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An improved understanding of plasma inter-particle and particle-wall interactions is crit-
ical to the advancement of plasma devices used for space electric propulsion, fusion, high-
power communications, and next-generation energy systems. Two interactions of particular
importance are (1) ion-atom collisions in the plasma bulk and (2) secondary electron emission

from plasma-facing materials.

For ion-atom collisions, interactions between fast ions and slow atoms are commonly
dominated by charge-exchange and momentum-exchange collisions that are important to
understanding the performance and behavior of many plasma devices. To investigate this
behavior, this work developed a simple, well-characterized experiment that accurately mea-
sures the effects of high energy xenon ions incident on a background of xenon neutral atoms.
By comparing these results to both analytical and computational models of ion-atom interac-
tions, we discovered the importance of (1) accurately treating the differential cross-sections
for momentum-exchange and charge-exchange collisions over all neutral background pres-
sures, and (2) commonly overlooked interactions, including ion-induced electron emission
and neutral-neutral ionization collisions, at high pressures. Data provide vital information
on the angular scattering distributions of charge-exchange and momentum-exchange ions
at 1.5 keV relevant for ion thrusters, and serve as canonical data for validation of plasma

models.
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This work also investigates electron-induced secondary electron emission behavior rele-
vant to materials commonly considered for plasma thrusters, fusion systems, and many other
plasma devices. For such applications, secondary electron emission can alter the sheath
potential, which can significantly affect device performance and life. Secondary electron
emission properties were measured for materials that are critical to the efficient operation of
many plasma devices, including: graphite (for tokamaks, ion thrusters, and traveling wave
tubes), lithium (for tokamak walls), tungsten (the most promising material for future toka-
maks such as ITER), and nickel (for plasma-enhanced chemistry). Measurements were made

for incident electron energies up to 1.5 keV and angles between 0 and 78°.

The most significant results from these measurements are as follows: (1) first-ever mea-
surements of naturally-forming tungsten fuzz show a more than 40% reduction in secondary
electron emission and an independence on incidence angle; (2) original measurements of
lithium oxide show a 2x and 6x increase in secondary electron emission for 17% and 100%
oxidation; and (3) unique measurements of Ni(110) single crystal show extrema in secondary
electron emission when incidence angle is varied and an up to 36% increase at 0° over poly-
crystalline nickel. Fach of these results are important discoveries for improving plasma
devices. For example, from (1), the growth of tungsten fuzz in tokamaks is desirable for
minimizing adverse secondary electron emission effects. From (2), the opposite is true for
tokamaks with lithium coatings which are oxidized by typical residual gases. From (3), sec-
ondary electron emission from Ni(110) catalysts in plasma-enhanced chemistry may facilitate

further reactions.
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CHAPTER 1

Introduction

1.1 Motivations

This effort aims to understand, predict, and ultimately control the interactions of plasma
particles (i.e., ions, electrons, and neutral atoms) in the bulk and at the edge of many plasma
devices, including electric propulsion and nuclear fusion devices. Such insights may lead to
improvements in the performance and lifetime of such plasma devices, thereby enabling
space propulsion technologies that extend the capabilities for solar-system exploration and

the production of nuclear energy.

1.1.1 Electric Propulsion

Electric propulsion devices are in-space propulsion systems that utilize electric power to
produce a high-speed exhaust. A major advantage of these devices over conventional chemical
propulsion devices is the higher efficiency (or specific impulse ;). The propellant mass 1,4,
is related to the initial mass mg of a spacecraft and the total change in spacecraft velocity

Aw via the rocket equation

Av
Isng

)] (1.1)

Mprop = m()[]- - exp(—

where gy = 9.8 m/s?. Therefore a spacecraft with electric propulsion requires much less

propellant for a mission with given Av, leading to significant cost savings or the ability



for added payload mass (e.g., for science instrumentation). Alternatively, electric propulsion
enables missions with larger mission Awv, leading to extended mission lifespans (e.g., for com-
mercial satellites that provide cell-phone communication, broadband internet, and GPS, and
for satellites studying the Earth’s climate, agricultural resources, and renewable resources)
or the ability to reach previously inaccessible targets. The thrust produced from electric
propulsion devices is smaller than that produced by chemical systems, but is more accurate,

a requirement for high-precision formation flying missions.

Two electric propulsion devices which have been employed for satellites and interplan-
etary missions include the ion thruster and Hall-effect thruster. In an ion thruster (see
Figure 1.1(a)), electrons are produced by a hollow cathode inside the discharge chamber and
accelerated to the anode (i.e., the walls of the discharge chamber). Neutral gas injected into
the discharge chamber is ionized via electron-impact ionization; a magnetic field is employed
to increase the time an electron spends in the chamber (not collected on the walls) and thus
to increase ionization. Ions are then extracted and accelerated out of the thruster by a set
of high voltage grids. To prevent charge buildup of the spacecraft, an additional source of
electrons from a hollow cathode outside of the thruster is used to neutralize the exhausted
ions. In a Hall thruster (see Figure 1.1(b)), electrons from an external hollow cathode are
ejected and accelerated to the anode at the back face of the Hall thruster discharge chan-
nel. Neutral gas injected at the back face is ionized via electron-impact ionization; a radial
magnetic field is employed to increase the time an electron spends in the discharge channel
and thus to increase ionization. The magnetic field and electron population confined along

the field lines, act to set up a voltage drop in the axial direction which accelerates the ions.

In addition to extracting and accelerating ions into the beam for thrust, the grids of
an ion thruster must also keep neutrals in the discharge chamber for increased ionization,
keep plasma electrons in the discharge, and prevent neutralizing electrons from streaming
back into the thruster (see the bottom insert in Figure 1.1(a)). An accelerator grid with

an aperture smaller than the aperture of the screen grid is used to keep neutrals in. An
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accelerator grid with negative potential is used to keep plasma electrons in and neutralizing
electrons out. Additionally, a negative potential on the accelerator grid results in larger beam
current (and thus thrust), since the maximum current density extracted (due to space-charge

effects) between two parallel plate electrodes as given by the Child-Langmuir equation is

deqy [ 2e 12 Ay3/2
1.2
Joeam 9 (m,) 2 (12)

where AV is the difference in potential on the screen and accelerator grids, [ is the gap
between the grids, m; is the ion mass, e is electron charge, and ¢; is the permittivity of free

space.

Ion thruster grids do not fully prevent the escape of neutrals. 10-15% of the neutral atoms
injected into the discharge chamber escape through the grids unionized (the pressure inside
an ion thruster is approximately 1 x 10~* Torr, while the neutral density is 2.3 x 107 m=3
or pressure is 7.1 x 107 Torr just outside of the thruster) [2]. 5% of the neutral atoms
injected into an SPT (Hall) thruster leave unionized, and neutral particles densities up to
3 x 10'® m~3 from the thruster are calculated outside of the BPT-400 Hall thruster (neutral

-3

densities up to 4 x 10'® m~3 escaping from the hollow cathode were also calculated) [2, 40].

High-neutral densities outside of the thrusters are undesirable since collisions between the
fast beam ions and the slow neutral atoms can lead to the production of charge-exchange
ions (to be discussed in Section 2.1.3). The charge exchange ions, which have a small ve-
locity and large scattering angle, are strongly affected by the electric fields established by
the thruster grids (i.e., the negatively biased accelerator grid) and impact the downstream
thruster grid with energies greater than 200 eV, leading to erosion of the grids (see Fig-
ures 1.2-1.3) [3, 4, 41]. Charge exchange ions from ion and Hall thrusters also contribute to
unwanted sputtering/erosion of other spacecraft surfaces (e.g., solar arrays) [4]. The typical
propellant used is xenon, while beam ions have an energy on the order of 1500 eV for ion

thrusters and 300 eV for Hall thrusters [2].
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Additionally, ions, neutrals, and electrons impacting materials can cause electrons to be
emitted from the materials. This may cause the material to electrically build up charge
and/or can have a significant impact on the sheath and overall behavior of plasmas. Plasma
electrons with sufficient energy to overcome the near-wall negative-going sheath potential
can impact the wall and produce secondary electrons. This secondary electron emission

(SEE) can then reduce the sheath potential ¢gpeqin as given by

- 6¢sheath - kae In

l1—o
I 1.3
\/27Tme/mz'] (13)

where o is the total SEE yield (i.e., flux of emitted electrons to incident electrons), 7T, is the
plasma electron temperature, m, and m; are the electron and ion masses, k; is Boltzmann’s
constant, and e is the electron charge [42]. For example, a reduction in the sheath potential

from 37T, to T, is possible (see Figure 1.4).

The reduced sheath potential can then lead to increased plasma electron energy lost
to the walls (which are replaced with lower energy secondary electrons from the walls),
increased heating of the wall and cooling of the bulk plasma, and significant power losses.
From Equation 1.3, these effects become significantly large as the SEE yield approaches 1.
Therefore, plasma-facing materials with low SEE are beneficial to maintain higher 7, in

the bulk. For example, Ref. [43] found that the max T, in a Hall thruster was higher when



typically-used boron nitride walls were replaced with carbon velvet walls, which have smaller
SEE [44, 45].
A similar reduction in sheath potential and increase in plasma cooling can occur due

to ion-induced electron emission, although the yields are typically smaller for ion-induced

emission than for electron-induced emission.

1.1.2 Fusion Devices

Magnetic fusion devices utilize magnetic fields to confine plasma for nuclear fusion energy.
A common reaction utilizing deuterium-tritium plasmas to produce helium and energetic

neutrons is

2D +3 T —4 He(3.5MeV) + n°(14.1MeV) (1.4)

For tokamaks in particular, the plasma is confined in a torus (see Figure 1.5). Plasma is
surrounded by the first wall, which shields external components from high energy neutrons
and harvests their energy. The divertor is located at the bottom of the tokamak and collects
high particle and heat fluxes from energetic He and other impurities. As with the plasma-
facing walls of electric propulsion devices, the divertor in a tokamak may also emit secondary
electrons due to impact by energetic plasma electrons (electron energies are typically 1-100 eV

in the divertor).

Materials typically utilized for the divertor and first wall of tokamaks include graphite,
lithium, and tungsten. Lithium improves the plasma performance in tokamaks, including
LTX (Lithium Tokamak Experiment) and NSTX (National Spherical Tokamak Experiment)
at the Princeton Plasma Physics Laboratory [46], due to its ability to effectively getter
hydrogen and impurities that may otherwise be recycled into the plasma. However, lithium

oxidizes rapidly in the presence of oxygen or water vapor (i.e., in the vacuum chamber



Figure 1.5: Cross-sectional view of a tokamak, including the divertor (shown in red) located at
the bottom of the first wall. Plasma is shown in pink [7].

background). For example, a lithium film is 50% oxidized in 10 s when in a background of
1% 107% of Oy or HyO [47]. Therefore, impure lithium films are typical in a tokamak [48, 49]
where pressures are 1075 — 10™® Torr. Additionally, tungsten is the leading candidate for
the divertor in ITER due to its high melting temperature and thermal conductivity, and low
gas inventory and sputtering yield [50, 51]. However, studies have revealed the growth of
nanostructures on the surface of tungsten exposed to helium plasma under conditions which
may exists at the divertor [51, 52, 53, 54, 55]. For example, 50 eV, 10 m~2 helium ions
incident on W will form fuzz/fibers and voids/bubbles for W at 1000-2000 K and >2000 K,
respectively. Therefore, SEE yields for oxidized lithium and nanostructured tungsten are
required to accurately model the plasma-wall interface of tokamaks which use tungsten and
lithium. However, little reliable SEE data exists for materials whose chemical, structural, or

architectural properties are modified by exposure to plasma.

1.1.3 Other Applications

SEE is also important for plasma processing since a reduction in the sheath potential can
affect ion acceleration in the sheath. Ion energy may be significantly reduced, which in

turn may reduce sputtering/erosion/texturing of processed materials. In plasma chemistry,



SEE can affect chemical reactions occurring at metallic surfaces. For example, in plasma-
enhanced dry-methane reforming (i.e., COy + CHy — 2H; + 2CO), emitted secondary
electrons can lead to fragmentation of CO, and CHy as well as charging of nanoparticles
used as catalyst. Of particular importance is Ni(110) for its unique ability to chemisorb CO,

at room temperature.

In particle accelerators (e.g. with positron beams), particle impact and cyclotron radia-
tion incident on the walls can produce electrons that themselves can interact with the wall
and lead to SEE. This multipacting effect [56] can create a cloud of electrons that may lead
to instabilities in the particle beams and overheating of facility components [57]. For these
applications, copper, aluminum, and stainless steel are often used as the wall materials, yet
carbon coatings may form on walls with carbon-containing contaminants due to electron

irradiation [58].

1.2 Objectives

This objectives of this work are to use well-characterized canonical experiments to improve
the understanding of (1) interactions between plasma particles in the plasma bulk, and (2)
interactions between plasma particles and plasma-confining walls at the plasma edge. In

particular, this work focuses on

e (Collisions between ions and neutral atoms, such as those that occur in the exhaust of
electric propulsion devices and lead to erosion and reduced lifetime of thruster compo-
nents (e.g., ion optic grids) or other spacecraft surfaces (e.g., solar panels). The angular
distribution of scattered charge-exchange ions are examined for Xe'-Xe collisions at

1500 eV, conditions characteristic of ion thrusters.

e Secondary electron emission from electric propulsion and fusion relevant materials that
may lead to electric charging and significant power losses. Investigated materials in-

clude graphite, lithium and lithium oxide, smooth tungsten and nanostrocutured tung-



sten fuzz, and a nickel single crystal.

Such understanding is necessary for self-consistent modeling, and for furthering the devel-
opment and use of electric propulsion, magnetic confinement fusion, high-power communi-

cation, and other plasma applications.

1.3 Overview of Dissertation

A review of the important plasma particle interactions in electric propulsion and mag-
netic confinement fusion devices is provided in Chapter 2. The dominant collisions between
high-energy ions and neutrals in a partially-ionized plasma are discussed, with emphasis on
momentum- and charge-exchange collisions. Additionally, electron emission from materials

due to ion and electron impact is introduced.

Chapter 3 outlines the effort undertaken by the author to investigate ion-neutral col-
lisions in a simplified, well-characterized experimental domain. The experimental setup is
introduced. Results of 1500 eV Xe™ impacting Xe gas are presented and compared to com-
plementary semi-analytical and fully computational models of the experimental domain. The
experimental effort serves to validate the computational models that simulate heavy species

collisions, while the computational models served to guide improvements to the experiment.

Electron emission from the confining walls of the experimental domain due to impact by
energetic ions and neutrals was found to be important in the measurements of ion-neutral
collisions. Results of the ion-induced electron emission from 300-2000 eV Art and Xe™
impacting tungsten (used for validation) and stainless steel (used for the walls in the initial

collision experiment) are presented in Appendix G.

Chapter 4 summarizes the research effort conducted utilizing existing surface analysis
instruments for measuring secondary electron emission properties of conducting materials.
The experimental setup and approach are introduced. Measurements of the total SEE yield

and of the energy of emitted electrons are presented for graphite, smooth tungsten, tungsten

10



fuzz, oxidized lithium, and single crystal nickel due to electrons incident at 2-1500 eV and
0-78°. Experimental data are compared to values found in the literature and to empirical
and computational models. Chapter 5 concludes with significant accomplishments from this

study.
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CHAPTER 2

Background: Plasma Particle Interactions

In order to understand the physics and predict the performance and lifetime of plasma de-
vices, it is necessary to understand the interactions occurring between the plasma particles
(i.e., between neutral atoms, charged ions and electrons) and between the plasma particles
and plasma-confining walls. Section 2.1 discusses the dominant collisions occurring in the
plasma bulk, while Section 2.2 discusses important physics occurring at the plasma edge.
Previous theory and measurements for collisions between xenon ion and neutrals and for elec-
tron emission from plasma-facing materials are reviewed, and improvements and extensions

of the theory and measurements by this work are discussed.

2.1 Dominant Inter-Particle Collisions in the Plasma Bulk

This section reviews types of collisions between ion and neutrals, which is one main thrust
of research conducted by the author. However for completeness, different types of electron-
neutral, electron-ion, and less prevailing neutral-neutral, ion-ion, and electron-electron colli-

sions will first be briefly introduced.

2.1.1 Electron-Neutral and Electron-Ion Collisions

Significant collisions between electrons and neutral atoms occur for weakly ionized (n,, > n;)
and partially ionized (0.1n,, > n;) plasmas, where n, and n; are neutral and ion densities,

respectively. These include elastic collisions in which only kinetic energy is transferred [59].

12



Inelastic ionization collisions, where a high-energy electron causes the neutral atom to emit
additional electrons (i.e., é+A — 2e+A™T), are used to create a plasma once initial energetic
electrons are produced [59]. Inelastic excitation collisions, where a fast electron causes the
atom to be in an excited state (i.e., é+A — e+ A*), and the reverse superinelastic collision
(i.e., e+ A* — € + A) are also possible [59]. Lastly, a fast electron impacting a neutral

atom may emit a photon (i.e., é+ A — e+ A+ hv) in a radiative collision [59]. Here

denotes an energetic particle and “ * 7 denotes an excited particle.

For partially ionized and fully ionized (n, < n;) plasmas, collisions between electrons and
ions dominate. These include ionization and excitation collisions as above, recombination
(i.e., e+ At — A+ hv), and electron scattering from ions due to long-range Coulomb

collisions [59].

2.1.2 Neutral-Neutral, Ion-Ion, and Electron-Electron Collisions

Momentum is transferred in ion-ion and electron-electron elastic collisions [59]. Neutral
atoms, often treated as hard spheres with variable cross-sections [32, 60, 61, 62, 63], interact
with each other through weak intermolecular forces [59]. The following collisions between

fast neutral atoms A and slow neutrals are possible.

Momentum-exchange:

A+A—A+A (2.1)

Tonization:
A+ A— A+ AT +e (2.2)

Excitation:
A+ A— A+ A" (2.3)

Direct ionization via Equation 2.2 is small, and instead ionization is likely to occur via a two

13



step process where the first step is given by Equation 2.3 and the second step is given by

A+ A" — AT+ A+e (2.4)

The fast neutrals are assumed to be ionized in the collision and scattered at small angle in

the forward direction. Generated electrons are assumed to scatter isotropically.

Integral cross-sections for neutral-neutral collisions for xenon and other noble gases are

discussed in Appendix A.1.

2.1.3 Ion-Neutral Collisions

Collisions between ions and neutral atoms in electric propulsion and plasma processing de-
vices are predominately of two types. In elastic momentum-exchange (MEX) collisions, the
energy and momentum are conserved between the incident and target particles (see Fig-

ure 2.1(a)):

AT+ A— At + A (2.5)

In charge-exchange (CEX) collisions, one or more electrons are also exchanged (see Fig-
ure 2.1(b)). A symmetric CEX collision is a CEX collision in which the pre- and post-collision

particles are identical, e.g.:

AT+ A — A4 A (2.6)

Inelastic excitation and ionization collisions between ions and neutral atoms (i.e., AT+ A —

AT+ At +eand AT+ A — At + A* respectively) are possible to a lesser degree [59, 64].
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() (b)

Figure 2.1: (a) Momentum-exchange and (b) charge-exchange collisions between fast ions and
stationary neutral atoms. Fast particles are depicted with “comet-tails”.

2.1.3.1 Differential Cross-Sections of Ion-Neutral Collisions of Xenon

The differential cross-section do/dS) provides information on the probability of the incoming
projectile scattering within a small solid angle df2 about # measured with respect to the
initial projectile direction (see Figure 2.2). Therefore, the differential cross-section provides
details of the collision dynamics not readily obtainable from the integral cross-section o.
Since the interaction between a particle pair is sensitive to (i) the electronic and nuclear
structure of each particle, (ii) the interparticle separation, and (iii) the duration of the inter-
action, the differential cross-section may vary significantly between different ion and neutral
species and for different incident energies. Yet, little previous work has been done on MEX
or CEX angle-resolved differential cross-sections for xenon ion-neutral collisions. This con-
trasts with the integral cross-section which has been extensively investigated experimentally
and theoretically for xenon and other noble gas ion-neutral pairs (see Appendix A.1 for a

discussion of these integral cross-sections).

Chiu et al [41] measured the differential cross-sections for MEX and CEX collisions
between Xe™-Xe at 5 to 20 eV (and between Xe?*t-Xe at 10-40eV) in a guided ion beam
experiment, whereby a pulsed xenon ion beam was directed to a collision cell filled with
a background of xenon neutrals. The unscattered and scattered ions traveled through an

octopole before reaching a detector (the octopole ensured complete collection of ions) [41,
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Figure 2.2: Scattering of a particle through a differential solid angle d2 (outlined by a range of
angles df about 6 centered around the collision partner) in a collision with differential
cross-section do.

65, 66, 67, 68]. The time of flight data provided information on the velocity of the collision
products. From kinematic constraints on energy and momentum, scattering angles and
differential cross-sections were obtained. Jones et al [69] utilized an energy analyzer with
small collection angle and varied its angular position to measure the scattering angle of
ions experiencing MEX collisions in a collision cell (the energy analyzer ensured only MEX
ions were detected). Measurements were made of differential cross-sections for Xe*-Xe at 20-
340 eV, but only for scattering angles between 1 and 15°. Furthermore, Morris [70] measured
the scattering angle of CEX neutrals on a position sensitive detector just downstream of a
collision cell, and thus obtained the scattering angle and differential cross-section for CEX
ions from conservation of energy and momentum. An incident ion energy of 1100 eV was
used, which is characteristic of the energies in the plume of an ion thruster, yet measurements

were only made for scattering of CEX ions between 86.4 and 90°.

Chiu et al [41] also calculated the MEX and CEX differential cross-sections at 5-30 eV
and 270 eV, using the Xe™-Xe interaction potential derived by Paidarova and Gadea [9] (see
Figure 2.3). From the interaction potential, the center of mass deflection function y may be

calculated using Smiths method:

x(b,E,) =7 — Qb/oo dr (2.7)

Rv5) 721 = 0212 = V(1) /E, ]2

16



Energy (eV)

Figure 2.3: Xe™-Xe spin-orbit free interaction potential [8, 9].

where b is the impact parameter, F, is the initial kinetic energy in the center of mass frame, r
is the interparticle separation, R, is the distance of closest approach, and V' (r) is the sum of
the four spin-orbit free potentials (whereby the potentials have been fit to Morse equations).

