluminum stock.   These are the front case, rear case, 

secondary electron suppression electrode, and the collection electrode.  The 

collection electrode has a 1.9 cm interior diameter and is over 1.9 cm deep. 

The  secondary  suppression  electrode  has  an  aperture  roughly  1.27 cm 

diameter.  The front shroud has a 1.5 cm passage as part of the bending 

region.  The front aperture controls the area the Faraday cup collects; it 

was produced out of a 0.005 cm thick piece of Mu-metal, with an aperture 

of 1.128 cm diameter, so the measurement is the sum of a 1 cm2 area.  The 

conducting  components  are  isolated  by  three  insulating  elements 

constructed from a ceramic  tube with  a  3.175 cm outer  diameter  and a 

2.54 cm inner diameter, cut into 0.635 cm long sections using a diamond 

saw.  The outside of the Faraday cup is wrapped in a Mu-metal shield to 

reduce stray magnetic fields around the Faraday cup and this is clamped 

down to hold the magnets in place.  The elements within the Faraday cup 

are sandwiched together in a stack between the front and rear case, which 

are held by three nuts  and bolts  120º apart.   The overall  length of  the 

Faraday cup is roughly 7 cm.  The assembled Faraday cup is shown in fig. V-

12.
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Figure V-11: Isometric through-cut diagram of the Faraday cup  showing 
magnets (black), front aperture, front case, ceramic spacer, secondary 
electron suppression electrode, ceramic spacer, collection electrode,  
ceramic spacer, and rear case.  The rear hole is for mounting, with a set  
screw hole shown.  Inset is a diagram of the assembled Faraday cup, 
without the shroud.

Front aperture

Secondary electron
suppression electrode

Collection electrode

Magnets
(2 of 4)
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The charged particle current collected by the Faraday cup collection 

electrode is  connected by co-axial  cable to a SRS-570 low noise current 

amplifier.  This amplifier produces the least noise when running on battery. 

The amplifier has variable amplification, and selectable low and high pass 

filtering.  The low pass filtering was used to reduce the noise in the Faraday 

cup signal.  The output of the amplifier was fed into an Tektronix®-TDS 2014 

oscilloscope, which was able to provide the average signal, which was used 

as  the  negative  ion  current  reading.   This  does  not  lend  itself  to  the 

collection  of  statistics  necessary  to  calculate  significant  error,  but  the 

variation in the average measurement can be given as a proxy for this value.

V.4.4 Faraday Cup Mounting in an IEC Device

The  measurement  of  the  negative  ion  current  profiles  in  the  IEC 

device requires mounting the Faraday cup on motion feed-throughs.  Two 

Figure V-12: Assembled Faraday cup, without magnets or shroud.
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profiles  were  pursued:  radial  (requiring  linear  motion)  and  azimuthal 

(requiring rotational motion).

The radial profile was obtained using a linear motion vacuum feed-

through,  pictured in  fig.  V-13,  that  provided a  sliding seal  to  a  2.54 cm 

(1 inch) tube via three o-rings.  The atmosphere end of the feed-through 

tube was sealed by a Swagelok® fitting sealing to the 2.54 cm tube and a 

ceramic electrical feed-through that connected the collection electrode to 

the  amplifier  and  biasing  power  supplies  to  the  secondary  electron 

suppression  aperture  and  the  case  of  the  Faraday  cup.   The  case  was 

electrically  shielded from the 2.54 cm tube by a ceramic break that was 

glued into place with Torr Seal® vacuum epoxy.  The radial feed-through 

system could retract the front aperture of the Faraday cup as far as 11 cm 

from the wall of the chamber (34 cm from the center of the chamber), and 

could protrude 19 cm into the HOMER chamber (26 cm from the center of 

the chamber).  The design could accommodate a radial feed-through with a 

larger  range  of  motion,  but  the  feed-through  sliding  tube  length  was 

constrained due to proximity to other experiments in the UW-IEC laboratory.
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The azimuthal profile requires rotational motion that pivots about the 

center  of  the  HOMER chamber.   At  the  center  of  the  top  plate  of  the 

HOMER chamber is the high voltage feed-through that supplies power to 

the IEC device cathode through a stalk.  The center bottom of the HOMER 

chamber is the port where a turbo vacuum pump is connected.  This port is 

shielded from debris by a plate roughly 2 cm off the bottom of the chamber; 

it  was  decided  to  mount  the  central  rotational  pivot  to  this  plate  via  a 

bearing  and  drive  the  rotational  motion  with  a  rotational  feed-through 

installed on another port on the bottom of the HOMER chamber.  After some 

experimentation  the  azimuthal  scan  was  carried  out  by  connecting  the 

rotational  feed-through  and  the  central  rotational  pivot  via  a  chain  and 
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gears,  as  pictured  in  fig.  V- 14.   The  Faraday  cup  supports  had  to  be 

cantilevered and counterbalanced for the bearing of the central rotational 

pivot to travel smoothly.

Reliability of positioning required some system of verification.  The 

initial concept relied only on the degree indicator on the rotational feed-

through to determine the movement of the Faraday cup, however backlash 

in the chain and slippage in one of the set pins that secured the rotating 

arm to the central  gear introduced significant uncertainty in positioning. 

Figure V-14: Picture of azimuthal scan system.  The Faraday cup mounting 
pivots on a bearing in the center of the chamber.  This bearing is connected 
by chain to a rotational feed-through (behind the mesh on the bottom left  
hand corner of the picture).  The Faraday cup and mounting is  
counterbalanced by stainless steel weights (off frame on the bottom of the 
picture).  The range of motion of the azimuthal scanning system is limited 
by the grids that shield the filaments.

Faraday cup

Rotational 
feed-through 

(behind screen)

Drive chain

Rotating arm

Filament column
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The  set  pin  slippage  was  particularly  difficult,  as  this  slippage  was  not 

present initially and all early data, where the position was unverified, had to 

be discarded due to the uncertainty in position of the Faraday cup.

Measurement  indicates  that  the  Faraday  cup  has  roughly  52.5 

degrees of motion between the two filament shield cages. This was verified 

by the  degree indicator of  the rotational  feed-through once the set  pin 

slippage was  redressed.   A diagram of  the  Faraday  cup field  of  view is 

shown in fig. V-15:
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To eliminate the positioning uncertainty from backlash in the chain 

and slippage in the set screw, a series of reference photos was taken in 5 

degree increments, using the camera that provides a live visual monitor of 

the interior of the IEC device while under operation.  These images were 

cropped to show the position of the Faraday cup and a variety of reference 

points so the image could be overlaid with the live image to show that the 

Faraday cup was reliably in the desired position.  These cropped images 

Figure V-15: Illustration of field of view of azimuthal Faraday cup scanning 
mount.  Shown is 20 cm diameter cathode grid to illustrate that two jets and 
part of a third are in the azimuthal mount's field of view.
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have also been assembled in a collage to show the Faraday cup positioning 

is  largely  evenly  spaced  by  showing  when  the  pictures  are  aligned  the 

positions of the Faraday cup fall along a straight line, as in fig. V-16:

Figure V-16: Collage of Faraday cup positioning reference pictures.  The 
vertical black line shows the center of the central jet in the field of view of  
the Faraday cup.  The blue line shows the positioning of the Faraday cup is  
evenly spaced, as the apertures  mostly conform to a straight line.



113

[V-1]D.R. Boris and G.A. Emmert, "Composition of the source region plasma in 
inertial electrostatic confinement devices,"Physics of Plasmas 15 pp. 083502 
(2008).

[V-2]D. C. Donovan, “Spatial Profiling Using a Time of Flight Diagnostic and 
Applications of Deuterium-Deuterium Fusion in Inertial Electrostatic 
Confinement Fusion Devices,” Ph.D. Thesis, University of Wisconsin - Madison, 
2011.

[V-3] R. F. Radel, “Detection of highly enriched uranium and tungsten surface 
damage studies using a pulsed inertial electrostatic confinement fusion 
device,” Ph.D. Thesis, University of Wisconsin - Madison, 2007.

[V-4]Private communication with Dr. G. R. Piefer, March 2010
[V-5]ANYSIS Maxwell, ANSYS, INC. 2011 www.ansys.com Jun. 2012
[V-6] D. Boris, “Novel Diagnostic Approaches to Characterizing the Performance 

of the Wisconsin Intertial Electrostatic Confinement Plasma,” Ph.D. Thesis, 
University of Wisconsin - Madison, 2009.