The differential cross-section in the lab frame can then be calculated from

d_a
dQLAB

b

SO0 (/) | (28)

do
= Zlcos()(/Z)d—Q o= 4cos(x/2)

Jones et al [69] used the opposite approach to estimate the xenon interaction potentials
including spin-orbit from their measurements of MEX differential cross-section. See Ref. [71]

for other methods of solving for differential cross-sections from general interaction potentials.

In order to reduce computational time in plasma simulations, Scharfe et al [38] developed
a logarithmic curve fit of the MEX and CEX differential cross-sections calculated by Chiu
et al for 300 eV Xet-Xe:

(2.9a)

domEx { (Onpx)tmEx10BMEx 00 <0 < Oypx
Q-

(9)AMEX 10BmEX GMEX < 6 <90°

17



doopx { (90° — @)Acex Borx 0° <0 < Oopx 2.5
(9

df 0° — fopx ) AoBX 10508 fopy < 0 < 90°.

Here 6 is the deflection angle of the incident particle in degrees and 0, x and Ocgx are cutoff

angles established such that the differential cross-sections remain finite. 0,,px and cpx are

. 90° . 90° .
determined such that ocpx = | %QW sin0dl = oyrpx = fo %QW sin 6d@ matches

the value of 53.6 A2 and 44.1 A? for a 300 eV and 1500 eV ion beam, respectively, as
determined experimentally by Miller et al [72]. Values for the coefficients in Equations 2.9a
and 2.9b at 300 eV were corrected by Giuliano and Boyd [10]. Additionally, Giuliano and
Boyd extended the expressions for differential cross-sections to 1500 eV in collaboration with
the experimental work presented herein. Coefficients for 300 eV and 1500 eV are reproduced

in Table 2.1.

The differential cross-sections for MEX and CEX ions produced in 1500 eV Xe™-Xe
collisions are plotted in Figure 2.4. Note that the differential cross-section for a CEX neutral
is the same as for a MEX ion since CEX and MEX collisions are identical except that in the
former case an electron is also transferred; therefore, both a slow ion and fast neutral are
generated in a CEX collision. The probabilities that an ion will be scattered below a given

angle 6 in MEX and CEX collisions are given by

Praipy = — / Cdoupxy o ds (2.10a)
’ OMEX 0 dQ
1 b docpx
P, = 27 sin 6df 2.10b
0,CEX - /0 10 T sin ( )

From Figure 2.4, ions experiencing MEX collisions have a large probability of small angle
scattering and small probability of large angle scattering. The opposite is true for CEX ions.

In fact, the most probable scattering angles are 2.3° for a MEX ion and 88.1° for a CEX ion.
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Table 2.1: Coefficients for Differential Cross-Sections of Xet-Xe at 300 eV [38] and 1500 eV [10]

300 eV 1500 eV
Avex 2.02 ~2.502
Acnx -1.098 71.330
Burex 3.24 3.508
Bopx 1.53 1.610
Ovex  3.53E5° 0.114°

fcpx  (90-0.00137)° (90-0.061)°

10° : :
——— MEX Collision
P CEX Collision
10 :
a2 100}
o< I‘.
%; 2 \ i
T 1071\ j
© \, i,-'
’I'
100 i \ JJJJJJJJJJ -
_______________________ = —*:_:__________
2 h
0 1 1 1 1
1 0 30 60 90

Laboratory Angle 6, deg
Figure 2.4: CEX and MEX differential cross-sections for Xet-Xe at 1500 eV [10].
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Since there is a strong bias towards very small and very large angle scattering, it would
be incorrect to assume an arbitrary scattering distribution, such as an isotropic distribu-
tion (especially for MEX ions). Therefore, to accurately include ion-neutral collisions in
plasma models such as DC-ION [73] for ion thrusters and HPHall [74] for Hall thrusters,
the differential cross-section must be measured or calculated under conditions of interest
(e.g., for particular particle species and incident energy). Katz et al [75], Boyd and Dressler
[76], and Mikellides et al [40] used Equations 2.7 and 2.8 with interaction potentials for the
Xet-Xe differential cross-section at 300 eV in Hall thruster simulations. Yet as previously
discussed, differential cross-section have only been measured or calculated for a full range
of scattering angles for Xe™ at incident energies below 340 eV. To analyze ion-neutral colli-
sions at ion-thruster-relevant conditions, we developed a test cell to measure MEX and CEX
collisions between 1500 eV xenon ions and neutrals. Analytical and computational models
were coupled with experiment to inform theory (i.e., to extend Equations 2.9a and 2.9b of
the differential cross-section to 1500 eV). Additionally, the precision measurements from the
simple, well-characterized experiment serve as canonical data by which plasma models may

be validated.

2.2 Interactions of Plasma Particles with the Plasma Confining

Walls

Important ion-wall and electron-wall interactions, also investigated by the author, are dis-

cussed in Section 2.2.1 and 2.2.2, respectively.

2.2.1 Ion-Induced Electron Emission

lons incident on a surface may cause the emission of electrons from the material (termed ion-
induced electron emission, ITEE). For low energy ions (i.e., below approximately 105 m/s),

the electrons are emitted by potential emission, where incident ions are Auger neutralized
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outside the material surface and the energy provided by the process releases a free electron
in the material bulk [77]. Hence two electrons are emitted per ion in Auger neutralization,
requiring an ion energy of twice the work function of the material and resulting in a maximum
electron energy dependent on the ion neutralization energy and material work function (i.e.,
EV%s = Ei — 2¢g). lons may also be resonance neutralized and deexcited by the Auger

process.

For higher energy ions, kinetic emission dominates, where the transfer of kinetic energy
leads to electrons being emitted. This can occur by excitation of the target atom (valence
band and inner shell electrons), ionization of the target atom (valence band electrons), Auger
decay of a target atom inner shell vacancy, excitation of surface and bulk plasmons and their
decay with creation of an electron-hole pair, or cascade excitation and ionization events in
the material bulk by generated electrons [77]. After diffusing to the surface and losing energy
along the way by collisions, the electrons able to overcome the surface potential are emitted
with a small energy (i.e., maximum of 15-20 eV) [78]. High energy neutral atoms impacting
materials can also lead to kinetic emission (emission due to both ions and neutrals is termed

particle-induced electron emission, PIEE).

Previous theoretical and experimental work has led to equations for the dependence of
the potential and kinetic emission yields on incident energy [33, 77, 79, 80, 81] and angle,

and the energy [82] and angular distribution of emitted electrons.

2.2.1.1 IIEE from Plasma Facing Materials due to Noble Gas Ions

In order to predict the effect of materials utilized in electric propulsion, plasma processing,
and dusty plasma devices and to determine suitable materials for these plasma devices, it is
necessary to better characterize their I[IEE properties. For example, graphite, molybdenum,
and tungsten are utilized in ion thrusters for grids and discharge cathodes; graphite is used
for walls in Hall thrusters; and various materials are utilized in plasma processing [131].

Table 2.2 summarizes previous efforts to investigate IIEE from such conducting materials due
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Table 2.2: Previous Investigations of IIEE from Conducting Materials by Nobel Gas lons

Surface Incident Energy, keV
Ar™ [ KrT [ XeT
0.1-5 [83] 25 [34] 0.1-5 [83]
0.5-13 [85) 80-100 [86]
G 1-20 [87]
10-30[88)
30 [89, 84]
52-835 [86]
0.6-10 [90] 1-10 [91]
1-14 [92) 3-9.5 [93]
1.5-30 [77, 93] 10-50 [94]
Al 3-20 [87] 10-130 [95]
3.5-62 [96] 10-350 [97]
10-50 [78, 94] 40-320 [98)
10-320 [97)
20-200 [99]
o 10-40 [100] 10-40 [100] 60 [101]
15-100 [101]
0.125-0.37 [102] 15-26 [103]
. 1-5 [87 120 [95
Stainless 15, 26[[13)3] [95]
30 [104]
1-10 [90] 17-25 [105] 0.5-10 [91]
Ni 1-50 [106] 50 [107]
80 [78]
0.5-10 [90] 0.5-10 [90] 0.5-10 [90]
10-40 [100] 10-40 [100] 15-100 [101]
15-100 [101] 15-100 [101] 25-400 [108]
20 [109, 110] 25-30 [84] 40-430 [97)
Cu 25-30 [84, 111, 112] | 25-400 [108] 80 [95]
25-400 [108] 40-380 [97]
40-430 [97]
50 [113]
52-200 [99]
<1 [114] <1 [114] <1 [114]
0.05-0.4 [115] 25 [84] 0.5-10 [90, 91]
0.1-2.5 [116, 117] 10-40 [100] 1-40 [118)
0.5-10 [90, 91]
0.7-65 [118)
Mo 1-20 [87, 119
10-40 [100]
20-120 [120]
30 [84]
<1 [34] 0.4-20.4 [121] <1 [34]
0.01-0.3 [37] 10-40 [100] 0.5-8 [122]
0.3-4 [123] 18-65 [124] 50 [107]
0.4-18 [125) 25 [84]
0.8-6 [126]
w 2-20 [127]
10-40 [100]
20-900 [99]
30 [84]
30-140 [124]
0.1-15 [128] 0.1-13 [128, 122]
1-30 [77] 5-30 [118)
Au 52-200 [99] 10-130 [95]
20-60 [129]
50 [107]
80 [130]
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Figure 2.5: lon-induced electron emission from various conducting materials due to incident
xenon ions. Data is taken from references found in Table 2.2.



to noble gas ions utilized in these applications; note that the table is not fully comprehensive.

Figure 2.5 shows the IIEE from these materials for Xe™ impacting at a range of energies.

As can be seen in Figure 2.5, the IIEE yields are large at high incident energies (i.e., above
approximately 1 keV) where kinetic emission dominates. However, yields are small and nearly
constant at low energies where potential emission dominates. Yet, few measurements have
been made at these low energies, particularly for stainless steel. Therefore, IIEE yields were
measured by the author for Xe™ incident on stainless steel; measurements of Xe™ incident on
tungsten were made for validation of the experimental setup and approach. Measurements
of IIEE yields were made using approaches similar to SEE yields; monoenergetic ion beams
are directed to the material under consideration and the incident ion and emitted electron
currents are measured to calculate IIEE yield v = I./Ii. Results of yields measured by the

author are presented in Appendix G.

Additionally, materials from Figure 2.5 that are known to have low IIEE (i.e., gold and

graphite) were utilized in all other ion experiments to minimize error.

2.2.2 Secondary Electron Emission

Secondary electrons are classified into three different groups based on their energy Esg (see
Figures 2.6-2.7) [15, 132, 133, 134, 135]. Elastically reflected electrons are primary electrons
that are reflected by atoms at the surface of the material and leave the material with their
initial incident energy Epp. Inelastically reflected electrons with energies between 50 eV
and Fpg are primary electrons that have undergone inelastic collisions and have lost energy
due to collisions with core and continuous-band electrons and from phonon and plasmon
generation [15, 133, 134, 135]. Note that Auger electrons, although a product of the Auger
process, are often grouped with inelastically reflected electrons since they are in the 50 eV
to Epp energy range [135]. True secondary electrons are electrons originally from within the
material that are ejected after ionization or excitation of atoms due to impact by primary or

reflected electrons and after overcoming the material work function. Since there is no clear
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Figure 2.6: Types of secondary electrons emitted from materials (a) elastically reflected, (b)
inelastically reflected, and (c) true secondary electrons [11].
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separation of inelastically reflected and true secondary electrons in the energy distribution,
by convention all secondary electrons with energies below 50 eV that are not part of the

discernible elastic peak are considered true secondaries [135].

2.2.2.1 SEE from Plasma Facing Materials

Previous investigations into SEE has led to many empirical equations for the dependence of
the total SEE yield o (i.e., ratio of the number of electrons emitted from the material to the
number of incident electrons) with incident energy [12, 13, 17, 57, 135, 136, 137, 138, 139]
and angle [136, 137] with respect to the surface, as well as semi-empirical equations for the
energy, angular, and spatial distribution [136] of the emitted electrons. Particular attention
was made to investigate materials that were clean, smooth, conducting, and polycrystalline.
Measurements were made by exposing a sample of the material to a monoenergetic electron
beam of known current /pr and measuring (i) the sample current I [140, 141] or (ii) the
current on a collecting electrode surrounding the sample I.,; [16, 139]. The total yield o is

then

_ Iskr _ Ipp — (Ipg — Iser) _ Ipp — (1) 1 I,

2.11a
Ipg Ipg Ipg Ipg ( )

Isgr e
= = 2.11b
Ipr  Ipp ( )

In addition, the contributions from the elastically reflected, inelastically reflected, and true
secondary electrons were measured by inserting a hemispherical electrode in front of a hemi-
spherical collector and applying a retarding potential to the electrode to separate out the
true secondary electrons [12, 13, 142, 143]. Note that plasmas and magnetic fields complicate

SEE measurements and are avoided whenever possible.

In particular, there have been many previous measurements of the SEE yield from
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graphite for electrons incident at 2-20,000 eV and 0° [12, 13, 14, 15, 16, 21, 26, 140, 141, 142,
143, 144, 145, 146, 147, 148, 149, 150]. In contrast, few measurements exist of the energy
distribution of emitted secondary electrons; measurements have only been made for primary
electrons at 262 eV [19] and 100 eV [18]. This work extends the measurements of the energy

distribution for graphite to a larger range of incident energies from 50 to 500 eV.

SEE yields of Li were previously measured by Bruining and de Boer [22, 151] for pure and
impure Li surfaces at electron energies ranging from 20 to 900 eV and inferred by Oyarzabal
et al [152, 153] from I-V curves of a Li target immersed in He and Ar plasmas for energies up
to 120 eV. The surface composition was not measured in either study, and no data exist on
the impurity level of these surfaces. However,the yield results varied considerably between
the “pure” and “impure” surfaces. For example, the maximum yields were measured as
0.56 and 4.2 for pure and impure Li, respectively [22]. These represent the lower and upper
bounds of SEE coefficients for Li. However, no results of Li surfaces containing a mixture of
Li metal and oxide, which may be more realistic of the surfaces in tokamaks, are available.
In the work presented herein, first-ever measurements of the SEE yield of mixed Li surfaces
are presented for primary electron energies of 25-600 eV. In order to measure the yield as a
function of chemical composition, we perform in-situ measurements of surfaces exposed to

controlled amounts of Oy and H5O.

Previous studies of SEE from smooth tungsten have determined SEE yields for electrons
incident at 0° [21, 23, 24, 25, 26, 27, 153, 154, 155, 156, 157, 158] and 45° [27]. Takamura
et al measured the floating potential of a W surface exposed to helium plasma [159]. They
found a deepening of the floating potential as nanostructures formed on the W surface, and
deduced that the reduction in floating potential was due to a reduction in SEE from a W
surface with nanostructures. However, no prior attempts to directly measure SEE for W
fuzz have been made to confirm this hypothesis. This work provides the first-ever direct
measurements of the SEE yield from nanostructured tungsten fuzz at 5 to 1000 eV and 0 to

60°, important for fusion devices.
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Additionally, SEE yields have been measured for nm to mm-sized soot particles [132]; sil-
ver with pm-sized pores [160, 161]; structured carbon and copper with pm-sized fibers/dendrites
[44, 162, 163, 164]; copper, aluminum, and stainless steel triangular and rectangular grooves
[165, 166]; and carbon and silver with pm-sized roughness [167]. Reductions in SEE yields
were measured from these textured surfaces over their smooth counterparts. In contrast to
these other textured surfaces which may be eroded away by ion sputtering when exposed
to plasmas, tungsten fuzz is naturally generated when heated tungsten is exposed to helium

plasma.

Many previous authors have also investigated SEE from clean polycrystalline Ni at room
temperature [21, 22, 26, 154, 168]. These authors compared their results to as-received Ni,
likely covered with C and O impurities. Additionally, Rao [169] investigated SEE from hy-
drogen exposed polycrystalline Ni, and found that the total SEE yield increased by more
than 50%. In contrast, little previous work has investigated SEE from nickel single crystals;
SEE yields from Ni(110) have only been measured by Ref. [28] for a clean surface at room
temperature and primary electrons at 50° and 78°. This work provides unique measurements
of the SEE yield from clean Ni(110) for up to 1.5 keV, 0 to 78°, and 300 to 600 K. Further-
more, SEE yields of Ni(110) exposed to deuterium ions and to carbon monoxide residual gas

are presented and compared to clean Ni(110).

Previously measured SEE yields and energy distributions are plotted in Chapter 4 when

comparing to this work.

2.3 Summary

Momentum-exchange (MEX) and charge-exchange (CEX) collisions which are the dominant
type of ion-neutral collisions in electric propulsion devices were discussed. Particular atten-
tion was made for xenon ion-neutral collisions and its characterization with the differential

cross-section. Additionally, ion-induced electron emission (IIEE) due to ions impacting ma-
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terials was reviewed. For low energy incident ions, the process occurs via potential emission
(PE), while kinetic emission (KE) is dominant for high energy ions. Particle-induced electron
emission (PIEE) includes both ion-induced electron emission and electron emission due to
energetic neutral atoms impacting materials. Finally, the three types of secondary electron

emission (SEE) were discussed.
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CHAPTER 3

Ion-Neutral Collisions

This chapter outlines the research performed to examine ion-neutral collisions, particular
momentum-exchange and charge-exchange collisions between xenon ions and neutrals at
1500 eV, important for ion thrusters but for which there exists little data. Section 3.1
introduces the experimental facility, with full disclosure of all experimental details (e.g., fa-
cility dimensions and materials). Results from the collision experiment are presented in
Section 3.2. Semi-analytical and fully computational models developed to couple with the
experiment are described in Section 3.3, and results from these models are compared to
experimental data to provide information on the collision dynamics. Main conclusions are

summarized in Section 3.4.

3.1 Experimental Setup: Ion Beam Facility

Ion-neutral MEX and CEX collisions are investigated in a simple, well-characterized experi-
ment in which a mono-energetic ion beam is attenuated through a collision cell (i.e., test cell)
filled with a neutral target gas. The ion beam current entering the test cell is approximately
7 nA, such that 2x10° ions are in the experiment at a given time. Ionization from ion-neutral
collisions is less than 107°% such that Coulomb collisions may be ignored (especially in the
single collision regime) [8, 170]. Additionally, the electric potential due to beam ions is less
than 0.01 eV such that space-charge effects are negligible [32, 171]. Important plasma pa-
rameters are calculated for conditions in the test cell in Table 3.1. Note from the ion Debye

length that there is no collective plasma in the test cell.
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Table 3.1: Plasma Parameters Inside the Test Cell

Min Neutral Density 3x10'" m~3
Max Neutral Density 9x10* m=*

Ion Density 7x101% m—3
Space Charge Potential 0.01 eV
Ion Debye Length 1.1m

The facility used to produce, condition, and characterize the ion beam is described in
Section 3.1.1. The test cell which makes up the experimental domain is described in Sec-

tion 3.1.2.

3.1.1 TIon Beam Operation

The ion beam facility is located at the Jet Propulsion Laboratory (JPL). It is designed
to examine a mono-energetic xenon ion beam accelerated into a xenon target gas [172,
173]. The facility is divided into three chambers - the source, filter, and test chambers
(see Figure 3.1(a)). The ion beam is created in the source chamber, filtered in the filter
chamber, and directed into the pressurized test cell in the test chamber. The three stainless
steel chambers are separated by plates with 3.2 mm diameter apertures and are at 5° with
respect to each other (see Figure 3.1(b)), which reduce the amount of neutrals from the
source chamber that reach the test chamber. The filter and source chambers utilize CTI-8
cryogenic pumps to reach base pressures of 1x10~8 Torr and 2x10~8 Torr, respectively, while
the source chamber utilizes a NRC diffusion pump to reach a base pressure of 5x10~® Torr
and working pressure of 5x107% Torr. The coordinate system of each chamber is taken to
be such that the z-direction is along the chamber longitudinal axis (i.e., in the ion beam
direction), the x-direction is in the horizontal direction, and the y-axis is in the vertical

direction.
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Figure 3.1: (a) Side view of the JPL ion beam facility with source, filter, and test chambers
(from left to right). (b) The top view and (c) schematic showing beam conditioning
devices (in green) and diagnostics (in blue). The blue line in (b) shows an optimal

beam trajectory.
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3.1.1.1 Plasma Source and Ion Optics

The ion beam is created in the source chamber by thermionic emission of a thoriated iridium
filament to produce electrons (Iy; = 6A, Vy; = 3 V). The electrons are then accelerated
to the positively biased anode held at 60 V with respect to the cathode. The high energy
electrons ionize the neutral background gas via electron impact ionization to produce positive
ions. Twelve stacks of samarium cobalt magnets are placed azimuthally around the plasma
source to create a uniform magnetic field in the plasma source, which keeps electrons and

ions confined in the axial direction.

A pair of differentially biased grids is used to extract and accelerate ions; note that the
grids in this setup have a single hole through which ions are extracted. The source grid is
set to the energy of the ions required, which is 1500 V for this work (a voltage typically used
in ion thrusters). The extractor grid is set such that a beam of large current with small
divergence is produced at the exit of the ion source. CEX2D, a computational model of ion
optics developed by JPL, was used to determine initial settings for the extractor, but final

settings were determined experimentally.

Lambda LK 350-FM and Hewlett-Packard 6205-C power supplies were used for the fila-
ment and anode, respectively, in conjunction with a in-house feedback control system. Fluke
412B high voltage power supplies were used for the source and extractor grids. An Apex 0.1
scem range flow controller was used to leak in 0.020-0.035 scem of 99.999% pure Xe into the

plasma source.

3.1.1.2 Beam Conditioning Devices

Devices located throughout the three chambers are used to condition the ion beam prior to
entrance into the test cell (see Figure 3.1(c) and Figure B.1). Values for electrostatic settings

are found in Table C.1.