[V-7] D. Boris et al., “Deuterium anions in inertial electrostatic confinement 
devices,” Physical Review E, vol. 80, no. 3, p. 036408, 2009.

[V-8] G. H. Miley, H. Momota, and R. A. Stubbers, “A Novel Electric Thruster 
Based on IEC Plasma Jet Technology,” in ICAPP’04: 2004 international 
congress on advances in nuclear power plants, 2004.

[V-9] J. Khachan and S. Collis, “Measurements of ion energy distributions by 
Doppler shift spectroscopy in an inertial-electrostatic confinement device,” 
Physics of Plasmas, vol. 8, no. 4, pp. 1299-1304, Apr. 2001.

[V-10]S. K. Murali, J. F. Santarius, and G. L. Kulcinski, “Effects of the Cathode 
Grid Wires on Fusion Proton Measurements in Inertial-Electrostatic 
Confinement Devices,” IEEE Transactions on Plasma Science, vol. 39, no. 2, 
pp. 749-755, Feb. 2011.

[V-11]H. Zhang, Ion Sources. Springer-Verlag, 1999.

Chapter V
References



114

VI: Results

This  Chapter  begins  with  an  example  of  results  from the  VICTER 

negative ion subroutine and some predictions of negative ion physics in an 

IEC device.  Next, results from the Faraday cup will be discussed, beginning 

with radial profiles and concluding with azimuthal profiles.  Chapter VII will 

compare  computational  and  experimental  results,  and  draw  conclusions 

from these results.

VI.1: VICTER negative ion results

The  output  of  the  VICTER negative  ion  subroutine  is  a  matrix  of 

current  densities,  binned by total  energy and radius.   A post-processing 

routine  is  used  to  convert  total  energy  into  kinetic  energy,  moving  the 

energy bins the requisite amount to subtract the specified radial potential 

energy energy from the output.  An example of the post-processed results 

for the outward traveling negative ions is shown in fig. VI-1.  The energy 

spectrum predicted by VICTER evolves with radius, but it is easiest to make 

sense of the energy spectrum at a single radius.  The outermost radial bin is 

closest  to  what  has  been  measured  by  the  Magnetic  Deflection  Energy 

Analyzer (MDEA) and is shown in fig. VI-2:
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Figure  VI-1:  Typical  negative  ion  results  from the  VICTER negative  ion  
subroutine.  This example is for a 20 cm diameter cathode and a 50 cm 
diameter anode with -100 kV potential applied to the cathode and 30 mA 
meter  current  supplied  to  the  cathode,  with  a  2  mTorr  background gas  
pressure.   The vertical  dotted line shows the cathode potential,  and the  
horizontal dashed lines shows the radii of the electrodes.

μA/cm2

rcathode
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Figure  VI-2:  VICTER simulation  of  the  negative  ion  energy  spectrum at  
45 cm from center of an IEC device with a 20 cm diameter cathode, 50 cm 
diameter anode with a -100 kV potential applied to the cathode and 30 mA 
of  meter  current  supplied  to  the  cathode,  with  a  2 mTorr  background 
pressure.
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VICTER predicts some negative ions have a kinetic energy larger than the 

potential  of  the  cathode.   This  is  possible  because  negative  ions  can 

undergo a tandem accelerator like effect, where a fast neutral is created 

traveling inward, this passes through the cathode, and produces a negative 

ion traveling outward.  The negative ion then gains the energy from the 

potential it was born at plus the kinetic energy it was born with.   This is 

why  some fraction  of  the  negative  ion  population  is  the  most  energetic 

population in the IEC device.  

Comparing  this  predicted  negative  ion  spectrum  to  the  spectrum 

measured  at  the  same  conditions  by  the  MDEA in  fig.  II-14  shows  the 

VICTER simulation predi negative ions of a higher energy than the MDEA 

diagnostic measured.  This is because at the time the MDEA measurements 

were taken this tandem accelerator like effect on the negative ions was not 

recognized and the magnetic field was not raised to a high enough level to 

observe  negative  ions  beyond 100 keV.   That  said,  we can compare the 

simulated spectrum below 100 kV with the MDEA results.  This comparison 

will be carried out in Chapter VII.

It  has  been hypothesized  [VI-1,2]  that  the  structure  of  the  energy 

spectrum, which fits a sum of 5 Gaussian curves as illustrated in fig. II-14, 

yields information about the negative ion origins.  When a negative ion is 

born  from  charge  exchange  it  carries  its  mass  fraction  of  its  parent's 

momentum, so it is inferred that three of the Gaussian peaks correlate to 
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the mass of the charge exchange parent species (i.e. D+ and fast D, D2
+ and 

fast  D2,  and  D3
+);  one  Gaussian  correlates  to  negative  ions  born  from 

electron  attachment  inside  the  cathode;  one  Gaussian  correlates  to 

metastable  molecular  negative  ions  created  inside  the  cathode.   While 

VICTER presently  does not  simulate molecular negative  ions or electron 

attachment, it can be used to isolate each parent species of the negative 

ions  from  charge  exchange  to  determine  how  theory  compares  to  this 

hypothesis; the results of this VICTER simulation are shown in fig. VI-3.

Figure VI-3: VICTER simulation with the same parameters as fig. VI-2, but 
with each parent isolated.  The y-axis is shown in log scale so the parent  
species curves are distinguishable.  This analysis predicts that nearly all  
negative  ions  produced  in  the  IEC  device  from  charge  exchange  and  
disassociation reactions are produced by reactions of fast neutrals.
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Isolating  the  negative  ions  by  parent  species  clearly  shows  the 

majority of negative ions are produced from an atomic fast neutral parent. 

This  does not  necessarily  conflict  with the hypothesis  that  the spectrum 

yields  information about the negative ion's  derivation.   Because the fast 

neutrals  are  not  accelerated  by  the  electric  potential  preserving  energy 

information of the fast neutral's parent, it may be that the Gaussian curves 

of the negative ion spectra correlate to the parent of the fast neutrals that 

produce the vast majority of negative ions.  This hypothesis can also be 

tested by the VICTER code, the results of which are shown in fig. VI- 4.

Figure  VI-4:  VICTER simulation of  negative  ion spectra  under  the  same 
conditions as in fig. VI-3.  The total spectrum is shown and divided into  
spectra  of  negative  ions  segregated  by  grandparent  ion  species  that  
produce a fast neutral that produces the final negative ion.
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This simulation indicates that the negative ion spectrum arises from physics 

more complicated than a simple correlation between Gaussian curves and 

parent or even grandparent species.

The VICTER negative ion subroutine results can be used to produce 

plots of radial change in negative ion current.  The VICTER negative ion 

subroutine can also predict the negative ion current response to potential 

on the cathode, current supplied to the cathode, and background pressure. 

The results of VICTER negative ion subroutine parametric studies and how 

they compare to Faraday cup parametric studies will be explored in Chapter 

VII.

VI.2: Faraday cup measurements

Faraday cup measurements of the negative ions in the HOMER IEC 

device are grouped into two separate types of profile: radial and azimuthal. 

Each yields different information about physics in HOMER.

VI.2.1: Faraday cup radial measurements

Radial  profile  measurements  were  taken  in  two  different  anode-

cathode configurations: 20 cm diameter cathode – 50 cm diameter anode 

and  20  cm  diameter  cathode  –  30  cm  diameter  anode.   These  radial 

measurements  were  taken  aligned  with  a  cathode  jet  or  aligned  (as 

accurately  as  visual  inspection  allows)  with  a  cathode  wire.   All  radial 
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measurements were taken at 2 mTorr.

Rigorously  determining  the  significant  error  in  the  Faraday  cup 

measurement  will  require  an  improved  data  acquisition  system,  as 

discussed in section V.4.3.  As a proxy for error, the range of variation in the 

average negative ion current measurement will be reported.  For the radial 

measurements in this section the variation was ±0.4 μA from the reported 

negative ion current.

Parametric scans of voltage and current were carried out for radial 

Faraday cup profile measurements, the results of which are shown below. 

The  50 cm  diameter  anode  –  20 cm  diameter  cathode  parametric 

measurements aligned with a cathode jet are shown in fig VI-5.  This data 

can be recast to show more explicitly the change in negative ion current 

with radius, comparing constant voltage or constant current, as shown in 

figures VI-6-11. 
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Figure  VI-5:  Cathode  voltage,  current,  and  negative  ion  measurement  
radius parametric scan in an IEC device aligned with an IEC plasma jet  
produced  by  a  50  cm  diameter  anode  and  20  cm  diameter  cathode  at  
2 mTorr operating pressure.  All  measurements were taken from a 1 cm2 

collection area in the diagnostic.

Est. error 
range
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Figure VI-6: Comparison of how Faraday cup measurements of negative ion  
current changes with radius in an IEC device with a 50 cm diameter anode  
and 20 cm diameter cathode, aligned with a plasma jet.  This plot shows  
three different negative ion currents, with 30 kV of potential applied to the  
cathode.  This is the same data is shown in fig. VI-5.

Est. error 
range
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Figure VI-7: Comparison of how Faraday cup measurements of negative ion  
current changes with radius in an IEC device with a 50 cm diameter anode  
and 20 cm diameter cathode, aligned with a plasma jet.  This plot shows  
three different negative ion currents, with 45 kV of potential applied to the  
cathode.  This is the same data is shown in fig. VI-5.

Est. error 
range
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Figure VI-8: Comparison of how Faraday cup measurements of negative ion  
current changes with radius in an IEC device with a 50 cm diameter anode  
and 20 cm diameter cathode, aligned with a plasma jet.  This plot shows  
three different negative ion currents, with 60 kV of potential applied to the  
cathode.  This is the same data is shown in fig. VI-5.

Est. error 
range
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Figure VI-9: Comparison of how Faraday cup measurements of negative ion  
current changes with radius in an IEC device with a 50 cm diameter anode  
and 20 cm diameter cathode, aligned with a plasma jet.  This plot shows  
three different negative ion currents, with 15 mA of meter current supplied  
to the cathode.  This is the same data is shown in fig. VI-5.

Est. error 
range
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Figure VI-10: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a plasma jet.  This plot  
shows three different negative ion currents, with 30 mA of meter current  
supplied to the cathode.  This is the same data is shown in fig. VI-5.

Est. error 
range
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Figure VI-11: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a plasma jet.  This plot  
shows three different negative ion currents, with 45 mA of meter current  
supplied to the cathode.  This is the same data is shown in fig. VI-5.

Est. error 
range
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Similarly, measurements were made in an IEC device with a 50 cm 

diameter anode and 20 cm diameter  cathode,  but  with  the Faraday cup 

aligned with a cathode grid wire.  The results of these measurements are 

shown in fig. VI-12.  This data can be recast to show explicitly the response 

of negative ion current to radius, comparing constant voltage or constant 

current, as shown in figures VI-13-18

Figure  VI-12:  Cathode  voltage,  current,  and  negative  ion  measurement  
radius parametric scan aligned with a cathode grid wire in an IEC device  
with  a  50  cm diameter  anode  and  20  cm diameter  cathode  at  2 mTorr 
operating pressure.  All measurements were taken from a 1 cm2 collection 
area in the diagnostic.

Est. error 
range
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Figure VI-13: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a cathode wire  This plot  
shows three different negative ion currents, with 30 kV of potential applied  
to the cathode.  This is the same data is shown in fig. VI-12.

Est. error 
range
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Figure VI-14:Comparison of how Faraday cup measurements of negative ion  
current changes with radius in an IEC device with a 50 cm diameter anode  
and 20 cm diameter cathode, aligned with a cathode wire  This plot shows  
three different negative ion currents, with 45 kV of potential applied to the  
cathode.  This is the same data is shown in fig. VI-12. 

Est. error 
range
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Figure VI-15: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a cathode wire  This plot  
shows three different negative ion currents, with 60 kV of potential applied  
to the cathode.  This is the same data is shown in fig. VI-12.

Est. error 
range
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Figure VI-16: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a cathode wire  This plot  
shows three different negative ion currents, with 15 mA of meter current  
supplied to the cathode.  This is the same data is shown in fig. VI-12.

Est. error 
range
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Figure VI-17: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a cathode wire  This plot  
shows three different negative ion currents, with 30 mA of meter current  
supplied to the cathode.  This is the same data is shown in fig. VI-12.

Est. error 
range
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The last radial parametric scan performed here was using the 30 cm 

diameter anode and 20 cm diameter cathode, aligned with a cathode jet, as 

shown in fig. VI-19.  This data can be recast to more explicitly show the 

change in negative ion current with radius, contrasting constant voltage or 

constant current, as shown in figures VI-20-25

Figure VI-18: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a cathode wire  This plot  
shows three different negative ion currents, with 45 mA of meter current  
supplied to the cathode.  This is the same data is shown in fig. VI-12.

Est. error 
range
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Figure  VI-19:  Cathode  voltage,  current,  and  negative  ion  measurement  
radius parametric scan aligned with a plasma jet in an IEC device with a 30  
cm  diameter  anode  and  20  cm  diameter  cathode  at  2 mTorr  operating 
pressure.  All measurements were taken from a 1 cm2 collection area in the 
diagnostic.

Est. error 
range
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Figure VI-20: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 30 cm diameter  
anode and 20 cm diameter cathode, aligned with a plasma jet.  This plot  
shows three different negative ion currents, with 30 kV of potential applied  
to the cathode.  This is the same data is shown in fig. VI-19.

Est. error 
range
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Figure VI-21: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 30 cm diameter  
anode and 20 cm diameter cathode, aligned with a plasma jet.  This plot  
shows three different negative ion currents, with 45 kV of potential applied  
to the cathode.  This is the same data is shown in fig. VI-19.

Est. error 
range
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Figure VI-22: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 30 cm diameter  
anode and 20 cm diameter cathode, aligned with a plasma jet.  This plot  
shows three different negative ion currents, with 60 kV of potential applied  
to the cathode.  This is the same data is shown in fig. VI-19.

Est. error 
range
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Figure VI-23: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a cathode wire  This plot  
shows three different negative ion currents, with 15 mA of meter current  
supplied to the cathode.  This is the same data is shown in fig. VI-19.

Est. error 
range
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Figure VI-24: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a cathode wire  This plot  
shows three different negative ion currents, with 30 mA of meter current  
supplied to the cathode.  This is the same data is shown in fig. VI-19.

Est. error 
range
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VI.2.2: Faraday cup azimuthal measurements

Azimuthal  profile  measurements  were  taken  only  with  the  20  cm 

cathode – 30 cm anode configuration.   The field  of view allowed a scan 

across two jets and part of a third.  The jet positioned such that its center is 

equidistant from the neighboring columns of filaments will be referred to as 

the central jet.  The neighboring jets will be referred to as the left and right 

jets, as viewed through the window opposite the Faraday cup field of view, 

as illustrated in fig. VI-26.  These azimuthal measurements were taken at a 

Figure VI-25: Comparison of how Faraday cup measurements of negative  
ion current changes with radius in an IEC device with a 50 cm diameter  
anode and 20 cm diameter cathode, aligned with a cathode wire  This plot  
shows three different negative ion currents, with 45 mA of meter current  
supplied to the cathode.  This is the same data is shown in fig. VI-19.

Est. error 
range
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radius of 27 and 32 cm from the center of the anode and cathode.

As  discussed  in  the  previous  section,  the  measurements  from  the 

Faraday cup are read from the average calculated by an oscilloscope.  As 

such,  the  Faraday  cup  measurement  does  not  lend  itself  to  rigorously 

calculating statistical error without developing a more sophisticated data 

taking  apparatus.   As  before,  the  variation  in  the  measured  average  is 

reported, and in the data reported in this  section varied by as much as 

±0.2 μA; this is lower than in the previous section, because the bandwidth 

on the low pass filter was set to a lower frequency.

As shown in figures VI-27 and 28, the jet profiles were not the same 

across the measured jets.  The peak and minimum magnitude at similar 

parameters are roughly the same magnitude across the measured jets, but 

the widths of the jets are different.  The jets also evolved differently with 

distance from the center of the spherical cathode.  The magnitude of the 

central jet varied with distance from the center of the cathode, but the left 

jet showed a different jet shape when comparing radii.  The field of view 

Figure VI-26: Photograph of Faraday cup and its field of view in the HOMER 
IEC device in the 30 cm anode - 20 cm cathode configuration.  The cathode  
holes that give rise to the left, central, and right jets are called out.
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was not wide enough to obtain a good measurements of the right jet profile 

for comparison.