Two Einzel electrostatic lenses (i.e., lens 1 and lens 2) are located upstream of each
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chamber aperture and are used to focus the ion beam. Each Einzel lens consists of three
biasable cylindrical electrodes. Ions are focused by the electric field structure generated
by the potential difference on the closely-spaced cylinders. During operation, the two outer
cylinders are kept grounded and only the center cylinder is biased such that the energy of the
beam ions at the exit of the lens is the same as at the entrance of the lens. Computational
models of the electrostatic fields and charged particle tracking developed using COMSOL
Multiphysics and Field Precision software were used to determine initial settings for the
lenses. However, lenses were ultimately set such that a large fraction of the beam passed
through each aperture, while avoiding beam cross-over. Fluke 415B and Bertan 205A-205R

power supplies were used for the lenses.

Four sets of biased vertical and horizontal plates (i.e. deflection plates 1-4) powered by a
Lambda LQD-425 are found on each side of each chamber aperture to steer the beam through
the apertures and into the test cell. The plates are differentially biased to £V)4e such that
an electric field is generated transverse to the ion beam (to deflect the beam left/right and
up/down), but no electric field component exists in the longitudinal direction at the center of
the deflection plates (to add/remove energy to the beam ions). Estimates of £V,,4 required
can be determined analytically. For ions of mass m;, charge Ze, and produced at Vi, ce
initially traveling in the axial direction,

Lo

—m;v

2 3| = Ze‘/source (31)

Hence the time it takes for ions to traverse the length of the deflection plates Iy is

lplate m;

t pu— pu— _—m
plate
Vil 2Z€‘/source

(3.2)

The acceleration in the transverse direction due to the electric field established by the de-
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Figure 3.2: lon deflection in the (a) deflection plates and (b) ExB filter.

flection plates separated by xq is given by

= ﬂ — ZeEJ— — Zevplate/xplate (3 3)

m; m; m;

a|

Therefore the angle at which the beam ions are deflected is

v; at lpiateV,
6 =tan" ( Z’L) = tan < S > = tan "’ (M) (3.4)
Vi || Vi || prlate‘/source

From Equation 3.4, the turning angle is independent of charge Z, and other means are

required to separate singly-charged and doubly-charged ions within the beam and created

at the source.

A Colutron 600B ExB filter is used to select particles of the desired velocity and charge-
to-mass ratio. Electromagnets powered by a Lambda LK 351-FM power supply are used to

generate a magnetic field in the y-direction B, and deflect ions in the x-direction.

Fp = Ze(0; x B) = Fy, = Zev; . B, (3.5)

Vertical differentially-biased plates powered by a Lambda LLS-4300 power supply is used to
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establish an electric field in the x-direction F,, and deflect ions back.

Vilates,Ex B
FE,x =ZeE, = Z e Bares, Xz

Lplates,Ex B

(3.6)

where Vijates. mxp and Tpiaes exp are the potential difference and separation between the
plates in the ExB filter. Only ions with a particular velocity (or charge-to-mass ratio) are
deflected completely back along the original beam path such that they pass through the

deflection plates and ultimately the chamber aperture into the test chamber:

E Vi
Fpo = Fpy — Zevi.B, = ZeE, — v;, = —- = —HesxB (3.7)
T xplates,EXBBy
From Equation 3.1, this condition is given by
2
i _ Uiz,z _ 1 ( ‘/plates,EXB ) (3 8)
m; 26Vsource 26‘/501”‘06 xplates,EXBBy

3.1.1.3 Beam Diagnostics

Various current diagnostics are located upstream of the test cell. These include a current
collecting flag electrode, scanning wire electrodes, and a set of quadrature electrodes (see
Figure 3.1(c)). The quadratures electrodes are located at the first aperture and measure
how the beam current is split between four adjacent electrodes (i.e., top, bottom, left, and
right) that surround the aperture. The flag (i.e., flag 1) is located in the filter chamber and
measures total beam current. The scanning wires measure the current density across the
beam to produce a beam profile. They are located in the source chamber downstream of
lens 1 (i.e., wires OA and 0B), in the filter chamber downstream of the ExB filter (i.e, wires
1A and 1B), and in the test chamber approximately 40 and 50 mm upstream of the test
cell (i.e., wires 2A, 2B, and 3). Wires 0A, 0B, 1B, and 3 scan the beam vertically, whiles

wires 1A, 2A, and 2B scan the beam horizontally; all use Rapidsyn DMA-64 stepper motors.
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Wire 0A is 0.635 mm in diameter, while the remaining wires are 0.5 mm in diameter; all are
made of tungsten. Keithley 485 picoammeters are used to measure the current on the flag
and scanning wires, while a Keithley 2400 source meter and Keithley 7001 switch system are
used to measure the current on the quadrature electrodes. Labview programs are written to

control all stages and record all currents.

The beam profiles are used to ensure a centered, narrow beam with maximum current
throughout the facility. Of particular importance is the beam profile and position at the
entrance to the ExB filter since Equation 3.8 is only valid for a particular v; ., which must
be kept constant for constant By, Vpiates, Ex B, and Zpiates, Ex 3. Hence no acceleration or de-
celeration of the ions should occur within the ExB filter, a condition which is only met at
the center of the filter. Additionally important is the beam profile at the entrance to the
test cell, which is used as an input for model validation efforts. Example current profiles

characterizing the ion beam throughout the facility are provided in Appendix C.

3.1.2 Collision Test Cell

The test cell was designed to provide a simple computational domain consisting of cylindrical
electrodes (i.e, the inner cylinders) and end plate electrodes (i.e., the exit plate and front
plate; see Figure 3.3). The ion beam is collimated and beam ions enter the test cell through
the front aperture, collimator plate, and front plate. When the test cell is not pressurized,
the beam ions traverse the length of the test cell, exit the test cell through a hole in the
exit plate (i.e., the exit orifice), and are collected on the back aperture or collector plate
electrodes placed approximately 20 cm downstream. When the test cell is pressurized with
neutral gas, the beam ions may experience MEX and CEX collisions with slow neutral atoms
and scatter to the walls of the test cell (i.e., the exit plate, inner cylinders, and front plate).
Beam ions that do not experience a collision or are scattered at very small angles still reach
the back aperture and collector plate. To examine heavy species interactions, the ion beam

is held at constant conditions while the neutral pressure inside the test cell is incrementally
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Figure 3.3: Test cell geometry with important electrodes highlighted. Further details can be
found in Table 3.2 and Figure D.1.

increased from a base pressure of about 7x10~% mTorr to several mTorr. A variable leak
valve was used to leak in 99.999% pure Xe into the test cell, while a 1-Torr head baratron

was used to measure test cell pressure.

As shown in Figure 3.3 and Table 3.2, test cell dimensions and materials are well-defined,
a requirement for model validation [173]. All electrodes are insulated from each other and
from the test cell housing (which is electrically grounded) with Ultem or Nylon spacers.
Materials with low ion-induced electron emission (IIEE) were used for surfaces that collect
energetic ions and neutrals. Pocographite and graphite were used for the front aperture,
back aperture, and collector plate since the IIEE yield for 1.5 keV Xe™ impacting graphite
is 0.1 [83]. Similarly, gold was used for the exit plate and collimator plate since the IIEE
yield for 1.5 keV Xe™ on gold is 0.004 [122, 128]. Nickel and nickel-coated stainless steel
were used for the front plate and inner cylinders, respectively, since both the ion-induced
and electron-induced yields are low (i.e., the ion-induced yield for 1.5 keV Xe™ on nickel is
0.05 [91] and the electron-induced yield for 50 eV electrons on nickel is 0.23-0.47 [29]). As
will be discussed in the following sections, experimental data shows that electron emission

from the test cell electrodes may still be non-negligible.
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Table 3.2: Dimensions and Materials of Test Cell Components (from upstream to downstream).

Detail Name Dimensions, mm Material Comment
ID OD t L
a Front Aperture 2.6 - 2.5 - Poco carbon  45° chamber
b spacer 15.2 - 3.8 - Ultem resin
¢ flange pass thru 9.1 - - 11.9 -
d spacer 33.0 - 3.8 - Ultem resin
e Collimator Plate 3.0 - 0.4 - Gold
f spacer 33.0 - 3.8 - Ultem resin
g Front Plate (FP) 3.2 - 0.4 - Nickel
h gap - - - 1.0 -
Inner Cylinder 1 (IC1) 41.2 445 -  50.0 Nickel
i Inner Cylinder 2 (IC2) 41.2 445 - 50.0 Nickel
Inner Cylinder 3 (IC3) 41.2 445 -  60.0 Nickel
j gap - - - 1.5 -
k Outer Cylinders 47.5 50.8 - 14.5 Stainless Steel
1 spacer 44.5 60.0 - - Teflon
m Exit Plate (EP) 50 36.0 0.25 - Gold
n spacer 20.0 - 3.8 - Ultem resin
o flange pass thru 6.4 - - 11.9 -
P spacer 15.2 - 3.8 - Ultem resin
q Front Aperture 2.6 - 2.5 - Poco carbon  45° chamber
r Collector Plate (CP) - - - ~90 Graphite
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Significant electron current was measured on the test cell walls at high test cell pressures,
as will be shown below. The electrons are likely created in ionization collisions between ions
and neutrals, and by electron emission from the wall materials. A set of Helmholtz coils
were installed around the test cell to generate an axial magnetic field and prevent electrons
generated near the centerline from reaching the inner cylinders and vice versa. The coils
were operated at 26 G (calculated and measured with a magnetic field probe) to confine 2 eV
electrons to a 2 mm gyroradius (or approximately 1/10" of the test cell radius), without
confining the fast 1500 eV beam or MEX ions or slow ~0.04 eV CEX ions. Additionally,
an electric field was applied to change the transport of low energy species, and hence to
distinguish MEX and CEX ions collected on the test cell electrodes (results of which are
presented in the appendix). Voltages of 0 to £100 V were individually applied to the inner
cylinders, exit plate, and front plate while all other electrodes were grounded. Keithley
236, 237, and 2400 source meters were used to apply voltage and read current from all
test cell electrodes, along with Keithley 485 picometers and a Keithley 7001 switch system.

Measurement error was less than 0.1%.

Note that while the ion beam facility was previously configured by Lee Johnson and
others, many aspects of the experiment were worked on by the author. In particular, the
test cell was designed and fabricated to provide measurements with better spatial resolution
and minimize error from particle-induced electron emission (the previous version of the test
cell is discussed in Appendix D). New ion optics and new flow systems were fabricated for a
more collimated and steady ion beam at the exit of the ion source. Many of the flag and wire
diagnostics for characterizing the ion beam were also fabricated. All labview programs for
recording test cell currents, commanding scanning wire diagnostics, and monitoring chamber

pressures were written by the author.
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3.2 Experimental Results

Collisions between 1500 eV Xe™ and Xe are measured by directing a xenon ion beam into a
cell filled with xenon gas. Currents were measured on the test cell electrodes from scattered
and unscattered ions, as the neutral gas pressure is increased [173]. The varied parameters
are therefore (i) test cell pressure, (ii) electrode voltage (for affecting the transport of slow
charged particles), and (iii) magnetic field strength (to affect electron transport). Experi-
mental results are presented in Section 3.2.1 for the case in which no electric field is applied
and in Section 3.2.2 when an electric field is established by applied voltages on the test cell

electrodes.

3.2.1 Without Applied Electric Field

Currents measured on the front plate, inner cylinders, and exit plate are plotted in Figure 3.4
at a range of test cell pressures that includes the single collision regime (i.e., below 0.4
mTorr where Kn >1) and the multi-collision regime where other more complex collisions
are significant. Also plotted is the current through the exit orifice, which is the sum of the
currents measured on the back aperture and collector plate. All currents are normalized by
the sum entering the test cell (i.e., for given electrode j,I; = I;/(Irp + Irc + Ipp + Iro)) to
account for any drifts in ion beam input conditions (e.g., changes in the filament cathode or
in the xenon feed rate into the ion source). Measurements without magnetic field and with

an axial magnetic field of 26 G are presented.

Figure 3.4 shows an increase in current scattered to the test cell walls and a decrease in
current passing through the exit orifice as the test cell pressure and neutral density increases,
and thus as more ions undergo collisions with background neutrals. From Figure 3.4, the
current through the exit orifice decreases exponentially with pressure. Assuming ion beam

attenuation along the length L of the test cell, the cross-section oy, for collisions that scatter
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Figure 3.4: Current measured on the exit orifice (EO), exit plate (EP), inner cylinders (IC), and
front plate (FP) as a function of test cell pressure without and with an axial magnetic
field of 26 G; no electric fields are applied. Current calculated from Equation 3.9
with o, = ocrx is compared to exit orifice current and labeled as “Theor”.
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ions at large angles can be determined from the exit orifice current Igo:

]EO = Ibeam,Oe_nnthL (39)

where lpeqm,o is the ion beam current at the entrance of the test cell, n, is the neutral gas
density, and oy, is the integral cross-section for Xet-Xe collisions. For 1500 eV Xet-Xe,
MEX and CEX collisions are dominant. However, as was discussed in Section 2.1.3.1, the
majority of ions experiencing MEX collisions are scattered at very small angle to the exit
orifice. Hence, o;,; can be assumed to be equal to ocgyx. From Figure 3.4, there is excellent
agreement between Equation Equation 3.9 with o, = ocpx = 44.1 A2 (labeled as “Theor.”)
and current measured through the exit orifice. Results are independent of magnetic field since

fast beam and MEX ions are already confined to the centerline.

Figure 3.4 shows corresponding increases in current to the exit plate, inner cylinders, and
front plate from the increasing number of ions that are scattered from the beam centerline in
the single collision regime and when no magnetic field is applied. At the very high pressures
where multiple collisions are occurring, it is expected that few ions will reach the exit plate
since nearly all beam ions undergo collisions (i.e., Igo <3% at 2.4 mTorr), and since MEX
and CEX collisions occur near the upstream end of the test cell away from the exit plate.
Ions are instead expected to collect on the inner cylinders. However, from Figure 3.4, the
current to the exit plate continuously increases and is significant at a pressure corresponding
to six times the ion mean free path when no magnetic field is applied. That is, 20% of the
current entering the test cell is collected on the exit plate at 2.4 mTorr where an ion will

experience on average six collisions.

The continual increase in current measured on the exit plate is almost certainly not from
beam ions, MEX ions, or CEX ions, but instead is likely due to ionization collisions in the
bulk and particle-induced electron emission from the walls. Fast 1500 eV neutrals created in

CEX collisions may experience ionization collisions with slow background neutrals to produce
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forward scattered ions and isotropically scattered electrons (i.e., Xe+Xe — X e +X e+e)
(64, 174]. Additionally, while PIEE from the gold exit plate was expected to be negligible,
the exit plate may emit electrons when bombarded with fast heavy particles (i.e., beam ions,
MEX ions, or CEX neutrals); these emitted electrons are expected to collect on the inner
cylinders. Both events lead to positive current on the exit plate and negative current to
the inner cylinders without applied magnetic field. Neutral-neutral ionization and electron

emission were explored in the analytical and computational models described below.

When a magnetic field is applied, ions may still be scattered towards the exit plate in
MEX, CEX, or ionization collisions since ions are unmagnetized at 26 G. Similarly, electrons
emitted from the exit plate are independent of axial magnetic field since electrons may stream
along magnetic field lines. In contrast, ionization electrons scattered isotropically (mostly to
the inner cylinders) without magnetic field, will be funneled to the exit plate and front plate
in an axial magnetic field. This will lead to a decrease in exit plate and front plate current

when a magnetic field is applied, as is observed in Figure 3.4.

As discussed above, the inner cylinders are expected to collect ions scattered from the
centerline at large angle (particularly CEX ions), ionization electrons generated along the
beam axis and scattered isotropically, and electrons emitted from the exit plate when no
magnetic field is applied. From Figure 3.5, the current on the inner cylinder segments are
approximately equal at test cell pressures below 0.4 mTorr, where beam ions experience on
average less than one collision within the test cell and where ionization collisions and electron
emission are negligible. At high pressures, a large percentage of the ion current was found to
be collected on inner cylinder 1 since multiple collisions are likely to occur at the upstream
end of the test cell. Inner cylinder 3 was measured to have the smallest current, and to collect
significant electron current at high test cell pressures when no magnetic field is applied. Since
neutral-neutral ionization is predominantly a two-step process and since fast neutrals must
first be created in a CEX collision, a particle must undergo at least three collisions before

an ionization collision event occurs. Therefore, ionization collisions are expected to occur
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at high test cell pressures and at the downstream end of the test cell near inner cylinder 3.
Additionally, at high pressures, a significant fraction of the beam ions experience collisions,
which produce fast MEX ions and neutrals that are scattered at small angles towards the
exit plate. From view factor relations, 88% of electrons emitted from the exit plate with a

cosine angular distribution are expected to collect on inner cylinder 3.

Figure 3.5 shows a large increase (to positive values) in current on inner cylinder 3 when
an axial magnetic field is applied since the magnetic field prevents electrons generated near
the centerline (from ionization in the bulk or electron emission from the exit plate) to be
collected on the inner cylinders. A small increase was observed on inner cylinder 2, which
was estimated from view factor relations to collect 8% of the electrons emitted from the exit
plate. The current on inner cylinder 1 is independent of magnetic field since slow CEX ions
are unmagnetized and since ionization electrons or emitted electrons are unlikely to collect

on inner cylinder 1.

From Figure 3.4, there is a small decrease in current on the front plate with magnetic
field. The decrease is likely due to ionization electrons generated at the centerline, some
of which are funneled to the front plate with magnetic field (instead of being isotropically
scattered to the inner cylinders without magnetic field). The decrease may also be due to
electrons emitted from the exit plate that are funneled to the front plate with axial magnetic

field, but which are negligible from view factor relations without magnetic field.

To summarize, ions are scattered from the centerline to the test cell walls after experienc-
ing MEX and CEX collisions, ions and electrons are generated via neutral-neutral ionization
collisions, and electrons are emitted from the walls due to incident ions and neutrals (i.e.,
PIEE). These processes are depicted in Figure 3.6. From semi-analytical and computational
models discussed in Sections 3.3.1-3.3.3, CEX ions are scattered at large angle and may be
collected at any of the test cell electrodes, although predominantly on the inner cylinders.
MEX ions and fast neutrals are scattered at small angle and are predominantly collected on

the exit plate in the single collision regime, but may experience further CEX and ionization
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Figure 3.5: Current measured on inner cylinder 1 (IC1), inner cylinder 2 (1C2), and inner cylinder
3 (IC3) as a function of test cell pressure without and with an axial magnetic field
of 26 G; no electric fields are applied.
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(b)

Figure 3.6: Scattering of MEX and CEX ions and fast neutrals to the test cell walls, generation
of ionization ions and electrons, and electron emission from the walls due to incident
fast ions and neutrals. lons are depicted in pink, while neutral atoms are depicted in
yellow; fast particles are shown with “comet tails”. lonization events are depicted
as starbursts. Gray arrows depict electrons generated in ionization and electron
emission events. Trajectories are shown for cases in which (a) no magnetic field is
applied and (b) when an axial magnetic field of 26 G is applied.
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collisions, respectively, that affect trajectories. Ionization ions are generated in the forward
direction to the exit plate, while ionization electrons are generated isotropically near inner
cylinder 3 and the exit plate. The fast MEX ions and fast neutrals on the exit plate lead
to electron emission from the exit plate. Only electron trajectories are affected by an axial
magnetic field, with ionization electrons reaching the exit plate and PIEE emission reaching

the front plate.

3.2.2 With Applied Electric Field

Currents collected on the test cell electrodes are plotted in Figures 3.7-3.9 as a function
of test cell pressure for the case in which the exit plate, inner cylinder, and front plate,
respectively, are biased individually. Results without magnetic field are shown as symbols
and with magnetic field are shown as lines. Current through the exit orifice is not shown since
it is independent of electric potential (i.e., current is the same as in Figure 3.4). All currents

are normalized by the total current entering the test cell when all electrodes are grounded

(i.e., for given electrode j, I;(V) = I;(V)/[Ipp(0V) + I;c(0V) + Igp(0V) + I5o(0V))]).

Exit plate current decreases with positive exit plate voltage in Figure 3.7 as the exit
plate collects more ionization and/or emitted electrons that would otherwise go to the inner
cylinders, and repels any slow CEX and ionization ions. The opposite is true for negative
exit plate voltage, and for current on the inner cylinders. Current on the front plate is
independent of exit plate voltage when no magnetic field is applied since there is a small
view factor between the exit plate and front plate. However, the dependence on front plate
voltage is larger than on exit plate voltage at high test cell pressures, since more collisions

(e.g., CEX) are occurring at the upstream end of the test cell near the front plate.

The above discussion also applies to the front plate when it is biased, as is shown in
Figure 3.9. However, the effect of front plate voltage is larger than on exit plate voltage at
high test cell pressures, since more collisions (e.g., CEX and ionization) are occurring at the

upstream end of the test cell near the front plate.
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Figure 3.7: Current measured on the exit plate (EP), inner cylinders (IC), and front plate (FP) as
a function of test cell pressure without (symbols) and with (lines) applied magnetic
field for varied electric potential on the exit plate.
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a function of test cell pressure without (symbols) and with (lines) applied magnetic
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Current on the inner cylinders decreases with positive inner cylinder voltage in Figure 3.8
as the inner cylinders collect more ionization and/or emitted electrons, and repel all slow
CEX and ionization ions. The opposite is true for negative inner cylinder voltage, and for
currents on the exit plate and front plate. The dependence on inner cylinder voltage is
larger than the dependence on the exit plate seen in Figure 3.7 or the front plate voltage
seen in Figure 3.9, since biasing of the inner cylinders creates electric fields at both ends of
the test cell and affects the transport of low energy particles at both ends. All currents are
independent of magnetic field at negative inner cylinder voltage since electrons are repelled

from the inner cylinders in either cases.

Further discussion of electrode currents measured in the test cell with an electric field are
found in Section F.1. Note that a system of equations may not be developed to determine the
contributions from MEX ions, CEX ions, electrons from ionization, and emitted electrons to
each electrode using the biased electrode data, since electrons are accelerated above the xenon
ionization potential when electric fields are applied such that electron-impact ionization of

neutral gas must also be considered.