Figure VI-27: Full azimuthal range field of view at 30 kV potential applied 
to the cathode and 30 mA meter current supplied to the cathode, at 27 and  
32 cm from the center of the cathode.  The HOMER IEC device was run  
with  a  20 cm  diameter  cathode  and  30 cm  diameter  anode,  with  a 
background pressure of 2 mTorr.
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A  variety  of  parametric  scans  were  done,  measuring  jets  in  the 

Faraday  cup  field  of  view.   Parametric  scans  of  current  supplied  to  the 

cathode  were  carried  out  on  the  central  jet  in  the  same anode-cathode 

orientation  as  in  figures 27 and  28,  and  were  significant  because  they 

Figure VI-28: Full azimuthal range field of view at 60 kV potential applied 
to the cathode and 30 mA meter current supplied to the cathode, at 27 and  
32 cm from the center of the cathode.  The HOMER IEC device was run  
with  a  20 cm  diameter  cathode  and  30 cm  diameter  anode,  with  a  
background pressure of 2 mTorr.
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confirm that  the  negative  ion  current   has  a  linear  dependence  on  the 

cathode current.   The shape of  the negative ion current  profile  in a  jet 

seems to be insensitive to cathode current, evidencing only a linear change 

in  magnitude,  as  shown  in  figures  VI-29 and  30.   This  result  gives 

confidence that parametric scans can be carried out at constant cathode 

current because jet profiles will not be perturbed by cathode current.

Figure VI-29: Cathode current parametric scan of the negative ion jet with a 
30 kV potential applied to the cathode.  The HOMER IEC device was run  
with  a  20 cm  diameter  cathode  and  30 cm  diameter  anode,  with  a 
background pressure of 2 mTorr.
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Cathode voltage parametric  scans at  27 cm from the center of  the 

chamber show that the magnitude and profile of the central jet respond to 

the  cathode  voltage,  as  illustrated  in  fig. VI-31.   This  cathode  voltage 

parametric scan can be compared with a similar parametric scan at 32 cm 

from the center of the chamber to compare how the profile responds to 

cathode voltage at a higher radius, as shown in fig. VI-32.

Figure VI-30: Cathode current parametric scan of the negative ion jet with a 
30 kV potential applied to the cathode.  The HOMER IEC device was run  
with  a  20 cm  diameter  cathode  and  30 cm  diameter  anode,  with  a 
background pressure of 2 mTorr.
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Figure VI-31: Cathode voltage parametric scan of negative ion central jet  
profile at 27 cm from the center of the HOMER IEC device with a cathode  
of 20 cm diameter and anode of 30 cm diameter, 30 mA of meter current 
supplied to the cathode, and background pressure of 2 mTorr.
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The total  current across the azimuth can be summed to produce a 

sense of how the total negative ion current in an IEC device jet changes 

with potential on the cathode.  This current provides the low bound for the 

magnitude of  the  negative  ion current  in  the  jet  at  studied  parameters. 

Taking  the  data  from  figures  VI-31 &  32,  at  the  previously  described 

conditions, the sum of the current measured across the azimuth is given in 

in fig. VI-33.

Figure VI-32: Cathode voltage parametric scan of negative ion central jet  
profile at 32 cm from the center of the HOMER IEC device with a cathode 
of 20 cm diameter and anode of 30 cm diameter, 30 mA of meter current 
supplied to the cathode, and background pressure of 2 mTorr.
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Measurements  were  also  made  at  constant  cathode  voltage  and 

cathode current, but with different columns of filaments powered to study 

how the  ion  source  created  by  the  filaments  impacted  the  negative  ion 

current  in the jets,  and determine if  the electron emitting filaments  are 

responsible for the observed variation in jet profile.  These electron emitting 

filaments produce the source plasma and are discussed in section V.2 with 

diagrams showing their position relative to the Faraday cup in figures V-14 

through 16.  

Figure VI-33: Cathode voltage parametric scan of total negative ion central  
jet current measured across the azimuth of the jet at 27 cm and 32 cm from  
the center of the HOMER IEC device with a cathode of 20 cm diameter and 
anode of 30 cm diameter, 30 mA of meter current supplied to the cathode,  
and background pressure of 2 mTorr.
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Measurements with varied configurations of filaments powered were 

taken  at  27 cm from the  center  of  the  spherical  cathode,  with  a  30 kV 

potential  on  the  cathode  and  30 mA  of  meter  current  supplied  to  the 

cathode and 2 mTorr of background gas, are shown in figs. VI-34 to 36.  For 

these  experiments,  an  anode  longitude  line  was  positioned  just  off  the 

center of the central jet.  The influence of the anode on the negative ions 

profile was not obvious in these or other experiments.  

This data was taken earlier in the experimental series, before methods 

to  determine  the  absolute  positioning  of  the  Faraday  cup  had  been 

developed, as discussed in Chapter V.  In the following plots, perturbations 

to  the  filaments  were  made  at  the  same  position,  before  adjusting  the 

Faraday cup positioning.  Therefore, although the accuracy of the shape of 

the jets is inconclusive, comparing the change in current at a given position 

yields valid information about the change in current due to the change in 

filaments.
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Figure  VI-34:  Negative  ion  current  measurements  by  Faraday  cup  in 
HOMER IEC device across multiple jets, showing change as single filament  
columns are disconnected.  The cathode diameter is 20 cm and the anode 
diameter is 30 cm; 30kV of potential is applied to the cathode, and 30 mA of 
meter current is supplied to the cathode, with a background pressure of  
2 mTorr.   The  legend  utilizes  a  simple  diagram of  the  IEC device,  with  
anode-cathode at the center, Faraday field of view at the top, and yellow 
filament positions showing the filaments that are active.
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Figure  VI-35:  Negative  ion  current  measurements  by  Faraday  cup  in 
HOMER IEC device across multiple jets, showing change as single filament  
columns  are  powered.   The  cathode  diameter  is  20 cm  and  the  anode 
diameter is 30 cm; 30kV of potential is applied to the cathode, and 30 mA of 
meter current is supplied to the cathode, with a background pressure of  
2 mTorr.   The  legend  utilizes  a  simple  diagram of  the  IEC device,  with  
anode-cathode at the center, Faraday field of view at the top, and yellow 
filament positions showing the filaments that are active.   The black line  
shows all the filaments on.
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These plots show that the negative ion current has isolated response 

to  perturbations  to  the  filaments  that  emit  electrons  that  produce  the 

source plasma in the HOMER IEC device.  For much of the observations the 

negative ion current perturbation from the electron emitting filaments was 

within the variation of the reading, but the cases where a variation was 

observed  the  change  was  as  much  as  a  factor  of  3.  In  particular,  the 

Figure  VI-36:  Negative  ion  current  measurements  by  Faraday  cup  in 
HOMER IEC device across multiple jets, showing change as opposite pairs  
of filament columns are powered.  The cathode diameter is 20 cm and the 
anode diameter is 30 cm; 30kV of potential is applied to the cathode, and  
30 mA of  meter  current  is  supplied  to  the  cathode,  with  a  background  
pressure  of  2 mTorr.   The  legend  utilizes  a  simple  diagram  of  the  IEC  
device, with anode-cathode at the center, Faraday field of view at the top,  
and yellow filament positions showing the filaments that are active.  The  
black line shows all the filaments on.
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filament to the right of the azimuthal field of view of the Faraday cup seems 

to cause an increase in negative ion current near 37.5°, rather close to an 

anode wire.  The cause for this and how the anode impacts the negative ion 

current has not been explored.  Further study should be undertaken to see 

if the variation in negative ion current in response to perturbation in the 

source plasma is significant.

Hysteresis  scans were performed to determine if  a time dependent 

effect, such as grid heating, impacts the shape of the plasma jets in an IEC 

device.  This scan was performed by scanning from right to left (starting at 

52.5 and proceeding to 0 in the terminology established in section V.4.4) 

instead  of  the  left  to  right  as  typically  undertaken.   The  results  of  this 

hysteresis scan are shown in fig. VI-37.
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It may be that the jet profiles are impacted by the anode or cathode 

positioning slightly off  center producing asymmetric electric fields.  This 

hypothesis has not been experimentally tested.

Figure  VI-37:  Hysteresis  scan  taken  in  the  HOMER  IEC  device  with  a  
cathode of diameter 20 cm and anode of 30 cm, 30 kV potential on the  
cathode  and  30  mA  meter  current  supplied  to  the  cathode.   The  
measurements  were  taken 27  cm from the  center  of  the  cathode.   The  
hysteresis scan shows that the data measured currents overlap within the  
variation of the measurement, confirming that the negative ion current is  
mainly insensitive to time dependent phenomenon.
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A  number  of  broad  conclusions  can  be  drawn  from  the  results 

presented in this chapter:

• The first computational simulation of negative ion currents in an IEC 

device  has  been  executed  and  is  producing  results  that  can  be 

compared with experimental measurements.

• The VICTER negative ion subroutine predicts that almost all negative 

ions are born from atomic fast neutrals in the IEC device.

• The VICTER negative ion subroutine results contradict the hypothesis 

that the structure of the negative ion energy spectrum arises from the 

atomic and molecular weights of the parentage of the negative ions 

distributing momentum to their daughter products when they undergo 

charge exchange and dissociation reactions.   Positive ions that  are 

grandparent to the negative ions in an IEC device contribute across 

the entire negative ion energy spectrum.

• Radial negative ion measurements from a Faraday cup in the HOMER 

IEC device confirm that the negative ion current density decreases 

with  radius.   The  falloff  in  intensity  responds  to  potential  on  the 

cathode.

• Azimuthal  measurements  from  a  Faraday  cup  in  the  HOMER  IEC 

device confirm that negative ions are a component of the plasma jets 

observed in an IEC device.  These measurements confirm that these 
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jets  exist  in  conditions  where  the  jets  are  not  visible,  and  have 

provided the first measurements of an IEC device plasma jet profile.

• Azimuthal  measurements  from  a  Faraday  cup  in  the  HOMER  IEC 

device have also shown that jets may not be uniform in profile, though 

in the observed jets the peak and minimum magnitude were simular 

at constant conditions.  The reason for variation across these jets is 

unknown.

• The variation in the filaments producing a filament assisted source 

plasma may contribute to the variation in jets to some extent,  and 

misalignment in anode-cathode centering likely results in jet variation 

as well.

• Time dependent effects in an IEC device do not seem to impact the 

production of negative ions.
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VII: Discussion of Results

This chapter will compare the VICTER code [VII-1,2] and its negative 

ion subroutine results to experimental results.  More specifically, a negative 

ion energy spectrum predicted by VICTER will be compared to Magnetic 

Deflection  Energy  Analyzer  (MDEA)  diagnostic  results  [VII-3,4].   Next, 

VICTER negative ion subroutine  parametric  studies  will  be  compared to 

Faraday  cup measurements  in  experimental  parametric  campaigns.   The 

results will provide benchmarks for the VICTER code, and provide guidance 

for improving the VICTER code.  Finally, the negative ion jet profiles will be 

examined and extrapolations will be made.

VII.1: Experimental and modeling energy spectrum 

comparisons

There  are  multiple  ways  to  assess  the  VICTER results.   The  first 

element is the predicted VICTER negative ion energy spectrum.  The most 

direct comparison one can make is the VICTER energy spectrum predicted 

at  the  wall  of  HOMER,  shown  in  fig. VII-1,  and  the  energy  spectrum 

determined  by  the  Magnetic  Deflection  Energy  Analizer  (MDEA)  at  the 

same conditions, shown in fig. VII-2.
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These spectra have a variety of features in common.  They both show 

a mulit-peaked energy structure with the peaks of a width on the order of 

10 to 20 keV.  Comparing the energy spectra below 100 keV in the VICTER 

simulation  to  the  MDEA  result,  both  show  the  energy  range  of  the 

Gaussians is roughly 60 keV wide.  However, the the energy spectra in the 

VICTER simulations is between 1 and 60 keV, while the energy spectra in 

the MDEA result is between 40 and 100 keV.  The obvious question at this 

juncture  is,  which  energy  spectrum  is  correct?   There  is  supporting 

evidence for both positions.
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The energy calibration of the MDEA diagnostic was determined from 

a  SIMION simulation  of  negative  ions  traveling  between  the  poles  of  a 

magnet to pass through a pair of 100 μm diameter irises, as diagrammed in 

fig. II-12.  The magnetic field between the poles was measured, and applied 

to the SIMION simulation,  but the results  of  the simulation were highly 

sensitive  to  fringing  fields.   If  the  actual  field  did  not  conform  to  the 

SIMION simulation the results would be significantly different.  Also, the 

pair of 100 μm irises were simulated as perfectly aligned, which may not 

have been the case.  The potential impact of iris misalignment on the energy 

calibration has not been determined at this time.

Figure VII-1: VICTER simulation of the negative ion energy spectrum at 
45 cm from center of an IEC device with a 20 cm cathode, 50 cm anode 
with a -100 kV  potential on the cathode and 30 mA supplied to the cathode, 
with a 2 mTorr background pressure.
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The Fusion Ion DOppler (FIDO) diagnostic is  closely related to the 

MDEA,  but  the  magnet  is  reversed  to  bend  positively  charged  fusion 

products into a solid state detector [VII-3,5].  The count rate is low enough 

that energy of the fusion products can be resolved, and the Doppler shift of 

these  fusion  products  can  be  used  to  determine  the  energy  of  the  fast 

deuterium parent  that produced the fusion reaction.   An example of the 

resultant energy spectrum produced by this diagnostic can be found in fig. 

VII-3 [VII-5].  A voltage parametric scan showed a slight hardening of the 

fast deuterium energy spectrum at higher cathode potential [VII-3], but the 

Figure VII-2: The negative ion energy spectrum determined by the Magnetic 
Deflection Energy Analyzer  in the HOMER IEC device with a cathode dia.  
of 20 cm and anode dia. of 50 cm with -100 kV potential on the cathode and 
30 mA of current supplied to the cathode, with 2 mTorr background 
pressure [VII-3].  The purple dots are data points, and the thin red line is 
the sum of the five Gaussian curves.
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shape of the deuterium spectrum was largely unchanged.

Figure  VII-3 shows  that  the  vast  majority  of  energetic  deuterium 

producing fusion reactions are created by deuterium of an energy much 

lower  than  the  cathode  voltage.   This  deuterium  spectrum  consists  of 

charged particles  and fast  neutrals.   The results  of  the FIDO diagnostic 

suggest that the majority of the energetic deuterium of any charge state has 

less than 20 keV of kinetic energy, which should be reflected in the negative 

ion energy spectrum.  The fact that there are no measurable negative ions 

of less than 30 keV apparent in the MDEA diagnostic results, as shown in 

figures  VII-2 and  4,  is  suspect.   If  other  comparisons  between  VICTER 

Figure VII-3: Energy spectrum of deuterium producing fusion in HOMER 
with -70 kV potential on the cathode and 30 mA meter current supplied to 
the cathode and a background pressure of 1.25 mTorr [VII-3,5].
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results  and  measurements  compared  favorably,  that  would  support  the 

position that VICTER is modeling energy correctly, which we will discuss in 

the next section.

Further, VICTER is not the only simulation of negative ion current in 

an IEC device.  Arthur Phelps developed a model of an IEC device that uses 

somewhat  different  assumptions  from  the  VICTER  code  [VII-6],  but 

produces results that are qualitatively similar.  The negative ion simulations 

in his work also show a negative ion energy spectrum with a strong low 

energy component.

A  voltage  parametric  scan  carried  out  with  the  MDEA  shows  the 

negative ion current energy spectrum softens and the low energy threshold 

of the spectrum is lowered as cathode potential is reduced, as shown in 

fig. VII-4 [VII-3,4].  This softening shows that, if there is a mistake in the 

MDEA diagnostic, it is not simply one of simple miscalibration.  There is 

some electrostatic potential leakage from the cathode outside the anode, 

which may accelerate negative ions born outside the anode and move the 

energy range lower threshold, but the potential leakage is not expected to 

be high enough in magnitude to account for the 10 to 15 kV difference in 

the  low  energy  threshold  observed  in  the  MDEA  diagnostic  cathode 

potential parametric scan.



166

The uncertainty in the energy spectrum calibration produced by the 

analysis of the MDEA data impacts the previous interpretation that some of 

the observed Gaussian curves in fig.  VII-2 are from electron attachment 

inside the cathode [VII-3, 4].  To begin with, it has not been established that 

one of the Gaussian curves correlates to deuterium at nearly the cathode 

energy, as the energy calibration is now in doubt.  Further, the suggested 

Gaussian curve attributed to D2
– is also in doubt because its energy may not 

be correct.  Even more fundamentally, all other things being equal, a signal 

from D2
– would not appear in the MDEA signal at 1/2 the energy of D– with 

the same energy but rather √(1/2) the energy of  D– with the same energy.