3.3 Comparison with Ion-Neutral Collision Theory and Models

Treatments of the differential cross-sections previously discussed in Section 2.1.3.1 were uti-
lized in semi-analytical and computational models that were developed complementary to
the experimental effort presented herein. To quickly analyze the data collected and provide
insight into the dominant mechanisms in the experiment, a semi-analytical collisionality
model was developed. The semi-analytical model is sufficiently fast with runtimes that are
a fraction of a second for a single pressure condition. Fully computational models of ion-
neutral collisions in the test cell were developed by Araki and Wirz [173, 170, 8, 171, 175]
at UCLA, and Giuliano and Boyd [10, 32, 62, 176, 63] at the University of Michigan, to ex-

plore more complex conditions not readily attainable with the semi-analytical model. These
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require runtimes of approximately 6-10 hours for Giuliano and Boyds model and 0.5-4 hours
for Araki and Wirzs model for a single experimental condition (i.e., test cell pressure). All

models are discussed below.

3.3.1 Semi-Analytical Model

For the case of no applied electric field, a model may be employed that uses empirical values
for the collision cross-sections to rapidly determine current from ions that experience MEX
and CEX collisions and are scattered to the front plate, inner cylinder, exit plate, and exit
orifice (per the deflection angles defined in Figure 3.10). Assuming a one-dimensional beam
centered along the test cell axis, the model treats the scattered MEX and CEX ions as
discrete point sources located on the axis, where the magnitude of the source is attenuated
due to scattering collisions. An angular distribution for the sources is calculated from the
differential cross-sections given by Equations 2.9a and 2.9b and shown in Figure 2.4, to
determine the MEX and CEX ion currents to each test cell electrode. Ions are assumed to
follow a straight-line trajectory from the point of collision on the centerline to the test cell
walls. The assumption is valid for Kn >1, where the Knudsen number Kn is defined as
Kn = \/L,\ is the mean free path of the ion, and L is the test cell length. For the test
cell design in Figure 3.3, Kn = 1 corresponds to a pressure of approximately 0.4 mTorr.
To extend the validity of the model to higher test cell pressures, multiple collisions were
considered for fast particles as described below. Note that the semi-analytical model is an

extension of the model discussed in Ref. [172].

For a given test cell pressure, the beam current at each discrete location along the test

cell axis is calculated using from attenuation theory,

Ibeam,k = [beam,kfleinnUtOtAxa k= 17 27 < T (31())

where ljpeqm ; is the beam current at position xj, lpegm k—1 is the beam current at position
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Figure 3.10: Test cell with attenuated MEX and CEX sources, MEX and CEX scattering angular
distributions, and electrodes with bounding angles.
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Tr_1, Ar = 2, — T1_1, N, is the neutral particle density in the test cell, ;o = oy Ex +0cEX,
and oy px and ocpy are the MEX and CEX cross-sections calculated by integrating over
the empirically-derived differential cross-sections in Equations 2.9a and 2.9b. The current

scattered between xj;, and xj,_; is then

Alpcamp = Treamp—1(1 — ™78 =12 .. m). (3.11)

Assuming oy px &~ ocgx, half of the scattered current is from MEX collisions and half
from CEX collisions. As was discussed in Section 2.1.3.1, a large portion of the MEX ions
are scattered at very small angles, with a small change in energy. MEX ions that maintain a
significant fraction of their pre-collision energy are effectively unscattered, and added back
to the beam current lyeqm, r in the model to undergo further collisions, yet their scattering
direction to the exit orifice or exit plate is retained. This allows for multiple collisions to be
considered for MEX ions, and extends the range at which the analysis is valid to higher test

cell pressures.

From conservation of energy and momentum, the post-collision MEX and CEX ion and

neutral speeds assuming stationary target neutrals are

/
on

V= Uy, COSH (3.12a)

V), = Vo Sin G (3.12b)

where v;,, is the pre-collision ion speed and 6 is the scattering angle of the MEX or CEX ion.
Post-collision ion speeds are plotted in Figure 3.12 along with the probabilities of scattering
below angle 6 (from Equation 2.10). The average post collision speeds for MEX and CEX
ions are approximately 46,500 m/s and 1,510 m/s, respectively, for collisions between 1500

eV Xe' and stationary Xe. In comparison, the mean thermal speed of the target neutrals is
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Figure 3.12: Cumulative probability of scattering below angle 6, speed of an ion scattered at
angle 6, and average values of each for (a) MEX and (b) CEX ions; Xe™-Xe at
1500 eV.

given by

8ky 1,

TMxe

(3.13)

Vtherm =

where k;, is the Boltzmann constant, 7, is the temperature of the target xenon neutrals, and
My is the mass of a xenon atom; the mean thermal speed is approximately 200 m/s at 300
K. Thus, for ions resulting from MEX collisions, the random thermal speed of the neutral
particles can be ignored and stationary target neutrals are assumed for MEX collisions. On
the other hand, the post-collision speeds for most of the ions resulting from CEX collisions
are comparable to the mean thermal speed of neutrals. Therefore, the post-collision velocity
of ions resulting from CEX collisions is determined from the vector sum of the post-collision

velocity distribution and an isotropic thermal velocity distribution such that

U/tot = Ulion + Ultherm- (314)

To calculate the MEX current to the exit plate, at each test cell location, the scattered
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MEX current is multiplied by the probability of MEX scattering between #; and 6, separating
the exit plate from the exit orifice and inner cylinders, respectively, and then summed over

all axial locations k. CEX current to the exit plate is analogous, i.e.,

m

AI eam
Ivex.EP = Z %(Peg,MEX — Py, MEX )k (3.15a)
k=1
I Albeam
Icpx.ep = Z —b2 ’k (Py,.cex — Po, cEx)k (3.15b)
=1

Here P, is given by Equation 2.10 using the empirically-derived differential cross-sections
in Equations 2.9a and 2.9b. The probability of scattering between 65 and 65 is used in the

calculation for the inner cylinders, and above 3 for the front plate.

At higher test cell pressures where Kn <1, the scattered ions and neutrals are likely
to experience multiple collisions. Since CEX ions are largely scattered isotropically, their
scattering distribution is expected to be unchanged if they experience further MEX or CEX
collisions. In contrast, MEX ions and fast neutrals may be scattered from their initial
direction by further collisions. Thus, the model considers multiple collisions for these fast
particles by adding them back into the beam if they experience MEX collisions. As mentioned
previously, incident ions retain a large fraction of their energy in a MEX collision. The
average energy for a 1500 eV ion that has experienced six consecutive MEX collisions is
1345 eV, or approximately 90% of its initial energy. Additionally, the integral collision
cross-section was measured by Miller et al [72] to have little dependence of incidence energy.
Therefore, the integral and differential cross-sections given by Equations 2.9a and 2.9b are
assumed unchanged for the entire range of pressures examined (i.e., up to 2.6 mTorr or K'n ~
1/6).

More complex collisions become non-negligible and must be considered in the multiple-
collision regime. This includes ionization collisions between fast neutrals generated in CEX

collisions and slow background neutrals (i.e., Xe+ Xe — Xet + Xe+e) [64, 174]. Since
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fast neutrals have small scattering angles from the test cell axis, the model treats the fast

neutrals as a beam similar to the ion beam, i.e.,

Jveamk = Joeamp_1€ 7oA L ATCEX =12, .. m. (3.16)

beam,k—1»

Here Jpeqm, i 1s the neutral beam current at position xy, Jyeam k-1 is the neutral beam current
at position xp_q, n, is the background neutral density, o;.,. is the integral cross-section for

neutral-neutral ionization, and AICEX

beam.k—1 accounts for fast neutrals generated at position

Zr—1 (which is equal to beam ions that have undergone CEX collisions at position zj_1).

An expression for the ionization cross-section was given by Drawin and Emard [64], and
is calculated to be 21.4 A% at 1500 eV for xenon-xenon collisions. However, a value of 5.0
A? was used instead since Ref. [177] determined that this expression can overpredict the
cross-section by up to an order of magnitude for rare gases. The fast neutrals are assumed to
be ionized in the collision and scattered at small angle in the forward direction. Generated
electrons are assumed to scatter isotropically. Note that since the energy of MEX ions
decreases slightly from 1500 eV with each collision, the energy of a fast neutral generated in
a collision between a MEX ion and background neutral may be smaller than the energy of a
fast neutral generated in a collision between a beam ion and a background neutral. However,
as discussed previously, MEX ions retain more than 90% of their initial energy, even after
experiencing six collisions. Additionally, from Drawin and Emard [64], the integral cross-
section for neutral-neutral ionization only decreases by 10% between 1500 eV and 1350 eV.

Therefore, it is valid to assume a constant collision cross-section.

3.3.2 Monte Carlo Collision Model

Araki and Wirz [4, 170, 8, 171, 175] developed a Monte Carlo collision (MCC), particle-
in-cell model for preliminary computational analysis during the development phase of the

experiment. The MCC model utilizes classical scattering with spin-orbit-free potential [9]
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for collisions between high energy ions and neutrals, the variable hard sphere model [178] for
collisions between low energy ions and neutrals, and the semi-analytical HFD-B2 potential
[179] for collisions between high and low energy neutrals. The probability for a collision and
the angular distribution of scattered beam and MEX ions are calculated from the interaction
potentials in Figure 2.3, while the variable hard sphere model assumes isotropic scattering.
Particle induced electron emission (PIEE) from the exit plate due to fast ions and neutrals is
considered and assumed to produce 4 eV electrons emitted with a cosine angular distribution.
The yield due to incident ions is varied from 0 to 0.4; the yield due to incident neutrals is
assumed to be 0.8 times the value for incident ions. Primary ions, MEX ions, CEX ions,
fast neutral atoms, and electrons are tracked individually, and the electric potential is solved

iteratively until convergence. Further details on the model are found in Refs. [171, 175].

3.3.3 Direct Simulation Monte Carlo Model

Giuliano and Boyd [10, 32, 62, 176, 63] used the results from the experiment to extend
the theory of Xe'-Xe collisions to higher incident ion energies. Their model employs direct-
simulation Monte Carlo (DSMC) and particle-in-cell techniques. Similar to the semi-analytical
model, the DSMC model utilizes the semi-empirical differential cross-section for MEX and
CEX collisions between xenon ions and neutrals at 1500 eV (i.e., Equations 2.9a and 2.9b).
The variable hard sphere model [61] and an isotropic distribution are utilized for neutral-
neutral collisions. Electron emission from the walls due to impact from fast ions and neutrals
are considered; a yield of 0.016 is used for the inner cylinder and of 3 x 1079 is used for the
exit plate. Both ions and neutrals are tracked in a non-quasineutral manner. Additionally,
the DSMC model allows for applied potentials at the test cell walls, however, the reader is

referred to Refs. [32, 62, 176, 63] for these results and results considering electron emission.
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3.3.4 Model Results and Comparison to Experimental Data

Models results of a 1-D beam of 1500 eV Xe™ beam impacting a uniformly distributed Xe
gas in the test cell domain, are compared to experimental data measured without applied
magnetic field in Figure 3.13. Simulations were run considering only MEX ions incident on
the walls (i.e., “MEX”) and considering both MEX and CEX ions on the walls (i.e., “MEX
+ CEX”); for the exit orifice, current from unscattered beam ions is also considered. Also
included are simulation results from the semi-analytical and MCC models when considering
electrons from neutral-neutral ionization (i.e., “MEX + CEX + ionz”) and particle-induced

electron emission (i.e., “MEX + CEX + PIEE”), respectively.

From Figure 3.13, the semi-analytical and computational models are able to reproduce
the exponential decrease in current measured through the exit orifice with increasing test
cell pressure. Results considering beam, MEX, and CEX ions and electrons all lie on a single
curve, thus demonstrating that all current reaching the exit orifice is due to beam ions that
have experienced no collisions and MEX ions that are deflected at very small angle. This

once again confirms the use of Equation 3.9 with o,y = ocpx.

Model results of current to the exit plate in Figure 3.13 follow the initial increase with
test cell pressure seen experimentally, the majority of which is predicted to be from MEX
ions scattered at small angle. However, all models fail to predict the continual increase
seen experimentally at high test cell pressures when considering only ions. The continual
increase is observed in the MCC model only when PIEE from the exit plate is included with
ion-induced yield = 0.4 (which is much larger than the yield reported in the literature).
Similarly, the semi-analytical model is able to reproduce the continual increase when con-
sidering neutral-neutral ionization, since this leads to forwardly scattered ions. Therefore,
both PIEE and neutral-neutral ionization collisions can separately explain the trend in exit
plate current seen in the experiment, yet each underpredicts the magnitude of the measured
current. Since the MCC model used relatively large yields to explain the behavior, there is

likely a combination of effects from both PIEE and neutral-neutral ionization.
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The semi-analytical and computational models give the same results for ion current to the
exit plate. Thus, the different implementation of ion-neutral collisions used in the models are
synonymous. The empirical differential cross-sections shown in Figure 2.4 correctly capture
the physics of the theoretically-derived interaction potentials shown in Figure 2.3, and may be
used in plasma models instead of the more computationally expensive interaction potentials.
Additionally, the fact that the ion-only results from the semi-analytical model match those
of the DSMC and MCC models, gives confidence in the validity of the semi-analytical model

for the entire pressure range, including for Kn <1.

Figure 3.13 shows that the models match the increased current observed on the inner
cylinders and front plate at low test cell pressure, and the decreased current on the inner
cylinder above 1 mTorr. The semi-analytical model predicts that the majority of the current
is from CEX ions that are scattered at large angles. At high test cell pressures, the ion-
only model results overpredict the current on the inner cylinders. The MCC and semi-
analytical models better match experimental data when PIEE (from the exit plate to the
inner cylinders) and neutral-neutral ionization collisions (leading to isotropically scattered
electrons) are included. As expected from view factor relations, the MCC model predicts
no electrons emitted from the exit plate reach the front plate. Additionally, since neutral-
neutral ionization is likely to occur at the downstream end of the test cell (since requires

multiple collisions), its effect on the front plate is negligible.

Figure 3.14 compares results from the semi-analytical model with experimental data taken
without and with applied magnetic field. For the case of applied magnetic field, the semi-
analytical model assumes that no electrons generated in neutral-neutral ionization collisions
in the near-centerline region reach the inner cylinders. Instead, electrons are assumed to be
predominately funneled to the exit plate (i.e., 90% to the exit plate and 10% to the front
plate). Therefore, current through the exit orifice is independent of magnetic field as shown
Figure 3.14. Current on the inner cylinders increases with magnetic field and agrees well

with experimental data in the entire pressure range. Current on the front plate decreases
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Figure 3.13: Results from the semi-analytical and computational models of current to the exit
orifice (EO), exit plate (EP), inner cylinders (IC), and front plate (FP) as a function
of test cell pressure. Contributions from MEX ions (dotted lines), from MEX and
CEX ions (dashed lines), and from ions and electrons (solid lines) are shown. Elec-
trons from neutral-neutral ionization collisions are considered in the semi-analytical
model, while particle-induced electron emission is considered in the MCC model.
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ionization collisions are considered in the generation of electrons.
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with magnetic field as in the experiment. Similarly, current on the exit plate decreases
with magnetic field. The model captures the trends seen experimentally (i.e., a continual
increase in exit plate current without magnetic field, and a decrease at test cell pressures
above 0.5 mTorr with magnetic field), yet underpredicts the measured current. The overall
general agreement between the model results and experimental data with applied magnetic
field further validates the physics included in the model: ion-neutral collisions are correctly
captured by Equation 3 and the contribution from neutral-neutral ionization collisions is

non-negligible.

Further supplementary results from the semi-analytical and MCC models are discussed

in Appendix F.2.

3.4 Summary

Ion-neutral collisions are important for accurate modeling of partially ionized plasmas in
electric propulsion devices, and of the interactions between these devices and other spacecraft
surfaces. For example, grid erosion due to charge-exchange ions is currently the life-limiting
factor of ion thrusters, yet there is a lack of information on ion neutral collisions ions at ion-
thruster-relevant energies. Using a precision experiment of a xenon ion beam directed to a
collision test cell pressurized with xenon neutrals up to several mTorr, momentum-exchange
and charge-exchange collisions were investigated for 1500 eV Xet-Xe. Current collected on
the walls of the test cell (i.e., front plate, inner cylinders, and exit plate) and downstream

of the test cell (i.e., exit orifice) were measured.

At low neutral pressures, where each ion experiences one or less collision, experimen-
tal data agrees well with results from a semi-analytical model and with results from more
complex Monte Carlo computational models developed by collaborators. Measurements
therefore provide information on the angular scattering distributions of charge-exchange

and momentum-exchange ions at the high energies relevant for ion thrusters, and serve as
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canonical data for basic validation of plume-spacecraft integration models. For accurate
interpretation of results at higher test cell pressures where more collisions are occurring,
neutral-neutral ionization collisions and/or particle-induced electron emission from the walls

must be considered.
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CHAPTER 4

Secondary Electron Emission

This chapter presents research to measure SEE properties from conducting materials using
existing surface analysis instruments in vacuum, including original measurements of graphite,
lithium and lithium oxide, nanostructured tungsten, and nickel single crystal. Sections 4.1
discusses the facilities and approach used herein for material preparation, characterization,
and SEE measurements. Results of SEE yield and energy distributions of emitted electrons
are provided in Section 4.2 and compared to values found in the literature, when available.
A semi-analytical emission model developed by the author and two Monte Carlo models
developed by collaborators of SEE are discussed in Section 4.3, and their results compared
with measurements. Section 4.4 provides concluding remarks and implications of the exper-
imental results for plasma and particle devices. Note that the work on lithium was a joint
effort with Dr. Angela Capece of the Princeton Plasma Physics Laboratory and published
as [180].

4.1 Experimental Setup

Three different facilities were used to measure the SEE properties of graphite, tungsten,
lithium oxide and nickel. Since graphite is such a chemically inert material, a facility with a
background pressure at 10~ Torr was sufficient to avoid formation of adsorbate layers, which
can significantly change SEE properties. On the contrary, tungsten and lithium can easily
oxidize. Thus facilities with lower base pressure (i.e., 10719 — 107?), in-situ ion cleaning,

and in-situ surface characterization was required to provide information on the state of the
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surface at the time of SEE measurement. In particular, a facility was required for depositing
lithium films. The three facilities were each was calibrated with comparison to SEE values

found in the literature, whenever possible. The facilities are discussed in detail below.

4.1.1 Facility for Measuring SEE from Graphite

A facility in the Surface Science and Technology Laboratory (SSTL) at the Princeton Plasma
Physics Laboratory was established to measure SEE from graphite. A PHI model 15-120
LEED/AES optics was used, consisting of an electron gun capable of producing a steady
monoenergetic electron beam with an energy between 3 and 1600 eV, four hemispherical
semitransparent grids (the first with 120° solid angle), and a final hemispherical solid screen.
The optics was connected to a PHI model 11-120 LEED electronics control unit, and is com-
monly used for Low Energy Electron Diffraction (LEED) and Auger Electron Spectroscopy
(AES) to study the structure and composition of material surfaces. An unconditioned sam-
ple of Highly Ordered Pyrolytic Graphite (HOPG, see Figure 4.1) was placed at a working
distance of 20 mm in front of the edge of the LEED/AES optics, as shown in Figure 4.2. The
collection angle of the LEED/AES optics could not be increased to 180° (e.g. by moving the
sample closer to the LEED/AES optics) since the sample was placed onto the sample holder
then rotated in front of the LEED/AES optics, which required ample clearance between the
sample holder and the edge of the LEED/AES optics.

The pressure in the vacuum chamber near the sample was measured by an ionization
gauge not far from the sample to be 5x10~® Torr. To determine that this background pressure
of residual gases in the chamber had no effect on the SEE measurements we considered: (i)
scattering of primary and secondary electrons by the residual gases in front of the sample,
and (ii) inelastic scattering of primary and secondary electrons within the sample material.
The mean free path for scattering of both primary and true secondary electrons (i.e., greater
than 50 eV and ~ 2 eV, respectively) by the residual gases at this pressure is calculated to be

many orders of magnitude larger than the sample-gun and sample-collector separation (A/L
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(a)

Figure 4.1: 20 mm diameter graphite sample.

~ 103, see Appendix H), thus this has no effect on our results. In addition, while the chamber
pressure is much higher than for typical surface science experiments, this also has no effect
on our SEE results on graphite since this is such a chemically inert surface and no adsorbate
layers can form at these pressures. Since no cleaning of the sample surface was done in-
situ, there may be impurities or contamination from surface reactions during exposure of
the graphite to atmospheric pressure before during mounting of the sample that can lead
to differences in SEE properties of this as-is sample compared to clean graphite (since the
inelastic mean free path is only about two monolayers at 50 eV)[181]. Spectra from Energy

Dispersive Spectroscopy performed on the graphite sample before SEE measurement, showed

that the sample is 99.4% C and 0.6% O.

The LEED/AES system was used for SEE measurements of primary electron beams
between 50 and 500 eV impacting graphite at normal incidence. As was done by Pedgley et
al [12] in conjunction with Farhang et al [13], and by Cimino and Collins [182] the total SEE
yield o was calculated using two methods for improved accuracy: (i) measuring the sample
current

” o Ispr _ Ipp — (Ipp —Ispp) _ Irp — (L) _ 1_ I

IPE IPE IPE IPE

, (4.1)
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Grid G1

(b)

Figure 4.2: Facility for measuring secondary electron emission from graphite, including (a)
chamber, (b) LEED/AES electron optics, and (c) sample mount.

and (ii) measuring the collector current

Irg  Ipp

Here Equations 4.1 and 4.2 are repeated from Equations 2.11a and 2.11b, and Ipg, Isg, and
I, are primary electron, secondary electron, and sample currents, respectively. The incident
current on the sample was measured by applying an increasingly positive voltage on the
sample to keep secondary electrons on the sample, while the grids of the LEED/AES optics
were kept at ground potential, as shown in Figure 4.3(a). Secondary electron current was
measured using the LEED/AES optics by applying a positive voltage on the first grid G1,
which has a 120° solid angle, to improve collection efficiency while grounding the other grids
(see Figure 4.3(b)). Note that measuring the current on all grids of the LEED/AES optics
and biasing the first grid G1 minimizes error in the secondary electron current due to the

emission of tertiary electrons from the grids of the LEED/AES optics. A Keithley 2410 was
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used to apply voltage and measure current on the sample for primary electron current, and

on the LEED/AES optics for secondary electron current.

The secondary electron energy distribution was measured at each primary electron energy
by applying a negative retarding potential on grids G2 and G3 of the LEED/AES optics
and measuring the current on the final hemispherical screen from secondary electrons with
sufficient energy to overcome the applied retarding electric field (see Figure 4.3(c)). The
retarding voltage was increased after the steady-state current on the hemispherical screen
was measured. The LEED/AES optics thus served as a high pass filter and the secondary
electron energy distribution (i.e., number of secondary electrons emitted at a given energy)
was calculated by taking the derivative of the measured curve. The secondary electron
energy distributions were corrected for difference in contact potential (i.e., difference in
work function between the graphite sample and stainless steel retarding grids) to obtain the
secondary electron energy with respect to the sample vacuum level (i.e., Egp = Vigo 3 — Pg—
Do 3) where @g = 4.6 eV [183] and Pgo3 = 4.4 €V, see Figure 4.4). Note that for energy
distribution measurements, the final hemispherical screen of the LEED/AES optics was
biased positive to minimize the emission of tertiary electron from this screen, and less than
6% error was calculated for any tertiary electrons emitted by grids G1-G3 (see Appendix
[.2). The retarding voltage on grids G2 and G3 was applied with a 0-10 V signal that
was multiplied by an Ortec 556 high voltage power supply, while the the current on the
final hemispherical screen was measured with a Keithley 6485 picoammeter. Further details
on the experimental facility and technique for measuring secondary electron emission are

discussed in Refs. [184, 185].

4.1.2 Facility for Measuring SEE from Nickel and Lithium

The ultra-high vacuum (<5 x 107! Torr) facility at PPPL in Figure 4.5 was used for SEE
measurements of Ni and Li. Electron guns integral to LEED/AES optics and the AES

system were used to produce primary electrons with energy up to 1500 eV and 3000 eV,
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Figure 4.3: Configuration of the 4-grid LEED/AES optics for measuring: (a) primary electron
current, (b) secondary electron current, and (c) secondary electron energy distribu-
tion function. PE = Primary Electron, SE = Secondary Electron
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Figure 4.4: Energy level diagram for LEED/AES optics, where Egp is secondary electron energy,
V is applied electrode voltage, and @ is electrode work function. S = sample, G1—4
= Grids 1 through 4, and HS = hemispherical screen.
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Figure 4.5: (a) External and (b-c) internal views of facility for measuring secondary electron
emission from Ni and Li, and for preparing and characterizing the samples in-situ.

respectively, for SEE measurements. The sample method to measure total SEE yield was
employed when using the electron gun from the LEED/AES and AES systems. The collector
method was only employed when using the electron gun from LEED/AES optics, since the
AES has a small collection solid angle. SEE yields from samples at elevated temperatures
were only measured using the collector method since the sample was heated by running
current through the sample from an external power supply. A Keithley 2410 source meter
was used to apply voltage to and measure current from the sample; up to +150 V was applied
to measure primary electron current, and -20 V to measure secondary electron current. A
Keithley 6485 picoammeter in parallel with a +36 V battery was used to measure current
on the LEED/AES optics. Measurements were performed repeatedly, and error bars due to
measurement repeatability, systematic error due to unsaturated primary/secondary currents
when suppressing/inciting SEE, and instrumentation error from the Keithley electrometers

are included in the plots below.
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Figure 4.6: (a) Ni(110) single crystal and (b) thick Li film on Ni.
4.1.2.1 Surface Preparation and Characterization of Ni(110)

A Ni(110) single crystal polished to a surface roughness of less than 0.01 pm, was mounted
between two tantalum posts by spotwelding to 0.015-in diameter tantalum wire (see Fig-
ure 4.6(a)). The sample was cleaned of sulfur impurities by sputtering with 1 keV argon ions
from a tectra Genll electron cyclotron resonance (ECR) plasma source. The sample was then
flashed to 1100 K by running current through the tantalum wires to remove any adsorbed
oxygen and carbon, and to anneal the sample. LEED was performed using the LEED/AES
optics to obtain a diffraction pattern of the sample on the final phosphor-coated hemispher-
ical screen, and thus to ensure that the sample was successfully annealed. A PHI 255G
cylindrical mirror analyzer for AES was used to monitor the surface chemical composition

before and after SEE measurements.

The SEE from Ni(110) under a number of conditions was investigated. The sample mount
was attached to a rotary stage that allowed SEE to be measured at a range of primary
electron incident angles from 0° to +78°. By continuously running current through the
tantalum wires spotwelded to the sample, the sample may be kept at elevated temperatures
during SEE measurements. The current was set with a Eurotherm 3508 PID controller,
and the temperature was monitored using a type C thermocouple spot-welded to the back

of the sample. Ni with subsurface hydrogen was prepared by exposing Ni(110) to 700 eV

73



deuterium ions from a PHI 04-303A ion gun at 2 x 10~® Torr for 150 s, while the sample was
at 250-280 K. After SEE measurements, the amount of adsorbed hydrogen was determined
by using Temperature Programmed Desorption (TPD). During TPD, the sample was heated
with a 10 K/s linear temperature ramp up to 650 K while monitoring the D (2 amu), HD (3
amu), and Do (4 amu) signals with a UTI 100C Quandrupole Mass Spectrometer (QMS); the
Eurotherm 3508 PID controller was again used for TPD measurements. By comparing the
total area under the Dy desorption curve after the D SEE measurements, to the total area
under the Hy desorption curve after Hy exposure leading to Hy saturation, it was calculated
that the sample had 55% of the hydrogen saturation, which is 1.5 monolayers (ML) for
Ni(110) [186].

The AES spectra of clean and as-received Ni(110) after SEE measurements are plotted
in Figure 4.7. The AES spectra of clean Ni has large peaks at 61, 716, 782, and 848 eV, and
smaller peaks at 102, 663, 676, and 865 eV corresponding to Ni [187]. The as-is Ni sample
has additional peaks at 273, 381, and 510 eV, corresponding to C, N, and O, respectively.
From the peak-to-peak heights of the C, N, O, and Ni peaks at 273, 381, 510, and 848 eV
[187], respectively, and the AES sensitivity factors [188], the as-is sample was determined to
be 78% Ni, 14% C, 5% N, and 3% O. No AES spectrum was recorded for the D exposed
sample since AES cannot detect hydrogen. Hy, HD, and Dy, desorbed from Ni(110) exposed

to D3 during TPD and after SEE measurements is plotted in Figure 4.8.

4.1.2.2 Surface Preparation and Characterization of Lithium Films

Lithium was deposited onto the Ni(110) substrate by thermal evaporation from a SAES
Getters alkali metal dispenser [189] while the sample was held at room temperature (see
Figure 4.6(b)). The dispensers are typically used for preparing thin Li films, but the Li films
used here were made sufficiently thick such that there were no contributions to the SEE yield

from the Ni substrate. The maximum penetration depths of 600 eV primary electrons in

Li and LiO were determined from CASINO v2.48 [190] to be 56 nm and 17 nm; for mixed
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Figure 4.7: AES spectra of clean (blue) and as-received (red) Ni(110).
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line) desorbed from the D3 exposed sample at a heating rate of 10 K/s.
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films, assuming a 5-nm film of Li;O on Li, maximum penetration depth is 40 nm. The film
thicknesses used in this work are close to these calculated penetrations depths. However, the
region of interest in this work is where the yield approaches a value of 1 and where it reaches
a maximum, which occur at lower energies (less than 200 eV and 350 eV, respectively). The
maximum penetration depth for 350 eV primary electrons in Li is only 22 nm, and therefore,
the films generated in this work are thick enough to provide reliable data at these lower

energies.

The Li film thickness was measured using TPD, which was conducted by resistively
heating the sample with a 7-10 K/s linear temperature ramp up to 1300 K and monitoring
the desorbed species with a QMS while the sample was in direct line of sight of the QMS
ionizer. Temperature control was implemented using a Eurotherm 3508 PID controller, and
the temperature was monitored using a type C thermocouple spot-welded to the back of
the Ni sample. The amount of Li deposited on the surface was determined by comparing
the total area under the Li desorption curve to the integral of the Li monolayer desorption
curve. Figure 4.9(a) shows desorption curves of Li films of various thicknesses from Ni(110).
For submonolayer Li coverages, only peaks at 770 and 910 K are observed [191]. For larger
coverages, a multilayer peak starting at 500 k is also observed [191, 192]. The assignment
of the one-monolayer Li TPD is shown by the shaded purple region [193]. Peaks at 990 and
1200 K (not seen in Figure 4.9(a)) correspond to the decomposition and desorption of Li
oxide [192]. The amount of Li measured was converted to a film thickness assuming the

metallic radius of Li is 1.52 A[194] and the lattice parameter of LiyO is 4.62 A[195].

Li films with different levels of oxidation were created using two different approaches. In
the first approach, a film of lithium oxide was created by evaporating Li onto the Ni sample for
15 minutes and then exposing the Li film to Oq gas (99.999%, Specialty Gases of America) at
a partial pressure of 1 x 1077 Torr for 100 s (i.e., 10 L. O, exposure). In the second approach,
more of the Li film was oxidized by evaporating Li onto the Ni sample in a background

of Oy gas at a partial pressure of 1 x 10~7 Torr for 15 minutes (i.e., 90 L Oy exposure).
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Figure 4.9: (a) TPD curves for Li films of various thicknesses on Ni(110). Desorption of the
multilayer starts at 500 K, and monolayer peaks exist at 770 and 900 K. The shaded
purple region is equal to one monolayer. (b) TPD curves for thick Li and Li oxide
films of various compositions. Desorption of the multilayer starts at 500 K, and
decomposition and desorption of Li oxide occurs at higher temperatures.
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Table 4.1: Properties of Li Films with Different Oxygen and Water Exposures

Film Thickness, ML Chemical Composition
Ni Li LO, O C F (L + LO,)/O
Li 48 9 6 0 12 23 3.8
Li 33 29 10 3 16 7 2 2.8
Li+ 10 L O, 20 37 2 3 21 3 1 1.7
Li+ 90 L O, 22 5 2 32 46 7 7 0.8
Li + 90 L H,O 22 2 7 46 42 1 1 1.3

Contaminated Li samples were also created by evaporating Li while simultaneously exposing
the sample to a background of water vapor (prepared using a freeze-pump-thaw degasification
procedure in a Schlenk flask) at a partial pressure of 1 x 10~ Torr for 15 minutes (i.e., 90 L
H,0 exposure); the Li deposition and HoO exposure were performed with the sample held
at a temperature between 180 and 200 K. The latter approach ensured complete oxidation

of the Li film.

TPD and AES were used to determine the chemical state of each film following SEE
measurements. From Figures 4.9(b) and 4.10, 20-24 ML thick lithium oxide films were
produced with Li/LiO, = 0.152, 0.057, and 0.063 by exposure to 10 L Oy, 90 L. O4, and
90 L H,O, respectively. Additionally, a 33 ML (i.e., 9-11 nm) thick Li film was produced
with some oxidation (Li/LiO, = 0.30) due to an outgassing event. Properties of all films
are summarized in Table 4.1. The concentrations reported were determined from the peak-
to-peak heights of LiO,, Li, C, O, and Ni at 40, 51, 273, 510, and 848 eV, respectively, and
applying the AES sensitivity factors listed in Refs. [196, 197]; the sensitivity factor for the
Li oxide peak at 42 eV was assumed to be the same as for the metallic Li peak at 52 eV.
Note that Ni peaks are visible in Figure 4.10 since the AES spectra were taken with 3 keV
incident primary electrons, and the electron penetration depth in Li and Li;O at 3 keV is

much larger than at 350 eV or 600 eV (the energy range in which SEE was investigated).
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(b)

Figure 4.11: (a) Facility for measuring secondary electron emission and characterizing the com-
position in-situ. (b) W fuzz sample positioned under the X-ray source for XPS.

4.1.3 Facility for Measuring SEE from Tungsten

Total SEE yields for smooth W and W fuzz were measured in an ultra-high vacuum chamber
facility (with base pressure at 1 to 5x 1079 Torr) at Princeton University. A Kimball Physics
2x1 3310 electron gun produced primary electrons with energies up to 1 keV. The primary
electron beam was characterized with a Faraday cup to ensure the beam is focused (diameter
<3 mm) and centered on the sample. Primary electron current was measured on the sample
when biased to 4100 V or +150 V to collect all true secondary electrons and minimize
elastically reflected electrons [185]; note that primary current was also measured on a Faraday
cup and the primary currents using both approaches are within the total instrumentation
error. Total SEE yields were measured using the sample method, and secondary electron
current was measured on the sample when biased slightly negative (i.e., 0 to -20 V) to
prevent collection of tertiary electrons from the chamber walls. Primary electron energies
were corrected for sample bias. A Keithley 2410 source meter was used to apply voltage
and read current from the sample. Less than 13% error in total yield was calculated from
instrumentation error in the Keithley 2410 and systematic error due to non-saturated sample

currents when suppressing/inciting SEE.
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(a) (b)

Figure 4.12: (a) 1 in. diameter W fuzz sample. The black region is where W fuzz has formed
due to He™ exposure. (b) 15 mm x 15 mm smooth W sample.

Table 4.2: Tungsten fuzz fiber dimensions

Fiber diameter 25-50 nm
Fiber length 100-200 nm
Fiber separation 125-250 nm

4.1.3.1 Surface Preparation and Characterization

The W fuzz sample (see Figure 4.12(a)) was prepared at the MIT Plasma Science and Fusion
Center by exposing bulk W at 1270 K to 60 eV He™ (flux = 3.7x10*' m~2 s7!, fluence =
1.3x10% m~2) [54]. A Scanning Electron Microscope (SEM) in a separate facility imaged
the top surface of the W fuzz sample to determine fiber diameter and packing density. To
estimate fiber length, a slit was cut in the W fuzz sample with a Focused Ion Beam (FIB)
and the cross-section was imaged with SEM. Figure 4.13 shows that the W fibers are 25-50
nm in diameter, 5-10 fiber diameters apart, and 100-200 nm long. From Figure 4.13(c), the
nanofeatures at the cut edge are distorted by cutting of the sample with FIB. Therefore, the
fiber length measured is an estimate, but close to the lengths measured by Ref. [51] using

other cutting techniques.

A smooth W sample (see Figure 4.12(b)) was cleaned with alcohol prior to insertion into

the vacuum chamber. It was further cleaned in-situ by light sputtering with 500 eV Ar™

81



Figure 4.13: SEM images of the (a) top view and (c) cross-sectional view of the W fuzz sample.
(b) and (d) are zoomed-in views of (a) and (c), respectively. A SEM image of
a region on the sample that was not exposed to He™ plasma (since covered by
mounting clamps) and hence did not form fuzz is shown in (e) for comparison.
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Figure 4.14: (a) Full XPS spectra of pre-sputtered smooth W (gray), Ar-sputtered smooth W

(black), and W fuzz (red). Labels of the positions for W, O, and C are included.
(b) Zoom in of W 4f and WO, peaks.
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Table 4.3: Chemical Composition of Smooth W and W fuzz

%W %0 %C WO,/W

Smooth W, pre-sputtered 35 27 29 0
Smooth W, post-sputtered 63 14 22 0
W fuzz 31 41 27 1.5

to remove impurities for better comparison with previous SEE investigations of cleaned W.
X-ray Photoelectron Spectroscopy(XPS) was used to characterize the sample surface in-situ
before SEE measurements; a PHI 40-458 x-ray source with Al anode and SPECS PHOIBOS
100 hemispherical energy analyzer were used to obtain XPS spectra. Figure 4.14(b) shows
the XPS spectra of W fuzz and smooth W between 30 and 40 eV binding energy. The
smooth W spectra show large W peaks at 31 and 33 eV. The W fuzz spectra show smaller
W peaks, and the appearance of large W oxide peaks between 35 and 38 eV (WO,/W =
1.53); from Ref. [198], the oxide produced is WO3. Additionally, there is a large oxygen
signal at 531 eV in the full XPS scan for the W fuzz sample (see Figure 4.14(a)); this oxygen
peak is significantly smaller for sputtered smooth W. From the full XPS scans, the surface
compositions were 35.3% W, 27.4% O, and 28.6% C for pre-sputtered smooth W, 62.9% W,
13.8% O, and 22.3% C for post-sputtered smooth W, and 30.6% W, 40.9% O, and 26.8% C
for W fuzz. Hence the light sputtering of the smooth W sample was effective in removing
some, but not all, of the O and C impurities; the O was not in the form of WO, as there
was no WO,, peak in the XPS spectra of the smooth W sample in Figure 4.14(b). The W
fuzz sample could not be cleaned by Ar sputtering to remove oxides since sputtering would

almost certainly erode the W fibers.
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4.2 Results of Secondary Electron Emission Properties

4.2.1 Graphite

Measurement of the SEE total yield and energy distribution were made for 50-500 eV mo-
noenergetic primary electron beams impacting HOPG graphite at normal incidence. HOPG
was investigated since it is the material used for plasma-facing components in many appli-

cations such as plasma thrusters, and divertors and limiters of magnetic fusion devices.

4.2.1.1 Total SEE Yield

The current from the sample to ground at each of several primary electron beam energies
Epp and sample voltages Vs are plotted in Figure 4.15(a). For all curves, the sample electron
current increases to an asymptote as Vg increases. This is due to the increasing number of
low energy true secondary electrons that are redirected back to the sample by the applied
electric field. Note that while the positive sample voltage increases the primary electron
impact energy at the sample, and hence changes the number of secondary electrons emitted,
all true secondary electrons are recollected on the sample. Additionally the increased impact
energy changes the number and/or energy of elastically and inelastically reflected electrons,
but their contribution is negligible and decreases with primary electron energy. Hence the
current on the sample at 50 V is primarily from incident primary electrons. As illustrated
by Figure 4.15(a), the SEE current Isgpgr can also be measured from the sample current:
Is = Ipg — Isgg where g is the sample current with no bias and Ipg is the primary electron

current (i.e., the sample current at 50 V).

Figure 4.16 shows the current measured on the collector assembly of the LEED/AES
optics for each primary electron beam energy Fpp and for various G1 grid voltages Vi
(Figure 4.3(b)). The secondary electron current to the LEED/AES optics initially increases
substantially with increasing G1 voltage as more secondary electrons with emission angles

greater than 60° from the surface normal are redirected to the LEED/AES system by the
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Figure 4.15: Current measured (symbols) from sample to ground for different primary electron
energies and sample voltages. At each primary electron energy, the primary electron
current is the sample current when the sample is at 50 V (e.g., see the dashed line
for Epp = 500 eV). The secondary electron current is the difference between the
primary electron current and the sample current at zero sample voltage (e.g., see
magnitude encompassed by the vertical arrow for Epr = 500 eV). Also plotted
are sample currents calculated from semi-empirical equations of SEE (solid lines;
see section 4.3.1). A zoomed in view at low sample voltages in provided in (b).
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Figure 4.16: Collector current at different primary electron energies and G1 voltages. For each
energy, the secondary electron current is found by taking the collector current when
Gl is at 50 V (dashed line).

applied electric field, and then asymptotes. The SEE current for primary electron energies
above 100 eV was set to be equal to the current measured when G1 is at 50 V (see the
dashed line for Epp = 500 V in Figure 4.16). Note that by measuring the SEE current on
the entire collector assembly instead of the final collector (as is usually donel3), negated
the need to consider the effective transparency of the grids (which may be different than the
optical transparency), thereby improving the accuracy of the measurements. For example, of
the SEE current collected on the LEED/AES assembly in Figure 4.16, 85-87% was collected
on G1, 12.5-13.5% on G2 and G3, and less than 1.5% on the hemispherical screen when G1
was biased to 50 V. This differs from the suggested 17% optical opacity of each of the grids.
Also note that by biasing G1, an applied electric field is created in front of the sample that
may have possible effects on the measurements (e.g., G1 attracting primary electrons and/or
reducing the primary electron energy at the sample). However as is seen below, the effects
caused by biasing G1 to 50 V do not seem to be significant since the SEE current calculated

with the collector method compares well to the SEE current from the sample method.

The total SEE yield was calculated using both Equations 4.1 and 4.1, where the SEE

current was measured from the sample current and the LEED/AES optics, respectively, and
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Figure 4.17: Total secondary electron yield for graphite from secondary electron current mea-
surements using the sample current and LEED/AES collector assembly current.
Comparison is made to measurements by Refs. [12, 13, 14, 15, 16] and a universal
curve given by Ref. [17].

is shown in Figure 4.17. These measurements are compared to an empirical equation for the
energy dependence of the total yield found by fitting a Gaussian function of in(Epg/(EEE))

with variance o = 1.6 to the experimental data [17]:

i (4.3)

In(Zee )2
0(Epg) = Omaz €Xp {—M}

max

where 0,4, and EJE" are the peak total SEE yield and the primary electron energy at which
the peak yield occurs, respectively, both of which are material specific. From Figure 4.17,
the total yields measured compare well with the empirical equation. Note that for semi-
conductors, values for 0,,,, and EZE" are similar to values for conductors since the energy
bands near the Fermi level are thermally populated with electrons. However for insulators,
the maximum yield is larger since the mean free path for secondary electrons en route to the

surface is much larger in insulators than the mean free path in metals (due to a lack of free

electrons and hence a reduction in electron-electron interactions) [132, 133].

88



In Figure 4.17 we also plot the total yield measurements by Pedgley et al [12], Farhang
et al [13], Kato and Nishiwaki [14], Kirby [15], and Balcon et al [16]. We postulate that
the large variation in experimental measurements is due to the dependence of the yield on
the condition of the graphite surface when measurements were taken (e.g., if the sample was
processed to remove oxidation and the level of vacuum in the testing chamber). Farhang
et al [13] and Pedgley et al [12] operated in vacuum chambers at 107 Torr and heated
the samples by electron bombardment. The data from Kato and Nishiwaki [14] are for as-
received graphite samples, as are the present measurements. In Figure 4.17, the present
measurements lie close to the measurements from Kato and Nishiwaki, thereby validating

the development of this facility for SEE measurements.