Figure VII-4: Voltage parametric scan from the Magnetic Deflection Energy 
Analyzer diagnostic in the HOMER IEC device at 30 mA supplied to the 
cathode and 2 mTorr background gas pressure [VII-3,4].
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Ultimately,  this  discussion  shows  the  need  for  further  study. 

Calibration of the energy spectrum of the MDEA should be a priority in this 

effort.  While the signal was too strong to obtain energy resolution with a 

pair of 100 μm irises, effort should be made with a single smaller iris, to 

reduce the negative ion count rate to a point that energy discrimination of 

the  negative  ion current  can be  made and correlated  to  magnetic  field. 

Further  modeling  should  be  extended  to  examine  how  variation  of  the 

magnetic  field  and  iris  alignment  can  modify  the  results  of  the  MDEA 

diagnostic.   Once  the  results  are  well  characterized,  comparisons  can 

confidently be made with VICTER results.

VII.2: Experimental and modeling parametric comparisons

VICTER  can  also  be  used  to  perform  a  variety  of  parametric 

simulations  (cathode  potential,  cathode  current,  pressure,  cathode  and 

anode  diameter,  distance  from  center  of  the  cathode,  etc).   There  are 

multiple  types  of  simulation  that  can  be  compared  to  Faraday  cup 

measurements in the HOMER device.  However, these comparisons should 

be made with the caveat that VICTER's results are the product of a one-

dimensional  simulation,  which  is  being  compared  to  a  1  cm2 diagnostic 

sample of a system that exhibits the three-dimensional physics of plasma 

jets.  Simply comparing absolute values between the VICTER simulation and 

Faraday cup measurements would be a poor comparison, but if VICTER is 
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properly  modeling the  physics  in  an IEC device,  within  a  1  dimensional 

limit, experiment and simulation should exhibit the same parametric trends. 

As  such,  the  results  of  the  simulation  and  measurements  must  be 

normalized to make meaningful comparisons.

For the purposes of radial comparisons the analysis compares on-jet 

and off-jet radial  measurements, using the 50 cm diameter anode, 20 cm 

diameter cathode at 2 mTorr as reported in Chapter VI.  These results are 

compared  to  to  the  radial  negative  ion  current  densities  predicted  by 

VICTER  at  the  same  conditions.   Such  comparisons  will  be  made  with 

constant cathode current or cathode voltage.  Each set of data (VICTER 

predictions,  on-jet,  and  and  off-jet  measurements)  will  be  normalized 

separately to the peak current for the parameter held constant.  This may 

appear to show an off jet measurement higher than the on jet measurement 

for the same parameters, but in reality this is an artifact of the normalized 

value.
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Figure VII-5: Normalized change in negative ion current with radial position 
at 30 mA supplied to the cathode and 30, 45, and 60 kV supplied to the 
cathode, as predicted by the VICTER negative ion subroutine, and as 
measured by the Faraday cup in the HOMER IEC device.
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Figure VII-6: Normalized change in negative ion current with radial position 
at 45 mA supplied to the cathode and 30, 45, and 60 kV supplied to the 
cathode, as predicted by the VICTER negative ion subroutine, and as 
measured by the Faraday cup in the HOMER IEC device.
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Figure VII-7: Normalized change in negative ion current with radial position 
at 30 kV supplied to the cathode and 15, 30, and 45 mA supplied to the 
cathode, as predicted by the VICTER negative ion subroutine, and as 
measured by the Faraday cup in the HOMER IEC device.
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Figures VII-5 to  8 show that, within the parametric range explored, 

the VICTER negative ion subroutine does a reasonable job of modeling the 

trend  of negative ion current change with radius in an IEC device.  Also, 

the negative ion current radial response is similar on and off jet in the jet 

examined.

The next parametric study to be considered is how the negative ion 

current changes with cathode potential.  As the voltage difference between 

Figure VII-8: Normalized change in negative ion current with radial position 
at 45 kV supplied to the cathode and 15, 30, and 45 mA supplied to the 
cathode, as predicted by the VICTER negative ion subroutine, and as 
measured by the Faraday cup in the HOMER IEC device.
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the  cathode  and  anode  is  increased,  the  depth  of  the  potential  well  is 

increased.  This increases the energy the negative ions can reach as they 

move radial outward, but it also increases the number of low energy charge 

exchange reactions that can occur as positive ions travel down the potential 

well.  The charge exchange reactions leave behind cold positive ions that 

can in turn undergo the same process.  Because the well is deeper more 

generations of cold positive ions can accelerate to the energy where the 

charge exchange cross section is strong.

Because  the  cathode  potential  parametric  measurements  are 

compared at  a  constant  radius,  one  can  sum the voltage parametric  jet 

profile measurements across the azimuth of the plasma jet and compare this 

sum with the VICTER results.  Summing the measurements across the jet 

has  a  variety  of  advantages to comparing with  the  measurement at  one 

location.   Firstly,  summing  the  current  reduces  uncertainty  from  each 

individual  measurement.   Summing the  currents  also  mitigates  variation 

between azimuthal positions as the profile of the jet evolves in response to 

the cathode potential.   Further, summing the negative ion current in the 

azimuthal profile provides a more accurate sense of the total current in a jet 

for comparison.  Following this approach, utilizing the previously gathered 

data, the potential parametric scan can be carried out at 27 cm in fig. VII-9 

and 32 cm in fig. VII-10. 
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Figure VII-9: Cathode potential parametric comparison between the 
VICTER negative ion subroutine and Faraday cup measurements in the 
HOMER IEC device at 27 cm from the center of the potential well.  This 
comparison shows qualitatively similar behavior, but differences in slope 
are evident.
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The  results  of  this  parametric  comparison  are  mixed.   While  the 

general trends agree, the slopes of the normalized currents have limited 

agreement.  The VICTER prediction shows a rollover in negative ion current 

beyond 60 kV, which is not apparent in the Faraday cup measurements in 

Figure VII-10: Cathode potential parametric comparison between the 
VICTER negative ion subroutine and Faraday cup measurements in the 
HOMER IEC device at 32 cm from the center of the potential well.  This 
comparison shows qualitatively similar behavior, but differences in slope 
are evident.
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the HOMER IEC device.

The  normalized  cathode  current  parametric  scan  measurements 

showed a linear relationship with negative ion current in a jet.  Using the 

previously  discussed  method  of  summing  over  the  azimuthal  angle  at 

constant parametric conditions, we compare the dependence of the cathode 

current with the VICTER prediction in fig. VII-11.

Figure VII-11: Cathode meter current parametric comparison between the 
VICTER negative ion subroutine and Faraday cup measurements in the 
HOMER IEC device at 27 cm from the center of the potential well.  This 
comparison shows good agreement in highly linear behavior.
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This  comparison  shows  very  good  agreement  between  the  VICTER 

prediction and the measured cathode current parametric scan.  Both show a 

factor of 3 increase in negative ion current as the cathode meter current 

increases from 15 to 45 mA.  This holds true at 30 kV and 60 kV potential 

applied to the cathode.

Finally,  negative  ion  dependence  on  pressure  in  an  IEC  device  is 

examined for parametric comparison.  Unfortunately this parametric scan 

had very poor agreement between the VICTER prediction and Faraday cup 

measurement in the HOMER IEC device, as shown in figures VII-12&13.
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This experimental result is surprisingly insensitivity to pressure.  The 

negative  ion  current  must  necessarily  drop  to  zero  at  0 mTorr,  but  the 

cathode  current  cannot  be  sustained  at  that  pressure  either,  so  the 

parametric scan was not extended to below 0.5 mTorr.  The Faraday trap 

measurement in Dr. Boris' research showed roughly a factor of 2 increase 

from 0.5 mTorr to 2.5 mTorr and a factor of 2 decrease from 2.5 mTorr to 

Figure VII-12: Pressure parametric negative ion measurements in the 
HOMER IEC device, on and off jet, with a 30 kV potential and 60 kV 
potential on the cathode and 30 mA supplied to the cathode.  This  
parametric scan shows the negative ion current is essentially insensitive to 
chamber pressure, so long as cathode potential and supplied current are 
constant.

Est. error 
range
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4 mTorr in negative ion current [VII-3].  The reason for the difference in 

behavior not apparent.

The VICTER negative ion subroutine results show negative ion current 

strongly dependent on background pressure, with an increase of nearly a 

factor of 10 between 0.5 mTorr and 4 mTorr, with no other change in IEC 

device conditions.  This contradicts the measurements in the HOMER IEC 

Figure VII-13: Pressure parametric negative ion prediction by the VICTER 
negative ion subroutine 30 kV potential on the cathode and 30 mA supplied 
to the cathode.  This parametric scan predicts the negative ion current is  
highly sensitive to chamber pressure, even when cathode potential and 
supplied current are constant.
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device, which only showed between 11% and 33% change in the negative 

ion  current  over  the  same  range,  and  the  trend  for  this  change  was  a 

decrease at the high end of the examined pressure range.  The author and 

Emmert, two of the authors of the VICTER code, have examined the code 

for errors that would account for the vastly different pressure response, but 

no error has been found at this time.  The response of negative ions to 

voltage and pressure requires further study.

VII.3: Negative ion jet profiles and extrapolations

The jet  profile  clearly  responds to  cathode potential  and radius  in 

somewhat unexpected ways.  The qualitative response of the jet profile to 

cathode potential  can be seen in figures  VI-31 and 32.   At  low cathode 

potential the jet profile is more flat than at high cathode potential where the 

jet profile is more peaked.  The comparison of percent increase from the 

profile minimum to maximum taken from fig. VI-31 in the 27 cm case and 

fig. VI-32 in the 32 cm case is in table VII-1.
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          cathode potential

radius

30 kV 60 kV

27 cm ~33% ~56%

32 cm ~40% ~100%

Table VII-1: Percent increase from plasma jet negative ion profile minimum 
to maximum at 30 kV and 60 kV potential applied to the cathode for an IEC 
device with a cathode diameter of 20 cm and an anode diameter of 30 cm, 
operating at 2 mTorr.  The profile used at 27 cm is shown in fig. VI-31 and 
the profile used at 32 cm is shown in fig. VI-32.

The data shows a trend of the plasma jet negative ion profile peaking 

increasing with  potential  on the  cathode and radius.   This  peaking  is  a 

separate consideration from the magnitude of negative ion current, which 

increases with potential on the cathode and decreases with radius.  

Qualitatively,  the jet  evolves from a flatter profile with low voltage 

applied to the cathode, and becomes more peaked as more negative voltage 

is applied to the cathode.  Further study is warranted to determine what 

implications this has for our understanding of the potential structure at the 

cathode.

Further study needs to be carried out on the plasma jet negative ion 

profile  to  better  determine  how  the  profile  changes  with  radius.   This 

requires both measurement of the profiles at a series of radii and higher 

resolution  scans  that  can  be  deconvoluted  to  produce  a  more  accurate 
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profile.

The left jet and the central jet in the Faraday cup's azimuthal field of 

view, shown in figures VI-27 and 28, show qualitatively different behavior. 

The central jet shows a behavior that we might expect, where the profile at 

the  larger  radius  is  similar  to  the  profile  at  the  smaller  radius,  only 

decreased  in  magnitude.   The  resemblance  is  particularly  good  at  high 

voltage where the structure is more peaked.  In the left jet, the data taken 

with a 30 kV potential on the cathode shows largely similar profiles at 27 

cm and 32 cm from the center of the chamber, but at 60 kV potential on the 

cathode the profiles are more peaked but the peak is  broader at 32 cm than 

at 27 cm.  The peak current measured at 32 cm is only slightly lower than at 

27 cm, suggesting there is more current in the jet at 32 cm than 27 cm. 

Further study is warranted on the variation between jets and their evolution 

with radius and cathode potential.

Finally, we would like to extrapolate these measurements to predict 

the total negative ion current produced in a jet and the IEC device.  These 

predictions will be performed for the 27 cm distance from the center of the 

chamber, as the Faraday cup azimuthal resolution was 2.5°, which produces 

sub  millimeter  overlap  between  Faraday  cup  aperture  positions,  if  the 

angular  positioning  is  correct.   These  extrapolations  are  done  with  the 

caveat, that they are based on the azimuthal profile only, but are applied to 

the entire system, and also variation among the jets has been demonstrated.
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At  20  kV  potential  on  the  cathode  and  30  mA meter  current,  the 

negative ion profile is flat within the variation of the measurement, with an 

average  of  1.5  μA/cm2.   In  the  cathode  with  the  diameter  20  cm,  the 

distance  between cathode  longitude  wires  is  3.9  cm,  while  the  distance 

between the latitude wires spanning the equator is 2.8 cm.  This produces a 

hole with an area of roughly 11 cm2.  Projecting out this solid angle to a 

sphere with a radius of 27 cm, the longitudinal width is 10.6 cm and the 

latitudinal height is 7.6 cm.  The area of this solid angle at a radius of 27 cm 

is roughly  80.6 cm2.  This yields a total negative ion current in the jet of of 

120 μA, or 0.4% of the meter current, which seems like a reasonable first 

order extrapolation.

Extrapolating a more peaked profile requires more analysis.  We will 

use the terminology of elevation and azimuth for purposes of orientation in 

the spherical coordinate system, as shown in fig. VI-14.

Figure VII-14: Spherical coordinate system, where azimuth is labeled by 
the symbol φ, and elevation is labeled by the symbol θ.
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At 2.5° resolution 27 cm from the center of the cathode, the Faraday 

cup with  a  1  cm2 collection area  reads  11 positions,  nearly  1 cm apart, 

across a jet at the equator with nearly no overlap. Across the elevation of 

the same jet at 27 cm the Faraday cup would read 9 positions with the same 

resolution and distance apart.

We assume the azimuthal profile across the equator is the peak profile 

as it is in the center of the elevation range of the jet at the equator.  The 

extrapolation is begun by plotting the negative ion current profile across 

the center of the elevation of the cathode hole (the equator) projected to 27 

cm, as in fig. VI-15.  We'll let this measured profile be represented by the 

function f(x), whose values are given by Faraday cup measurements.
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This profile can be assumed for the peak elevation profile as well, at 

the center of the azimuthal range in the jet.  This profile will be called g(y), 

where  g(y)=f(x*7.6/10.6),  thus  the width  of  the  azimuthal  profile  is 

normalized and applied to the elevation profile.   A linear interpolation is 

used  to  pick  negative  ion  current  at  the  9  positions  the  Faraday  cup 

aperture  would  take in  an elevation scan of  the  same resolution  as  the 

azimuthal scan.  A picture of this extrapolation is shown in fig. VII-16.

Figure VII-15: Faraday cup measurement of the azimuthal profile of the 
negative ion current in an IEC device plasma jet with a cathode of diameter 
20 cm and anode of diameter 30 cm, with 30 kV potential on the cathode,  
30 mA meter current and a pressure of 2 mTorr, taken 27 cm from the 
center of the cathode.  This profile is taken at the center of the elevation 
range (the equator of the cathode).
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To  interpolate  the  profile  between  the  center  of  the  azimuth  and 

elevation  profiles  the  formalism of  h (x , y )=√ f 2(x)+g2( x)  is  used.   This 

produces the profile in fig. VII-17.

Figure VII-16: The azimuthal profile is the same as in fig. VII-15, the profile 
about the center of the elevation is based on normalizing the width, and 
interpolating the positions in the profile.
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Summing the total  extrapolated negative ion current in this  profile 

suggests the jet under consideration has a little more than 100 μA in it, or 

0.3% of the current supplied to the cathode.  

Extrapolating this  number to the 264 grid holes  in this  cathode is 

almost  certainly  incorrect,  as  that  would  suggest  a  total  negative  ion 

current of 29.97 mA, which is more than 99% of the meter current provided 

to the cathode, leaving none of the meter current as ion impact and electron 

emission.  It is expected the negative ion current will be weaker near the 

poles  due  to  the  geometric  spacing  of  the  holes  in  the  cathode  and 

Figure VII-17: This full extrapolation is extend from fig. VII-16, with the 
profile between the peak azimuthal and elevation profiles inferred from the 
product of the peak azimuthal and elevation profiles.
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interference  from  the  stalk  that  provides  the  potential  to  the  cathode. 

Further study will be needed to make a more accurate extrapolation.