4.2.1.2 Emitted Secondary Electron Energy Distribution

The measured secondary electron energy distributions for 75 to 500 eV primary electrons
incident on graphite are shown in Figure 4.18, along with previously measured secondary
electron energy distributions for 100 eV[18] and 425 eV[19] primary electrons incident on
graphite. There are two main peaks of Egp in Figure 4.18(a). The first peak at lower
energies (i.e., below 50 eV) is due to true secondary electrons generated within the material,
while the second peak at higher energy (i.e., Esp = Epg) is due to elastically reflected
electrons that have lost little to no energy in collisions with surface atoms. The latter peak
confirms the energy of the primary electron beam. Additional smaller peaks within a few

eV of Epg are due to specific inelastic losses suffered by the elastically reflected electrons.

Figure 4.18(b) shows the secondary electron distribution curves normalized by the pri-

mary electron current Ipg for each primary energy:

1 ]HS(VGZZ:),) — IHS(VéZ,B)
Ipg Véos — Vias

N(Esg) = — (4.4)

where Fgp is the energy of the secondary electrons with respect to the sample vacuum level
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and I5(V(y 3) is the current measured on the hemispherical screen of the LEED/AES optics
when retarding voltage Vém is applied on grids G2 and G3. Focusing on the peak of true
secondary electrons (Esp < 50 eV), the distributions are compared to a theoretical result
that treats SEE as a three-step process: (i) ionization/excitation of secondary electrons by
primary electrons, (i) transport of secondary electrons to the material surface, and (iii)
escape of secondary electrons from the material work function [20]. The energy distribution
derived by Chung and Everhart [20] for conducting and non-conducting material, assuming
charge accumulation has negligible effect on the beam (e.g., sufficiently short beam exposure

times for non-conducting material) [135, 199], is given by

B Esgr
NEse) = O+ eyt (4.5)

where C' is a material constant, ®g is the work function of the material, and Esg is the
energy of the secondary electron with respect to the sample vacuum level (i.e., Egp =
Vaos — (s — Pgas), see Figure 4.4). From Figure 4.18(b), at higher secondary electron
energies (i.e., above 10 eV) the measured energy distributions agree well with the theoretical
distribution for the range of primary electron energies examined. Below 10 eV, there is a large
scatter in the measured distributions due to the low resolution of V9 3 applied. However, the

distributions are seen to follow the trend of the theoretical curve with a maximum between

1.3 and 3 eV.

The contributions to the secondary electron yield from elastically reflected, inelastically
reflected, and true secondary electrons can be separated from the energy distributions in
Figure 4.18(a). In Figure 4.19 we plot the yields of elastically reflected electrons, the sum
of elastically and inelastically reflected electrons, and true secondary electrons for graphite

between 50 and 500 eV, along with an empirical curve for the elastically reflected yield [17]:

n(Epg) = 0(Epg)exp[1.59 + 3.75In Epp — 1.37(In Epg)* + 0.12(In Epg)?] (4.6)
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Figure 4.18: Secondary electron energy distributions (with respect to the sample vacuum level)
for 75 eV through 500 eV primary electrons impacting graphite. Previous mea-
surements by Willis et al [18] and Amelio and Scheibner [19] are included in (a).
A zoomed in view at low secondary electron energy is provided in (b), as well as
comparison to the theoretical distribution given by Chung and Everhart [20].
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where 7 is the yield of elastically reflected electrons and Epg is between 5 and 100 eV. In
deriving Eq. 4.6, Scholtz et al [17] fit a single curve to data from various materials. From
Figure 4.19 the experimentally measured yield for graphite follows a similar curve. The
yield of elastically reflected electrons increases as the primary electron energy decreases.
This agrees with theory that as the primary electron energy is reduced, elastically reflected
electrons become increasingly important. However, the exact behavior at very low primary
electron energy (below approximately 30 eV) is still uncertain since previous measurements
at low primary energies were difficult due to the limitation of electron guns to produce beams
of ample primary electrons at low energies (where the current is space charge limited) and /or
due to the presence of stray electric and magnetic fields (including the Earths magnetic field)
that can affect low energy primary electron beams. For example, Balcon et al [16] warned
that the absence of a magnetic shield in their measurements (where the distance from the
electron gun to the sample was larger than the primary electron gyroradius) could have

possibly prevented beam primary electrons from reaching the sample surface.

Also plotted in Figure 4.19 are curves for the true secondary yield and the elastically
and inelastically reflected yield measured by Pedgley et al [12] and El Gomati et al [21]
for graphite. Our results for the elastically and inelastically yield follow the trend of these
two prior reports, i.e., the yield increases with primary electron energy at low energies
(below 125 eV) and is relatively insensitive to energy at higher primary energies. Our
measured elastically and inelastically yields are consistent with Pedgley et al [12] at low
primary electron energies, but are larger than values measured by Pedgley et al [12] and
El Gomati et al [21] at higher energies. The true secondary yield determined herein also
follows the trend of Pedgley et al [12] with values comparable with their measured values.
Quantitative differences with the results of Pedgley et al [12] could be due to differences in

sample preparation and cleanliness.
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Figure 4.19: Yields of elastically reflected, inelastically reflected, and true secondary electrons
versus primary electron energy for graphite. Comparison are made to previous mea-
surements by Pedgley et al [12] and El Gomati et al [21] and to values calculated
using Equation 4.6 [17].

4.2.2 Lithium and Lithium Oxide

Figure 4.20 shows the total SEE yield as a function of primary electron energy for lithium
films of different oxygen and water exposures. Measurements using the sample (filled sym-
bols) and collector (unfilled curves) methods are within 10% of each other. For the oxidized
20-22 ML (i.e., 9-11 nm) thick films, two datasets were collected for each film over a 1-h time
period and no change was observed, indicating that charging does not occur for these films.
This may be the result of electron tunneling, which can occur in lithium oxide films 5-10 nm
thick [200, 201]. The relative error in yield measurements is 5-10% for O, films and up to
20% for the HyO film; this includes instrumentation error of the Keithley 2410 source meter
and Keithley 6485 picoammeter in addition to the systematic error due to non-saturation of
currents when attempting of fully collect or repel secondary electrons. Previous results from
Bruining and de Boer [22] are also plotted for comparison as the black curve (for pure Li)

and gray curve (for contaminated Li).

From Figure 4.20, the yield for Li films with (Li + LiO,)/O = 3.8 and 2.9 have maximums
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Ref. [22].
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at 350 eV of 1.2 and 1.7, respectively. These are higher than the yield measured by Bruining

9

and de Boer for ”‘pure” Li, which has a maximum yield of 0.6. The discrepancy is due
to the fact that the metallic Li films were exposed to approximately 5 L of COy when
a vacuum component outgassed just prior to SEE measurements. This resulted in some
oxygen contamination as indicted by the oxygen and lithium oxide peaks in the AES and

TPD spectra (see Figures 4.10 and 4.9(a)).

Figure 4.20 shows the yield is 40% higher when Li is exposed to 10 L of oxygen, resulting
in further oxidation and (Li + LiO,)/O = 1.7. The yield reaches a value of 1 at primary
electron energies less than 70 €V, and has a maximum of 2.3. Also shown in Figure 4.20
are results from a Li film that was deposited in an oxygen background at pressures high
enough to ensure complete oxidation of the film. AES in Figures 4.10 indicated that a (Li
+ LiO,)/O ratio of 0.8 was reached, and the post-experiment TPD in 4.9(a) indicated full
conversion to Li oxide (i.e., no metallic Li peak at low temperature). The yield for the fully
oxided Li film is shifted further upward and matches the yield from Bruining and de Boer

for contaminated Li, particularly at low primary electron energies (less than 150 eV).

Results indicate that the maximum SEE yield increases with oxygen content. The in-
crease is likely due to the fact that lithium oxide is insulating. Insulators have no conduction
electrons, and secondary electrons generated in the material bulk are less likely to experience
e-e collisions en route to the material surface [135]. Thus, secondary electrons are more likely
to arrive at the surface with enough energy to overcome the surface potential barrier and be
emitted. Additionally, the increase in SEE with oxygen content may be due to to a change
in work function. Parker and Rhead observed an initial decrease in work function, and thus,
an increase in SEE with increasing O exposure of Li films on a Ag(111) substrate [202]. For
a 1 ML thick Li film, the work function reached a minimum at approximately 1 L of O,. For
thicker Li films, the work function is thought to decrease with further O, exposure. Hence,
for the 33 ML thick Li films studied here, the work function may decrease for Oy exposures

up to 90 L, which may also explain the increase in the SEE yield.
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The increase in SEE with Li oxidation observed here contradicts conclusions made by
Oyarzabal et al [152], which were based on sputter times of oxidized Li immersed in a
He plasma. No direct measurements of oxygen contamination in the Li were reported by
Oyarzabal, and it is not clear if the He plasma was effective at sputtering the oxygen or if
it introduced more impurities due to the high gas pressure. Furthermore, it is uncertain if

sputtering lead to surface roughnening, which can also affect SEE.

Figure 4.20 shows the total SEE yield for a Li film that was completely oxidized by
depositing Li in a background of HyO. The yield values are very similar to those for a Li film
that was completely oxidized in Oy (i.e., 90 L O3) and also match the yields measured by
Bruining and de Boer [22]. The yield reaches a value of 1 at primary electron energies less

than 25 eV and has a maximum of between 3.9 and 4.6.

Hoenigman and Keil determined through XPS that a 1 ML Li film exposed to between
5 and 100 L of Oy resulted in the formation of Li,O [203]. They also suggested that for
H50 exposures between 1 and 100 L, Li; O is predominant over LiOH at room temperature.
Hence, for 1 ML of Li and for Oy and H,O coverages less than 100 L, O, and H5O are
dissociated on Li to form Li;O. Assuming this to also be true for Li films thicker than 1 ML,
the similarity in the SEE yield curves between the samples of Li exposed to 90 L of Oy and

90 L of HyO can be explained by the formation of Li;O in both samples.

4.2.3 Tungsten
4.2.3.1 As-Received and Sputter Cleaned Smooth Tungsten

Figure 4.21(a) shows the total SEE yield measured from sputtered smooth W at 0° [204].
The maximum o is 1.6 at 700 eV and the critical value of o = 1 occurs at 140 eV. Results
are compared to previously published results for SEE from polycrystalline W cleaned by
heating the sample to 1300 K [23] or 2700 K [24, 25|, and by ion sputtering [21, 26]. From

Figure 4.21(a), the total SEE yield matches with previous values for the range of primary
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electron energies considered. Some deviations from these previous studies are likely due to
differences in surface composition, which was not previously monitored with XPS or any
other technique. Therefore, this work also provides the first SEE measurements of smooth
W with in-situ characterization of the surface at these laboratory plasma relevant energies.
Yields from El Gomati and Walker [21, 26] are significantly lower and be underestimated
since yields were measured using a collector method with LEED/AES-like optics, and may

not have considered the grid transparency.

Also plotted in Figure 4.21(a) is the total SEE yield for smooth W at 0° prior to sputter
cleaning. The yield for the pre-sputtered W is up to 48% higher than for post-sputtered
W since O and C contamination [205] and many oxides [206, 207] increase SEE (due to an
increased secondary electron mean free path within the material). Refs. [23], [26], and [21]
also saw a higher total yield (up to 35% higher) for ungassed W than for sputter cleaned W

at primary energies <500 eV.

Additionally, the total SEE yield measured from smooth, sputtered W at 45° is compared
in Figure 4.21(b) to the yield calculated for 45° assuming SEE yield from the sample follows
a 1/ cos(f) dependence (i.e., 0cqc(45°) = 0ezp(0°)/ cos(45°)). From Figure 4.21(b), there is a
large increase in measured yield with angle: the maximum o increases from 1.6 to 2.3 and the
energy at which o = 1 decreases from 149 to 75 eV. Furthermore, the measured and calculated
yields at 45° agree well, confirming that smooth W follows a 1/ cos(f) dependence typical
for smooth polycrystalline samples. This dependence is due to the increased generation of
secondary electrons within the material escape depth at grazing angles [135, 132]. Since the
yield for the smooth, sputtered W is within the range of published values, increases with
O and C contamination, and follows a 1/ cos(f) dependence as expected, the measurements
in Figure 4.21 of smooth W validate the use of the facility for SEE investigations. Yields
measured by Chaudhri and Khan [27] are lower than measured in this work, and may be
due to differences in chemical composition and/or use of the collector method for measuring

secondary electron current.
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Figure 4.21: The total SEE yield from smooth, sputtered-cleaned W as a function of primary
electron energy, for primary electrons incident at (a) 0° (black filled circles) and
(b) 45° (black filled triangles). Measurements at 45° are compared to values
calculated considering a 1/cos(f) dependence (black open circles). Also shown
are SEE yields of the as-received W sample prior to sputtering cleaning (gray
asterisks and crosses). Comparison is made to previous measurements by Ahearn
[23], Coomes [24], McKay [25], ElI Gomati et al [21], Walker et al [26], and
Chaudhri and Khan [27] (solid and dashed lines).
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4.2.3.2 Tungsten Fuzz

The total SEE yield from W fuzz at 0° and 45° are compared to smooth W in Figure 4.22(a)
[204]. Data show two important trends: (1) W fuzz significantly reduces SEE yield compared
to smooth W and (2) W fuzz SEE is largely independent of primary electron incident angle.
Both of these trends can be explained by a discussion of the secondary electron behavior in

the presence of the W fuzz structure.

Assuming W fuzz has a cage-like geometry comprised of vertical and horizontal fibers,
primary electrons at normal incidence impact either the flat substrate, the top of vertical
fibers, or the curved sides of horizontal fibers. The penetration depth for 1 keV primary
electrons is ~5 nm in W (from CASINO v2.48 [190]), and smaller for lower energy incident
electrons. Therefore, over 97% of the primary electrons impacting the 25-50 nm fibers can
be assumed to not pass through an individual fiber. Primary electrons impacting the flat
top of vertical fibers or the smooth substrate should not change the SEE, while the curved
fiber sides should increase secondary electrons generation and enhance local emission since
SEE yield increases with local incident angle. Thus the net reduction in SEE observed for W
fuzz at 0° incidence can be attributed to trapping of secondary electrons within the complex

fuzz structure, and not from a reduction in secondary electrons generated within the fibers.

Similar reductions in SEE yields at normal incident have been measured for conduct-
ing surfaces with nm to mm-sized soot particles [132], triangular and rectangular grooves
[208, 165, 166], pores [161], dendrites/fibers [44, 164, 163], and surface roughness [167]. Com-
plementary computational modeling for the porous, grooved, and fiberous surfaces by Refs.
[160], [165], and [11], respectively, show a reduction in SEE for these featured surfaces, par-
ticularly for features with large aspect ratio. An important aspect of the SEE behavior of
these naturally-occurring W-fuzz structures is that, unlike the artificially structured surfaces
mentioned above which may be eroded by ion sputtering when exposed to plasma, W fuzz

is self-produced in a He plasma and therefore builds a natural suppression against SEE.
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Figure 4.22: (a) Total SEE yield from W fuzz as a function of primary electron energy, for
primary electrons incident at 0° and 45°. Total SEE yields from smooth W at 0°
and 45° are reproduced. (b) Total SEE yield from W fuzz as a function of primary
electron incidence angle for primary electrons at 50 eV, 200 eV, and 600 eV.
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Note that the reduction in SEE from W fuzz is not due to the large amount of WO,,, O,
and C on the surface, since this study and previous studies on contaminated W surfaces show
that adsorbed O and C and many oxides increases SEE, especially at low primary electron
energies [23, 26, 21, 27, 205, 206, 207]]. Hence the reduction in SEE for W fuzz is in fact

due to the nanostructuring of the surface.

Figures 4.22(a) and 4.22(b) show that the total SEE yield from W fuzz is nearly in-
dependent of incident angle (within experimental error). While the fundamental 1/cos(6)
dependence of SEE on local incident angle is preserved, the orientation of the fibers within
the complex fuzz structure leads to a wide distribution of local incident angles that is inde-
pendent of the global primary electron beam angle. Additionally, recapturing of secondary

electrons reduces the influence on global incidence angle.

A lack of angular dependence is direct quantitative evidence that the SEE measured is
entirely from the complex W fuzz structure and not from the underlying smooth substrate.
SEE from smooth polycrystalline surfaces follows a 1/ cos(#) dependence, and angular depen-
dence is expected if primary electrons that were able to reach the substrate create secondary
electrons that are able to reach the fuzz surface. Therefore, SEE from the substrate has a

negligible effect on our measurements

A similar weakening of the dependence of true/total SEE yield on incident angle was
also measured for structured carbon and copper with pm-sized dendrites [162, 163], silver
with pm-sized pores [161], and carbon and silver with pm-sized roughness [167]. Modeling
of the dendritic [11] and porous surfaces [161] captured this weakening on angle (e.g., 30%
simulated increase for dendritic surfaces versus 40% increase for smooth surfaces between
0° and 45°). As mentioned above, unlike previous experimental and modeling efforts on
artificially structured surfaces, the W fuzz materials considered herein are self-generated
in He plasma. Additionally, whereas previous efforts have shown an angular dependence
for artificially structured surfaces, the total SEE yield for W fuzz is independent of angle

between 0° and 60°.
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An important trend from the W fuzz data is the very large reduction in SEE at high
incident electron angles. At oblique angles there is a larger reduction of SEE for W fuzz
over smooth W. For example, near 500 eV there is a 47% reduction in SEE for primary
electrons incident at 0° but a 63% reduction in SEE at 45°. Since the retarding potential of
the plasma sheath reduces the normal component of the incident electron velocity, high angle
incident electrons will dominate in plasma devices. Therefore these results can be important

for plasma applications.

4.2.4 Nickel Single Crystal

Total SEE yields for clean Ni(110) at 0° and a range of primary electron energies are presented
in Figure 4.23(a) as a function of time after cleaning. Figure 4.23(a) (and the insert of yield
at 580 eV) shows that the total SEE yield decreases as a function of time (the rate itself
decreasing with time) before approaching a steady state value. This follows trends in the
AES data which show decreasing Ni concentration and increasing C and O concentrations
(see Figure 4.23(b)), and suggests that the change in SEE is due to adsorption of CO. CO
is known to stick strongly to Ni at coverages up to 1 ML for temperatures below 420 K,
with the sticking coefficient being initially linear then leveling off. Therefore, the largest
change in SEE is expected to occur early when the sticking coefficient is largest and the
surface composition is most rapidly changing, as is observed in Figure 4.23. The 0 min data
in Figure 4.23(a) was determined at each primary energy by linearly extrapolating the first

few data points in time.

Note that the concentrations of C and O in Figure 4.23(b) are small. However, concen-
trations were calculated from AES spectra assuming uniform distributions in the bulk in the
top 10-20 nm probed by AES, not considering that CO lies only on the surface (since a CO
molecule is much bigger than a Ni atom). Additionally, peak-to-peak heights were used in
the calculation, but the carbon AES signal may have different lineshapes that may change

the magnitude of the peak-to-peak height. Therefore, the concentrations in Figure 4.23(b)
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Figure 4.23: (a) Total SEE yield from from Ni(110) as a function of primary electron energy
and time after cleaning; yields are in arbitrary units. The insert shows the decrease
in yield as a function of time after cleaning for primary electrons at 580 eV. (b)
Chemical composition of Ni(110) as a function of time after cleaning.
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are taken to be qualitative, not quantitative.

Both CO and hydrogen are the largest residual gases observed in the chamber by the
QMS. Although hydrogen cannot be detected by AES, the author is confident that there is
no hydrogen on the surface since it desorbs from Ni(110) at temperatures below 210 K [209].
Additionally, the decrease in SEE in Figure 4.23(a) is not due to sample temperature (recall
that samples were cleaned and annealed by heating to temperatures up to 1100 K), since
a 10% reduction in total SEE yield was observed when the sample was at 327-350 K. Fur-
thermore, recrystallization processes and primary electron dose from the LEED/AES optics
were determined to also not be the cause of the decrease in Figure 4.23(a). Therefore, the
high sensitivity of SEE from Ni(110) on physisorbed CO was confirmed. Similar sensitivity
was measured by Ref. [210] for CO on Cu.

Total SEE yields for clean Ni(110) due to primary electrons at 0°, 50°, and 78° (with
respect to the surface normal) are presented in Figure 4.24(a). Measurements are compared
in Figure 4.24(b) to previously measured yields for primary electrons impacting Ni(110) at
50° and 78° from Ref. [28]. The agreement between our results and those in Ref. [28]
gives confidence in the experimental setup and procedure. Also plotted in Figure 4.24(b)
is the yield measured by Ref. [29] of SEE from clean polycrystalline Ni; these match other
measurements of clean polycrystalline Ni by Refs. [22, 21, 26]. As can be seen from the
figure, SEE from Ni(110) is significantly larger (i.e., by up to 36%) than from polycrystalline
Ni. In plasma chemistry applications that utilize Ni(110), such as dry-methane reforming of
COs and CHy, these larger yields may be beneficial since emitted secondary electrons may

lead to further fragmentation of CO5 and CHy.

The total SEE yields in Figure 4.24 increase with incident angle (i.e., the maximum
yield is 1.6, 1.9, and above 2.3 at 0°, 50°, and 78°), as is the general trend. However, as
Figure 4.25 shows, the SEE for single crystals has a more complex dependence on primary
electron incidence angle. The total SEE yields for 100-990 eV primary electrons incident

on as-is Ni(110) as a function of incident angle are plotted in Figure 4.25(a). Data show a
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Figure 4.24: (a) Total SEE yield measured for up to 1500 eV primary electrons impacting clean
Ni(110) at 0, 50, and 78° with respect to the surface normal. (b) Measurements
are compared to data of Ni(110) from Ref. [28] and of polycrystalline Ni from
Ref. [29].
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maximum at 0°, minima at approximately £12°, and increased yields at larger angles. Similar
maxima and minima have been observed for other single crystals [211, 212, 213, 214, 215],
including W(110) whose SEE yield at 2 keV is plotted in Figure 4.25(b) (in arbitrary units)
[30] with data of Ni(110) at 450 eV.