A  number  of  broad  observations  about  IEC  device  operation  in 

deuterium  can  be  drawn  from  this  discussion  and  analysis  of  results 

presented in this chapter:

• Radial  parametric  comparisons  between  the  VICTER  negative  ion 

subroutine results and the Faraday cup measurements in the HOMER 

IEC device show reasonably good agreement when normalized.  These 

comparisons were made in an IEC device with a cathode diameter of 

20 cm and anode diameter of 30 cm, between 25 and 36 cm from the 

center  of  the  cathode.   Over  this  range  the  negative  ion  current 

density  decreased  with  radius,  but  the  amount  of  change  was 

dependent on the cathode potential and meter current.

• The comparison of energy spectra predicted by the VICTER code and 

its  negative ion subroutine  and measured by the MDEA diagnostic 

show some elements of agreement in qualitative shape and spread of 

the negative ion energy spectrum, but the numerical magnitude of the 

energy spectrum has significant disagreement.

• Comparisons  between  normalized  negative  ion  current  densities 

predicted  by  the  VICTER  negative  ion  subroutine  and  normalized 

Faraday cup measurements of negative ion current densities in the 
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HOMER device show similar trends in response to change in potential 

on the cathode, but the agreement is not particularly striking.

• Comparisons  between  normalized  negative  ion  current  densities 

predicted  by  the  VICTER  negative  ion  subroutine  and  normalized 

Faraday cup measurements of negative ion current densities in the 

HOMER device show very good, highly linear agreement in response 

to change in current supplied to the cathode, with a factor of three 

increase in negative ion current from 15 mA to 45 mA cathode meter 

current.

• The dependence of negative ion current on background D2 pressure 

was shown to be mostly insensitive by the Faraday cup measurement 

in the HOMER IEC device.  In contrast, the VICTER code predicts a 

strong dependence of negative ion current on background pressure, 

predicting behavior that is not at all similar to measurement.

• Results  where  trends  between  the  VICTER  predictions  and 

measurements in HOMER disagree require further scrutiny.

• The negative ion profile in the plasma jet became more peaked with 

cathode potential  at  all  observed radii.   The current for the 32 cm 

radius measurement was lower in magnitude but had a more centrally 

peaked profile than was the case for the 27 cm measurement.
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VIII: Conclusions

Plasma jets observed in an IEC device operated with a deuterium gas 

are believed to consist of 4 types  of energetic species:

◦ Positive ions

◦ Electrons

◦ Fast neutrals

◦ Negative ions

Outside  the  anode  only  the  latter  three  are  energetic  (within  the 

approximation that the potential is flat outside the anode).  This work has 

extended the original discovery of a substantial negative ion current in an 

IEC  device,  by  modeling  this  population  and  measuring  the  radial  and 

azimuthal profiles of negative ion current.

VIII.1: Measurements of negative ions in an IEC device

• Radial  and azimuthal profiles of  negative ions fluxes in IEC device 

plasma jets have been measured and characterized outside of a mostly 

transparent anode, leading to the following conclusions.

◦ Jets exist in an IEC device, even in conditions where spectroscopic 

emission from the plasma jets is not visible to the eye.
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◦ The radial spatial profile showed the negative ion current density 

decreased  with  increasing  radius  outside  an  anode  of  an  IEC 

device, but the radial dependence and absolute amount of decrease 

was dependent on the cathode potential.

◦ The azimuthal  profile  evolves  with  cathode potential  and radius 

from  the  center  of  the  cathode.    While  the  magnitude  of  the 

negative ion current is reduced at larger radius, the jet is more 

peaked at larger radius: in the IEC device studied, at 32 cm the 

maximum negative ion flux measured in a jet is twice the minimum 

at 60 kV, while at 27 cm the maximum is only 56% higher than the 

minimum at the same conditions.

◦ The magnitude of the negative ion current in a jet changed with 

supplied cathode current, increasing linearly by a factor of three 

from 15 mA to 45 mA supplied to the cathode.

• Negative ions in plasma jets show limited response, outside the error 

of the observation, to changes in which electron emitting filaments 

provide the source plasma.  There were isolated observations where 

the current changed as much as a factor of three in response to the 

location of the electron emitting filaments.

• Negative ions currents seem insensitive to time dependent IEC device 

parameters, e.g. cathode temperature, as evident by hysteresis scans.
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• The background pressure in an IEC device appears to produce little 

perturbation to the negative ion current between 0.5 and 2 mTorr, 

with a measured decrease between 11% and 33% when the pressure 

is increased from 2 to 4 mTorr.

• Extrapolations of the negative ion current in the jet studied suggest 

that the negative ion current in that specific jet is on the order of 0.3 – 

0.4% of  the  current  supplied  to  the  cathode.   Analysis  shows that 

extending the extrapolation of the negative ion current in a single jet 

at the equator of an IEC device predict negative ion creation in the 

entire device would be erroneous.

VIII.2: Negative ion subroutine in the VICTER code

• The negative ion subroutine in VICTER has enhances the simulation 

capability of the VICTER code by improving the code accuracy and 

providing a new set of benchmarks to compare against.

• The negative ion subroutine in VICTER results shows reasonably good 

agreement with Magnetic Deflection Energy Analyzer (MDEA) results 

in the shape of the negative ion energy spectrum and spread of the 

energy  range,  but  the  VICTER  negative  ion  subroutine  predicts  a 

softer energy spectrum than the MDEA results.  It  is not yet clear 

what the real negative ion energy spectrum is, and further study in 

both VICTER and the MDEA is warranted.
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• It is difficult to make direct comparisons between the one dimensional 

VICTER  simulations  and  experimental  measurements  from  an  IEC 

device  where  the  potentials  are  three  dimensional.  However, 

normalized  VICTER  results  and  Faraday  cup  measurements  of 

negative ion currents show good agreement in trends for the response 

to variations in radius and cathode current.

• The  VICTER  simulations  and  Faraday  cup  measurements  show 

broadly  similar  trends  in  the  response  of  negative  ion  current  to 

cathode potential.

• VICTER  results  suggest  negative  ion  currents  have  strong 

dependence  on  system  pressure,  while  the  Faraday  cup  results 

suggest the system is relatively insensitive to pressure for constant 

cathode  voltage  and  current.   This  disagreement  requires  further 

study.

VIII.3: Related work

• An analytic expression for the equivalent of the mean free path of a 

sequence of reactions of arbitrary number has been derived and can 

be applied to numerous fields of study.  As applied to the creation of 

negative  ions,  this  analysis  suggests  most  negative  ions  in  an IEC 

device come from fast neutrals.
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• A system has been designed and constructed that is  able to safely 

deliver up to 300 kV and hundreds of milliamperes of current to one of 

four  experiments  via  an arrangement  of  movable  electrodes.   This 

system has  selectable  inline  resistance  and  a  switchable  capacitor 

system for pulsing operation.   This switching system is undergoing 

final  qualification  testing  and  will  be  implemented  for  future  IEC 

device experiments.



196

IX: Future work

The study of negative ions in IEC devices is still in the early stages, and 

can be extended in a variety of ways:

• The  MDEA  negative  ion  energy  spectrum  calibration  requires  further 

analysis.   VICTER's  implementation  of  the  negative  ion  simulation  also 

needs further examination in  light  of  the discrepancies  with the  MDEA 

results.   The  product  of  this  study  should  be  used  to  benchmark  the 

prediction  of  the  energy  spectrum  from  the  VICTER  negative  ion 

subroutine.

• The profile measurements must be extended to achieve a more complete 

understanding  of  negative  ions  in  a  gridded  IEC  device  and  perform 

reliable extrapolations.

◦ Measurements should be taken of the elevation profile (i.e. above and 

below the equator).

◦ Measurements  should  be  taken  across  a  wider  azimuthal  area  to 

examine  variation  between  jets.   Variation  between  jets  at  various 

anode-cathode grid-wire orientations should be examined also.

• Finer motion control  of  the Faraday cup should be pursued to produce 

higher resolution profile measurements of the plasma jet in an IEC device.

• Experimental measurements of electrons and fast neutrals in IEC device 

plasma jets should be undertaken.
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• Study  of  plasma  jets  in  IEC  devices  of  varying  cathode  and  anode 

diameters should be explored as a means maximize or minimize negative 

ion production, and provide another way to benchmark the VICTER code.

• Benchmarking of the VICTER code needs to be continued in the context of 

further MDEA and Faraday cup results.
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