Yields are a superposition of the general 1/ cos(#) curve (plotted in Figure 4.25(b)) ex-
pected for polycrystalline materials, and maxima that correspond to the crystal low-index
axes. The maxima are due to an increase in SEE when the incident primary electrons are di-
rected along the low-index axes, since primary electrons will experience increased scattering
with atoms as they penetrate the crystal along close-packed directions. Hence the position
of the maxima are independent of primary electron energy, as is shown in Figure 4.25(a),
and are instead dependent on the angle at which the low-index axes make with respect to
the sample normal, which is dependent on the crystal lattice parameters. For the W(110)
sample which is rotated azimuthally, the maximum at 0° corresponds to the [110] direction
and the maxima at +34° correspond to the [111] direction. By fitting 1/cos(f) curves to
the data at different primary energies, the yields for polycrystalline Ni may be estimated.
At 450 eV, a yield of 1.35 is estimated for polycrystalline Ni from Figure 4.25(b), which

compares well with the value of 1.28 measured by Petry [29] and plotted in Figure 4.24(b).

The total SEE yields from clean Ni(110) at 300 and 600 K are plotted in Figure 4.26
as a function of primary electron energy for primary electrons at normal incidence. The
yields are nearly identical (and so also for yields at 50°), which suggests that SEE from clean
Ni(110) is independent of temperature within this temperature range. Refs. [22] and [23]
found the total SEE yield to be independent of sample temperature for clean polycrystalline
metals (i.e., silver [22] and Ni [23] between 725-1300 K) since there is negligible effect on the
diffusion of secondary electrons (i.e., secondary electron kinetic energy is larger than sample
thermal energy, and there are few secondary electron-phonon interactions) [132]. However
for single crystals, SEE dependence on temperature may be more complicated. Ref. [216]

found that the maxima in the angular SEE curves decrease slightly with temperature due to
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Figure 4.26: Total SEE yield for clean Ni(110) at 300 and 600 K, and 0 and 50° incidence
angles.

a reduction in diffraction effects. However, the decrease is less than 5% between 100-600 K.

Figure 4.27 shows the total SEE yield measured from Ni(110) at 0° that has been pre-
exposed to Dy ions (leading to 55% Dy saturation) and measured at 250-265 K. The yield
is identical to that of clean Ni(110). This is because subsurface hydrogen (as opposed to
physisorbed surface hydrogen) was likely formed by the deuterium ions. Rao [169] also mea-
sured a very small increase in SEE from polycrystalline Ni which he attributed to subsurface
H, but observed a large increase in SEE when hydrogen was absorbed on the surface by

exposure to a large background of hydrogen gas.
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Figure 4.27: Total SEE yield measured for 50-600 eV, 0° primary electrons impacting clean
Ni(110) and Ni(110) exposed to Dj .

4.3 Comparison with Secondary Electron Emission Theory and

Models

4.3.1 Semi-Empirical Model

To further validate the sample method for determining primary electron current and SEE
current, universal empirical and theoretical equations were used to reproduce the curves in
Figure 4.15. Assuming the change in sample current /g with sample bias voltage Vg is due
to true secondary electrons that are recollected and to increased primary electron impact

energies,

Is(Vs) = Ipg — [Ire + Irg] = Ipp {1 — n(Epe + Vs) + 6(Epe + Vs)[1 — f(Vs)]]}  (4.7)

where Ipg, Irg, and Ipg are the currents from primary, elastically reflected, and true sec-
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ondary electrons, respectively. The yield for true secondary electrons is

0(Epg) = o(Epr) — n(EpE), (4.8)

where o and 7 are given by Eq. 4.3 and Eq. 4.6, respectively. The fraction f of true secondary
electrons with energy below Esgp = Vs (i.e., recollected by the sample) is calculated from

Eq. 4.5,

Vs dN 1 _Ps+3Vs
f(V ) - N(ETE < VS) - fo dETEdETE _ Ps5 (PsstVs)® (4 9)
S) = N, T 50eV _aN T L ®s+150eV_ ‘
tot fO dErpdETE bg ((DS+506V)3

The calculated curves are plotted with the measured curves in Figure 4.15. The fair
agreement over the full range of sample bias voltages for the range of primary electron
energies examined serves to validate the experimental setup and approach, as well as the

equations for total SEE yield and energy distribution.

4.3.2 Monte Carlo Model of Structured Surfaces

Measurements of the total secondary electron yield from tungsten fuzz were compared
with data from a computational model of SEE from complex structured surfaces devel-
oped by Huerta et al [31]. The Monte Carlo model tracks primary and secondary electrons
between collisions with surface features (not within the material) through multiple colli-
sions/generations until electrons escape the computational domain. It assumes electrons
travel is straight line trajectories between surfaces (i.e., electron-electron collision mean free
paths are much larger than the inter-fiber spacing), secondary electrons are emitted from
the point on impact on the surface (i.e., primary electron penetration within the material is
much smaller than the fiber diameters), and inelastically reflected electrons do not generate
true secondary electrons. Empirical fits of e(Epg,0pr) and n(Epg, 0pg) from de Lara et al

[217] and Tolias [157] (see Appendix J) are used to determine the probability for elastic and
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Figure 4.28: Cage-like geometry used to model SEE from W fuzz [31].

inelastic reflection at a surface. Elastically reflected electrons are emitted from the surface
with their initial energy and through their original trajectory. Inelastically reflected electrons
are emitted with a cosine angular distribution and with equal probability of emitted energy
between 50 eV and Epp. If it is determined that an incident primary electron generates true
secondaries from the surface, a Poisson distribution is used to calculate the number of true
secondaries generated. The true secondaries are emitted with a cosine angular distribution
and an energy distribution as given by Equation 4.5 [20]. Since this is not a solid state model
of electron interactions within the material, material dependent parameters in e(Epg, Opg),
n(Epg,0pr), and 0(Epg, 0pg) are determined by fitting to the experimental yield data from
smooth, clean W at 0°. Additional details on the model can be found in Refs. [11, 31].

The model treats the inter-twined fibers of W fuzz as crossed vertical and horizontal
cylindrical fibers in a cage-like geometry with lie on a flat substrate (see Figure 4.28; fiber
radius = 12.5 nm, fiber length = 200 nm, fiber separation = 200 nm, 5 horizontal fibers
per side). This geometry is more complex than the grooves, porous arrays, and parallel
horizontal fibers considered in Monte Carlo models by Pivi et al [165], Ye et al [160, 161],

and Swanson and Kaganovich [218], respectively.

Figure 4.29 shows the total SEE yields calculated from the model for W fuzz and compares
the values to those measured. From Figure 4.29(a), the results of yield versus primary

electron energy at 0° incidence agree very well with measurements. However, the model
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slightly overestimates the yield at 45° incidence. From Figure 4.29(b), the results of yield
versus primary electron incidence angle are found to agree well with measurements at 50
eV, 200 eV, and 600 eV. Although a small minimum in total SEE yield is found in the

experimental measures and model results at 25-40°, this minimum is within the error bars.

The agreement between experiment and model validates the use of the empirical fits for
structured surfaces when treating the surface as locally flat, and indicates that the reduction
in SEE from W fuzz is due solely to secondary electron trapping. The model will be used to
predict the angular distribution of emitted secondary electrons, which will be different than
the cosine emission observed for smooth surfaces and which requires specialized equipment

to measure experimentally.

4.4 Summary

SEE properties were presented for graphite and tungsten fuzz, typical materials used in or ex-
pected to be generated in plasma thrusters, traveling wave tubes, and magnetic confinement
fusion. The use of 4-grid LEED/AES optics for fully characterizing the secondary electron
emission (yield and energy distribution of emitted secondary electrons) of conducting materi-
als was validated with measurements of graphite for primary electron beam energies between
50 and 500 eV.Additionally, measurements of the energy distribution function of secondary
electrons from graphite were provided for a wider range of incident electron energies, useful
for modeling plasma-wall interactions in plasmas bounded by graphite walls, such as are

found in plasma thrusters and divertors of magnetic fusion devices.

SEE from Li was measured as a function of oxygen exposure by introducing controlled
amounts of Oy and HyO vapor, and by monitoring surface chemical composition in-situ (not
previously done). The total SEE yield from Li was found to increase significantly with
oxygen content. The lowest yield (with a maximum of 1.2) was measured for a Li film with

(Li + LiO,)/O = 3.8. The highest yield (with maximum between 3.9 and 4.6) was measured
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for fully oxidized Li exposed to 90 L of HoO or Oy where (Li + LiO,)/O = 1.3 and 0.8,
respectively. The extreme sensitivity to oxygen content demonstrates the need to consider
the higher SEE yield for oxidized Li when modeling the plasma-wall interactions in devices
with Li walls, as this is more representative of the actual Li state in devices with realistic

vacuum systems.

First-ever quantitative measurements were made of the total effective SEE from tungsten
fuzz with nano-meter sized vertical and horizontal fibers. Such surfaces have been shown
to grow on a hot tungsten surface under bombardment by energetic helium ions in different
plasma discharges and applications, including magnetic fusion devices with plasma facing
tungsten components.Two important results were found: (1) SEE values for tungsten fuzz
are 40-63% lower than for smooth tungsten and (2) the SEE values for tungsten fuzz are
independent of the angle of the incident electron. The reduction in SEE from tungsten
fuzz is most pronounced at high incident angles, which has important implications for many
plasma devices since in a negative-going sheath the potential structure leads to relatively high
incident angles for the incident electrons at the plasma confining walls.Thus, the presence
or self-generation in a plasma of a low SEE surface such as tungsten fuzz can be desirable
for reducing plasma electron energy loss to the confining wall and improving performance of

many plasma devices.

SEE from a temperature-controlled Ni(110) sample was examined for 50-1500 eV primary
electrons impacting at 0-35°, 50°, and 78°. Measurements of secondary electron emission
yield for Ni(110) showed a unique dependence on primary electron incidence angle charac-
teristic of single crystal materials (i.e., a maximum at 0° and minima at £12°). Yields were
independent of sample temperature between 300 and 600 K, and of deuterium-exposure.
Carbon monoxide adsorption was found to decrease emission yields by up to 20%. Results
are important for dry-methane reforming (i.e., COy + CHy — 2Hy 4+ 2CO) where Ni(110) is
proposed for use as a catalyst, and where low energy secondary electrons may influence the

chemistry of surface-adsorbed species.
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CHAPTER 5

Conclusions

This effort examined plasma inter-particle and particle-wall interactions important for the
advancement of electric propulsion, fusion energy, high-power communications, and next-
generation energy systems. Two interactions of particular importance, and which were the
focus of this work, are (1) ion-atom collisions occurring within the plasma bulk and (b)

secondary electron emission from plasma-facing materials.

5.1 Ion-Neutral Collisions

Collisions between fast ions and slow atoms produce slow charge-exchange ions that are im-
portant to understanding the performance and behavior of many plasma devices, including
ion thrusters whose grids are eroded by charge-exchange ions. To investigate this behav-
ior, this work developed a simple, well-characterized experiment that accurately measures
the effects of high energy 1.5 keV xenon ions undergoing momentum-exchange and charge-
exchange collisions with xenon neutral atoms. Measurements were made for pressures up to
several mTorr, and with applied magnetic and electric fields to control the transport of low

energy charge-exchange ions and any generated electrons.

By comparing results to both analytical and computational models of ion-atom in-
teractions, we discovered the relative importance of using appropriate methods to treat
momentum-exchange and charge-exchange collisions. In particular, measurements provided
data on the angular scattering distributions of charge-exchange and momentum-exchange

xenon ions at 1.5 keV relevant for ion thrusters, but for which little data exists. Addition-
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ally, the comparison revealed the importance of considering additional interactions, including

ion-induced electron emission and neutral-neutral ionization collisions, at high pressures.

5.2 Secondary Electron Emission

This work also investigated the interaction of electrons incident on materials and the resulting
secondary electron emission (SEE). For many plasma devices, including electric propulsion
and fusion energy devices, SEE can alter the sheath potential and significantly affect de-
vice performance and life, making it imperative to maintain a low emitting surface. SEE
properties were measured for materials pertinent for plasma applications, including graphite
(used for ion thrusters, tokamaks, and traveling wave tubes), lithium (for tokamak walls),
tungsten (the most promising material for future tokamaks such as ITER), and nickel (for
plasma-enhanced chemistry). Measurements of the total SEE yield (defined as the ratio of
emitted electron flux to incident electron flux) and of the energy distribution of emitted sec-
ondary electrons were made for incident electron energies up to 1.5 keV and angles between

0 and 78°.

First-ever measurements were made of SEE yields from nano-structured tungsten fuzz,
which have been shown to grow on a hot tungsten surface under bombardment by energetic
helium ions in different plasma discharges, including magnetic fusion devices with plasma
facing tungsten components. A >40% reduction in SEE was observed at 2-1000 eV for tung-
sten fuzz when compared to smooth tungsten. More importantly, SEE from tungsten fuzz
was independent of electron incidence angle between 0-60°. Comparison with computational
models of SEE from textured surfaces, suggests trends are a result of horizontally-oriented
fibers in the fuzz geometry. Thus, the growth of tungsten fuzz in tokamaks is desirable
for minimizing adverse secondary electron emission effects, and may be more effective than

artificially textured surfaces which can be eroded away by plasma exposure.

Original SEE measurements were made of lithium exposed to controlled amounts of O,
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and H,O vapor for incident electron energies between 20 and 600 eV. SEE was found to be
strongly dependent on oxidation: the maximum yield increased by 2x, 4, and over 6x for
lithium with (Li + LiO,)/O = 3.8, exposed to 10 L of Oy, and fully oxidized with 90 L of
H,0 or Oy, as compared to a “pure” lithium film (here 1 L = 1 Langmuir = 107% Torr s).
In-situ analysis of the surface chemical state during SEE measurements (not provided by
other authors) highlighted the difficulty in maintaining a clean lithium film, and allowed
for quantification of SEE yield from mixed materials of metallic lithium and lithium oxide.
Thus SEE is likely to be considerable in tokamaks with lithium coatings which are oxidized

by typical residual gases.

Unique measurements of SEE from Ni(110) at 75-1500 eV showed a complex dependence
on electron incidence angle (i.e., maxima at 0° and minima at £12°), resulting in SEE that
is 36% larger at 0° as compared to polycrystalline nickel. Additionally, yields were found to
be highly sensitive to carbon monoxide adsorption from the chamber background, with up
to a 20% decrease. Thus the higher SEE from Ni(110) catalysts in plasma-enhanced chem-
istry may facilitate further reactions of surface-adsorbed species, unless carbon monoxide is

absorbed in which case the opposite is true.

Measurements of total SEE yield for graphite were found to compare well with measure-
ments from other authors at incident electrons energies between 50 and 500 eV. Secondary
electron energy distributions were measured for a larger range of primary electron energies
than previously available. Comparison of sample currents measured to sample currents cal-
culated from a simple semi-analytical model, allowed for validation of SEE models of yield

and energy distribution, as well as validation of the setup and approach.
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CHAPTER 6

Future Work

The following efforts may be undertaken to provide further insight into plasma interparticle
and particle-material interactions in electric propulsion and fusion energy devices. They
expand upon the work discussed in the preceding chapters, and are beyond the work of this

dissertation.

6.1 Ion-Neutral Collisions

Experiments of ion-neutral collisions were conducted for singly-charged xenon ions impacting
neutral xenon atoms at 1500 eV, and showed that scattering on ions is highly non-isotropic.
Future measurements can be made at lower ion energies (i.e., 300 eV) which are relevant for
Hall-effect thrusters. Collisions of doubly charged xenon ions with neutrals may be explored
since doubly charged ions constitute approximately 10% and 20% of the ions in the plume
of ion and Hall thrusters, respectively. Additionally, measurements of argon and krypton
ions colliding with their parent gas is important for understanding the plasma performance
of thrusters that use such propellant. Although the ion beam facility utilized for collision
experiments is capable of producing ions at low energies and for filtering out only doubly-

charged ions, the ion currents are small and lead to low signal-to-noise in the test cell.

The semi-analytical and computational models may also be improved. The semi-analytical
model considered two-step ionization collisions between fast and slow neutrals, where the fast
neutral atom is produced via charge-exchange of a fast ion and slow neutral. In contrast, the

MCC and DSMC models considered electron emission from the test cell walls due to inci-
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dent ion and neutral particles. Model results showed better comparison with measurements
when neutral-neutral ionization and particle-induced electron emission were considered sepa-
rately, yet still underpredicted currents observed in the experiment. Results are expected to
match measurements when considering both neutral-neutral ionization and particle-induced

emission.

Additionally, the MCC collision model considered only particle-induced electron emission
from the exit plate, and assumed the yield was a constant across the entire electrode. The
DSMC collision model considered electron emission from the exit plate and inner cylinder,
but also assumed the yield to be constant and to be small. In reality, electrons are likely
emitted from all test cell walls (i.e., exit plate, inner cylinder, and downstream front plate),

and the yield is dependent on the energy, angle, and electronic state of the incident particle.

6.2 Secondary Electron Emission

The results in Section 4.2.3 revealed that secondary electron emission from tungsten decreases
with cleaning and removal of oxygen and carbon impurities. Additionally, in was shown
in Section 4.1.3.1 that the tungsten fuzz sample used in the experiments had significant
impurities and oxidation. Therefore, it is expected that the secondary electron emission
from clean tungsten fuzz is further reduced. Sputtering of tungsten fuzz would erode the
nanostructures on the surface. Therefore, the secondary electron emission of cleaner tungsten
fuzz may be investigated in a facility that generates the fuzz in-situ, such that the tungsten
fuzz sample is not exposed to atmosphere. Alternatively, attempts may be made to heat the
samples in-situ to temperatures above 2700 K to remove the impurities and oxide. However,

it is uncertain whether such high temperatures would damage the nanostructures.

Modeling of secondary electron emission from tungsten fuzz have suggested that the
angular distribution of true secondary electrons is not cosine, but instead shows features that

may be associated with the fiber geometry. In order to measure the angular distribution of
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secondary electrons, a hemispherical collector with differential ring electrodes (difficult to
construct) or a differential collector on a rotary stage, may be employed. Similar SEE is
expected from other materials which form fuzz exposed to He™ when at ~0.3-0.5 times the
melting temperature, including molybdenum [53, 219], tantalum [219], palladium [219], and
copper [220, 219].

SEE measurements were made of lithium oxide Li;O formed by exposure of a Li film to
O and H50. Yet in a tokamak utilizing the deuterium-tritium nuclear reaction, lithium may
also form lithium deuteride LiD. The facility at PPPL used for the lithium investigation is

capable of producing LiD films by exposing lithium to a background of Dy or to DJ ions.

6.3 Ion-Induced Electron Emission

Measurements were made of ion-induced electron emission yield for argon and xenon ions
impacting tungsten and stainless steel (used in the initial test cell design) at a range of
incident ion energies (see Section G). Future measurements may investigate the effect of

yield on the charge of the incident ion.
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APPENDIX A

Integral Cross-Sections for Ion-Neutral and
Neutral-Neutral Collisions of Xenon and Other Rare

Gases

A.1 Ton-Neutral Collisions of Xenon and Other Noble Gas Ions

Many previous investigations into ion-neutral collisions have focused on integral collision
cross-sections o, which provide information on the probability or frequency of a collision.
Early collision experiments used ion beams to determine integral cross-sections of noble gas
ions and their parent gas [221, 222|. Beam cell experiments were performed by Dillon et al.
[223] and Ghosh and Sheridan [224] to measure symmetric CEX collisions of singly charged
noble gas ions, and by Hasted and Hussein [225] to measure symmetric (i.e., A>T + A —
A+ A?T) and asymmetric (i.e., A*" + A — AT + A*) CEX collisions of doubly charged
noble gas ions. A drift tube experiment with a mass spectrometer as collector was used
by Okuno et al. [226] to separate primary and CEX Xe*" in symmetric CEX collisions, by
Johnsen and Biondi [227] to investigate asymmetric CEX of doubly charged ions impacting
neutrals, and by Koizumi et al. [228] for symmetric CEX collisions of Xe single and double
ions. Other experiments to measure integral cross-sections utilized crossed beams, merged

beams, and swarm methods [229].

Integral CEX cross-sections of Xet [256] were calculated by Johnson from ab-initio in-
teraction potentials using an approach described below. Similarly, Rapp and Francis used

interaction potentials derived from single-electron wave functions to calculate integral CEX
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Table A.1: Previous Investigations of Noble Gas lon-Neutral MEX and CEX Collisions.

Species

Energy of AT, eV

Energy of A?T, eV

MEX CEX

MEX CEX

1500 [230] >0.02 [231]
1.5-90 [232]
2-8 [233)
2-50 [234]
4-80 [235]
4-100 [236]
6-80 [237]
6.5-100 [238]
25-90 [239]
750-850 [223]
100-800 [224]
200-4000 [239)]

Ne

>0.11 [231]
1-50 [234]
1.2 [241]

1.2-2.2 [242]
4-50 [243]

4-100 [244]

25-75 [245]

25-90 [240]

50-850 [223]

100-800 [224]
200-4000 [239]

75-180 [240]
400-3600 [225]

Ar

0.2-300 [246]

0.025 [247]
20-340 [69]

>0.21 [231]
1-4 [241]
1-15 [249)
1-85 [232)]
1-100 [250]
2-40 [234]

4-100 [244]
5-60 [243]

10-60 [251]

50-850 [223]
100-800 [224]
200-4000 [239]

1000-2000 [252]

0.025 [247]
75-180 [240]
400-3600 [248]

Kr

0.01-2 [228]
0.025 [247]
0.4-2 [253]
>0.44 [231]
25-90 [240]
50-850 [223]

100-800 [225]

200-4000 [239]

400-1400 [248]

400-2000 [252]

3000-7000 [254]

0.01-5 [228]
0.025 [247]

0.04-20 [226]
75-180 [240]

400-3600 [225]

Xe

5-40 [41]

0.01-2 [228]
20-340 [69]

0.025-9 [247, 255]
>0.69 [231]
1-300 [72]
25-90 [240]

50-850 [223]
100-800 [224]
200-4000 [239]
300-2000 [252]

400-1400 [248]

10-80 [41] 0.02-8 [228]
0.025 [247, 255]
0.04-20 [226)
2-600 [72]
75-180 [240]
400-3600 [225]
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Figure A.1: CEX integral cross-section for Xet-Xe collisions at a range of incident ion energies.
Data is taken from references found in Table A.1.

cross-sections for a large range of ion species. Other calculations have been made by Sakabe

and Izawa [231], Firsov [257], and Fetisov and Firsov [258].

Experimental and theoretical investigations into Xe and other noble gas ion-neutral MEX
and CEX collisions are summarized in Table A.1. Values of CEX integral cross-sections
for Xe™-Xe are plotted in Figure A.1 of a range of incident ion energies. In accordance
with resonant charge-exchange collision theory, oy/5x may be assumed to be equal to oogpx
[76, 75]. From Refs. [259, 260], the integral cross-sections for excitation and ionization are

more than an order of magnitude smaller for Xe™-Xe at 1500 eV.

NIST tables [261] include CEX integral cross-sections for collisions between H and He

ions and atoms with other species, but do not include Xe™-Xe collisions investigated here.
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Figure A.2: Cross-section momentum-exchange, charge-exchange, excitation, and ionization
collisions between xenon ions, atoms, and metastables [32].

A.2 Neutral-Neutral Collisions of Xenon and Other Noble Gases

The MEX integral collision cross-section for Xe— Xe is plotted in Figure A.2 from Ref. [61].
An expression for the integral cross-section for the two-step ionization of noble gases was

given by Drawin and Emard [64]:

E_IH)QmA 5 2me, 2m,

(Wo — 1]~ (A1)

2
Tionz = 4mag( h _—
Ey” myg>"m.+may Me + My

where m 4, Fy, & are the mass, first ionization energy, and number of valence electrons of
the neutral atom under consideration; m., Fff, and ag are the mass, first ionization energy,
and Bohr radius of atomic hydrogen; m, is electron mass; and Wy = E/Ey where E is the
incident neutral energy. The ionization cross-section for Xe — Xe from Equation A.1 is
plotted in Figure A.2, and calculated to be 21.4A2 at 1500 eV. Since Ref. [177] determined
that Equation A.1 can overpredict the cross-section by up to an order of magnitude for noble

gases, the cross-section for 1500 eV Xe — Xe may range from 2 to 22 A2
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APPENDIX B

Ion Beam Conditioning Devices
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(d)

Figure B.1: Conditioning devices utilized in the ion beam facility: (a) electrostatic lens, (b-c)
deflection plates, and (c) ExB filter.
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APPENDIX C

Ion Beam Current Profiles

Various beam conditioning devices are located in the ion beam facility to steer the beam
from the ion source to the test cell entrance. The experimental operating conditions of the
first four data sets (i.e., data sets A-D) are provided in Table C.1. The source grid voltage
determines the energy of the beam ions. The extractor grid, lens, and deflection plate
voltages are adjusted to provide a well collimated beam of maximum current (as determined

by ion beam profiles) at the entrance to the test cell.

Profiles of the beam are measured by scanning wires in each of the chambers. The profiles
at wire 0 (located just of Lens 1 in the source chamber) are nearly identical for data set A-C
data sets since the voltages on the extractor grid and lens 1 are the same (see Figure C.1(a)).
Data set D has a slightly smaller peak current due to a smaller flow rate of xenon gas into

the ion source.

The beam profile at wire 1 downstream of the ExB filter in the filter chamber is plotted
in Figure C.1(b), and used to set the voltages on Deflection Plates 1 and 2 to get maximum
current through Aperture 1 and to produce a centered and symmetric beam at the wire 1
location. From Figure C.1(b), a more symmetric beam was produced in data set D after
deflection plates 1 and 2 were changed to allow for differential biasing of the horizontal plates
(as opposed to absolutely biasing in which one plate is grounded). Also from comparison of
the total integrated currents at wire 0 and wire 1 (found in the legend), less than 5% of the
current in the source chamber passes through aperture 1 into the filter chamber. The full

width at half maximum (FWHM) is reduced from approximately 15 mm to 2 mm for data
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Table C.1: lon Beam Operating Conditions

Voltage, V Data Set
A B C D
Source Grid 1500 1500 1500 1500
Extractor Grid 1140 1140 1140 1140
Lens 1 -3000 -3000 -3000 -3000
Lens 2 -500 -1900 -1900 -2000
Deflection Plate 1 (85, 143, 0) (86, 144, 0) (86.3, 143.3, 0) (57.3, 60.4 -47.8)

(Top, Left, Right)
Deflection Plate 2 (-113, 149, 0) _ (-113, 152, 0) __ (-116, 1488, 0) _ (-65.2, 75.4, -32)
(Top, Left, Right)
Deflection Plate 3| (51.4, 148, 0.6) _ (12.5, 146, -18) (34, 140.3, 28.6) _ (-13, 153.7, -3.2)
(Top, Left, Right)
Deflection Plate 4 (-35.3, 9.4) (-9.5, 22) (-36.1, -0.9) (4.1, 27.4)
(Top, Right)

set D.

Before data at each test cell pressure is taken, the beam profile at wire 2 just upstream of
the test cell is measured to supply as an input condition for model validation. Figure C.1(c)
shows the average and envelope of the beam profiles, which accounts for the temporal drift
due to changes in the ion source (i.e., filament cathode or xenon flow rate through the
variable needle valve). From the total integrated currents in Figure C.1(c), less than 20% of

the current at wire 1 reaches wire 2. For all data sets, the FWHW is approximately 2 mm.
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Figure C.1: lon beam profile at (a) wire 1, (b) wire 2, and (c) wire 3. In (c), the average of
beam profiles taken at various times is shown as solid lines, while the envelope of
the beam profiles is shown as dashed lines.
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APPENDIX D

Detailed Test Cell Geometry
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APPENDIX E

Initial Test Cell Geometry and Results

The initial version of the test cell was designed to examine the collisions occurring at low test
cell pressures where collisions are localized near the exit plate. Therefore, it did not require
an electrode on the upstream surface of the test cell. A front plate was later added to the
improved test cell in order to investigate collisions at higher test cell pressures. Additionally,
a single inner cylinder electrode was used in the initial test cell. To obtain spatial resolution
of current along the inner cylinder, the single inner cylinder electrode was replaced with three
cylindrical electrodes (i.e., inner cylinders 1-3) in the improved test cell. Lastly, both the
exit plate and the inner cylinder were initially made from stainless steel. However, since the

electron emission from 1.5 keV Xe™ incident on stainless steel is unknown, these materials

_— Exit Plate
Inner Cylinder (Stainless Steel, t = 1.2 mm)
Stainless Steel Exit Orifice
(d=5.10mm) Ml
Back Aperture

(Poco carbon, d =2.6 mm,
t=2.5mm, 45°chamfer)

Front Aperture
(Poco carbon, d =2.6 mm,
t=2.5mm, 45° chamfer)

lon Beam
d=6.4 .1 mm
Collector Plate
(Graphite) ||
l: L=163.6 mm =|I< l: L=~200 mm >
Gap=6.4mm : Gap=12mm

Figure E.1: Test cell geometry in the initial design with important electrodes highlighted. Im-
portant dimensions and materials are also included. Further details can be found in
Figure E.2.
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were later replaced with materials that are known to have low electron emission (i.e., gold
and nickel). See Figure E.1 and E.2 for simplified and detailed drawings of the old test cell.
These changes were made with insight gained from the semi-analytical and computational
models of collisions in the test cell. They confirmed that the lack of an upstream electrode
is in fact acceptable (<5% error) at low test cell pressures, but not above ~0.4 mTorr. They
also predicted a non-uniform spatial distribution of current along the inner cylinder at high

test cell pressures.

Electrode currents measured with the old test cell as a function of pressure for the case of
no applied electric and magnetic fields are plotted in Figure E.3(c¢) and compared to currents
measured with the improved test cell; four data sets were taken with the initial test cell and
are shown as unfilled symbols, while the four data sets taken with the improved test cell
are shown as filled symbols. Note that since no current was measured on the front plate, all
currents in Figure E.3(c) are normalized by I; = I;/(I;¢ + Igp + Igo) for given electrode
j. It show the excellent level of agreement between multiple data sets and between the data
taken with the initial and improved test cells. Additionally, since the electron emission from
gold and stainless steel are expected to be significantly different (i.e., stainless steel has a
relatively low work function of 4.4 eV such that potential emission due to incident Xe* is
possible), Figure E.3(c) shows that particle-induced electron emission from the exit plate to

the inner cylinder is expected to be negligible for test cell pressures below 2 mTorr.
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Figure E.3: Current measured on the (a) inner cylinder (blue squares), (b) exit plate (green
triangles), and (c) exit orifice (red circles) as a function of test cell pressure. Data
taken using the initial test cell design are shown as unfilled symbols and data taken
using the improved test cell design are shown as filled symbols. Solid lines show the
error bounds for the initial data sets. Currents are normalized by the sum of the
inner cylinder, exit plate, and exit orifice currents.
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APPENDIX F

Ion-Neutral Collisions Supplementary Data

F.1 Experimental Data

F.1.1 With Applied Electric Field, No Magnetic Field

In addition to MEX and CEX ions collected on each electrode, the electrodes may collect
ions and electrons generated via neutral-neutral ionization and collect and emit electrons.
To separate the current due to high energy MEX and ionization ions, low energy CEX ions,
and low energy ionization and PIEE electrons, an electric field was applied by biasing the
front plate, inner cylinder, and exit plate to modest voltages. The voltage on each electrode
was swept from 0 to +100 V, while all other electrodes were kept grounded. Thus as will
be shown below, the curves of current versus voltage are similar to that observed during a

Langmuir probe sweep.

The currents measured on the front plate, inner cylinder, exit plate, and exit orifice are
plotted in Figure F.2 as a function of voltage on the front plate for a few selected test cell
pressures. The current on the exit plate increases at negative voltages since the exit plate
repels electrons and attracts slow CEX ions that may otherwise go to the inner cylinder.
These effects are more pronounced at higher test cell pressures where more collisions occur.
At positive voltage and low test cell pressures, the current decreases since the exit plate
repels the few slow CEX ions that may otherwise go to it, reattracts emitted electrons, and
attracts a large amount of electrons generated in neutral-neutral ionization collisions. The

opposite trend is observed on the inner cylinder. However, there is still significant positive
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current measured on the inner cylinder at negative exit plate current. This is due to CEX
ions that are created in the near-entrance region that are unaffected by the electric field
is the near-exit region, and that still go to inner cylinder 1 and 2. The currents on the
exit plate and exit orifice are nearly constant with voltage, which again suggests that few
electrons emitted from the exit plate reach the front plate and no electrons or CEX ions pass

through the exit orifice.

Figure F.1 shows the current measured on the test cell electrodes as a function of voltage
on the exit plate for the same test cell pressures. When biased negative, there is an increase in
current to the front plate, which is likely due to the front plate attracting slow CEX ions that
may otherwise go to the inner cylinder and/or repelling ionization electrons. This increase
is larger at higher test cell pressures, when more CEX ions are created and more electrons
may be generated. At positive voltage and low test cell pressures, the current decreases to
zero since the front plate repels slow CEX ions that may otherwise go to it and since there
is no neutral-neutral ionization. At positive voltage and high test cell pressures where Kn
>1, the current becomes negative since the front plate attracts ionization electrons. The
opposite trend is observed on the inner cylinder. The currents on the exit plate and exit
orifice are constant with voltage, which suggests that electrons emitted from the exit plate
do not reach the front plate, and that few CEX ions created in the near-entrance region

reach the exit plate or exit orifice.

The currents measured as a function of inner cylinder voltage are slightly more compli-
cated as shown in Figure F.3 due to the fact that an electric field is established at both ends
of the inner cylinder. At positive inner cylinder voltages and low test cell pressures (i.e.,
Kn >1), the current to the inner cylinder decreases from a non-zero value to zero, which
suggests that ions collected on the inner cylinder are CEX ions. At positive voltages and
high test cell pressures, negative currents are measured on the inner cylinder due to electrons
emitted from the exit plate and generated via neutral-neutral ionization that collect on the

inner cylinder. The repelled ions to and attracted electrons from the front plate and exit
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Figure F.1: Current measured on the (a) exit orifice (EO), (b) exit plate (EP), (c) inner cylinders
(IC), and (d) front plate (FP) as a function of exit plate voltage at selected test
cell pressures (the legend for all is shown in (d)).
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Figure F.2: Current measured on the (a) exit orifice (EO), (b) exit plate (EP), (c) inner cylinders
(IC), and (d) front plate (FP) as a function of front plate voltage at selected test
cell pressures (the legend for all is shown in (d)).
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plate are detected as an increase in current on these surfaces. The larger increase on the
front plate than on the exit plate at high test cell pressures, suggests that more CEX ions
are created at the near-entrance region (as expected). The current on the inner cylinder
increases at negative voltages as more CEX ions are collected, and more electrons from the
exit plate and ionization are repelled. This manifests as a decrease in current on the exit
plate and front plate. Lastly, the constant current on the exit orifice suggests that no CEX
ions (which scatter at large angle) and ionization electrons (which scatter isotropically) pass

through the exit orifice.

To summarize, the biased data suggests the following for the the case where all test cell

electrodes are grounded.

Electrons emitted from the exit plate do not reach the front plate

No CEX ions created in the near-entrance region of the test cell domain reach the exit

plate

No CEX ions, electrons emitted from any surface, and ionization electrons pass through

the exit orifice

Nearly all ions reaching the inner cylinder are CEX ions

F.1.2 With Applied Electric and Magnetic Fields

Finally, the transport of slow CEX ions was investigated without the complication of electron
emission to and from the inner cylinder by biasing each of the test cell electrodes while an
axial magnetic field was applied in the test cell domain. Figures F.4-F.6 show the currents
measured on the test cell electrodes as a function of exit plate, front plate, and inner cylinder
voltage. Electrode currents from Figures F.1-F.3 without magnetic field are included for

comparison.

As discussed above, a difference in current on the exit plate with and without magnetic
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field is likely due to differences in electrons generated isotropically in neutral-neutral ioniza-
tion collisions that may now be funneled to the the exit plate by the magnetic field. Electrons
from the exit plate should be emitted at any front plate voltages above zero. Therefore, the
increase in exit plate current (up to 20% of the total test cell current at 2 mTorr) observed
at high test cell pressures in Figure F.5(b) as the front plate is increased from ground is
due to ionization electrons. Decrease in exit plate current for negative front plate (up to
10% of the normalized current at 2 mTorr) is likely due to ionization electrons and electrons
emitted from the exit plate that are repelled to the exit plate (also seen as an increase in
front plate current). The same large increase in exit plate current (decrease in front plate
current) is observed for negatively biased exit plate, and the same decrease in exit plate

current (increase in front plate current) for positively biased exit plate.

The changes observed on the inner cylinder with varied electrode voltages when a mag-
netic field is applied should only be due to the transport of slow CEX ions. Therefore from
the large variation in inner cylinder current observed in Figures F.5(b)-F.5(c), a significant
fraction of CEX ions are collected on the inner cylinder. At positive inner cylinder voltages
(where slow CEX are repelled) and low test cell pressures, the difference in inner cylinder
current without and with magnetic field is due to PIEE, which is shown to be negligible
(at these pressures). At positive inner cylinder voltages and high test cell pressured, the
difference without and with magnetic field is due to ionization electrons, which are found to

be significant.

The exit orifice current is found to be independent of voltages since no CEX ions and

electrons are collected here.

To summarize, the data taken with applied electric and magnetic field suggests the fol-

lowing for the the case where all test cell electrodes are grounded.

e Significant CEX ions to the inner cylinder

e Significant ionization electrons to the exit plate, front plate, and inner cylinders
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are reproduced from Figure F.2, while data taken with a magnetic field are shown
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Current measured on the (a) exit orifice (EO), (b) exit plate (EP), (c) inner cylinders

(IC), and (d) front plate (FP) as a function of front plate voltage at selected test
cell pressures (the legend for all is shown in (d)). Data taken without magnetic field
are reproduced from Figure F.2, while data taken with a magnetic field are shown
in orange, turquoise, light green, and pink.
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e No CEX ions, PIEE electrons, or ionization electrons pass through the exit orifice

Note that electric fields established in the test cell do change the velocity of charges
particles, particularly CEX ions which have energies ~0.04 eV, PIEE electrons which are
emitted with a peak energy of 2-4 eV, and low energy electrons generated via neutral-neutral
ionization. However, the modest voltages applied here are not expected to significantly
change the behavior of CEX ions, besides their trajectories. However, electric fields may
increase electron energies such that electron-neutral collisions, particularly electron impact
ionization, are considerable. The above discussion would still apply in such case since ions
and electrons generated via electron-neutral ionization would follow similar trajectories to

ions and electrons generated via neutral-neutral ionization.

F.2 Model Results

Model results of electrode currents at the walls of the test cell in the ion-neutral collision
experiment are presented below. Figure 3.13 from Section 3.3.4 is reproduced here, but
model results are added to plots in a step-wise fashion for clarity and to highlight results
from the semi-analytical model developed by the author. Additionally, individual currents
on the three inner cylinder segments are shown, as well as current distributions on the inner

cylinders and exit plate.

F.2.1 Semi-Analytical Model

As discussed in Section 3.3.4, Figure F.7 shows the exit level of agreement between the
semi-analytical model and experimental data for the exit orifice and front plate. Currents
to the exit orifice and front plate are entirely from fast beam and MEX ions, and from large
angle CEX ions, respectively. Substantial small-angle MEX ions and large-angle CEX ions
reach the exit plate and inner cylinders, respectively. Qualitative agreement with measured

currents on exit plate and inner cylinder is achieved when neutral-neutral ionization collisions
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are considered. This is also demonstrated in the result of current to each of the inner cylinder

segments in Figure F.8.

F.2.2 Monte Carlo Collision Model

Results from the MCC-PIC model are shown in Figures F.9, F.10, and F.11. Currents
considering only MEX ions, considering both MEX and CEX ions, and ions and electrons
are shown, where particle-induced electron emission (PIEE) due to impact from ions and

fast neutrals is considered assuming particle-induced yields of 0.2 and 0.4.

As discussed in Section 3.3.4, Figure F.7 shows excellent agreement with measured cur-
rent on the exit orifice, and with ion-only results (i.e., ”"MEX+4+CEX”) from the exit plate.
Quantitative agreement with measurements of the exit plate and inner cylinders again is
achieved when ion- and neutral-induced electron emission from the exit plate to the inner
cylinders is considered, especially for higher yields. This is also observed in Figure F.10
for the inner cylinder segments. Since the model utilized high PIEE yields of 0.4 (i.e.,
Refs. [122, 128] suggest the yield for 1.5 keV Xe' impacting gold should be much lower), a

combination of PIEE and neutral-neutral ionization collisions are likely to be at play.

The current distributions along the inner cylinder and exit plate are shown in Figure
F.11. The current is uniform along the inner cylinder at low test cell pressures (i.e., Kn
>1) since current to the inner cylinder is from CEX ions that are scattered at nearly 90°
to the inner cylinder. Thus when Kn >1 and on average less than one collision occurs per
beam ion, there is a uniform probability that the CEX ion is scattered at any position along
the test cell domain. However at higher test cell pressures (when Kn <1), fast beam ions
and MEX ions may experience multiple collisions that lead to a shift in current towards
the entrance region of the test cell. The current along the exit plate exponentially increases
towards the exit orifice due to the much larger number of MEX ions scattered at low angle.
A smaller contribution on the exit plate due to CEX ions (difference between the dotted and

dashed lines) is largest at large radii due to the large angle scattering of CEX ions. Electron
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to be generated in neutral-neutral ionization collisions.

Equation 3.9 with A

x =L and 0,,; = ocgx is compared to exit orifice current.
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and from ions and electrons (solid lines) are shown, where electrons are assumed to
be generated in neutral-neutral ionization collisions.
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Figure F.11: Results from the MCC-PIC model of the MEX (dotted line), MEX and CEX
(dashed line), and sum of ion and electron (solid line) current distribution along
the (a) exit plate (EP) and (b) inner cylinder (IC) at select test cell pressures. Elec-
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emission from the exit plate (difference between the dashed and solid lines) is approximately

uniform away from the exit orifice.
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APPENDIX G

Measurements of ITEE from Ar™ and Xe™ Incident on

Tungsten and Stainless Steel

This section introduces measurements of ion-induced electron emission (IIEE) properties of
conducting materials. Section G.2 discusses utilization of the test cell for I[IEE experiments.
Distinct ITEE measurements of Xe™ on stainless steel at incident energies below 2 keV are
presented in Section G.3. IIEE measurements of Ar™ and Xe™ on tungsten are also presented,
and compared to data obtained from previous researchers (shown in Figure 2.5(g)) for facility

validation.

G.1 Techniques to Measure I1IEE

Similar to previous effort, [IEE measurements are made by directing a mass analyzed and
collimated beam of known current to a target material held in vacuum (10~® Torr). The
electrons emitted from the target I;;pr can be measured from (i) a collector I.,; surrounding
the target [77, 262, 77| or (ii) the target I7. Hence the total IIEE yield v (i.e., ratio of emitted

electrons to incident ions) is then given by

]IIEE Icoll
pu— —_ - G;]-
Ibeam ]beam ( 8‘)
I I I eam) I eam ] - I eam [
_ IIEE _ ( 11 + 1y ) b _ T b _ T _1 (Glb)
[beam [beam [beam Ibeam
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The ion beam current Iy, can be measured on the target when biased positive to suppress

ITEE from the target:

Ibeam = IT(VT = +20V) (G2)

To ensure no tertiary electrons from the collector reach the target, the target should be

biased negative when not suppressing electron emission from its surface:

Irige = Ir(Vr = =20V) — lpeam. (G.3)

G.2 Experimental Setup

The ion beam facility at the Jet Propulsion Laboratory described in Section 3.1 was adapted
to examine IIEE. The ion beam energy was varied by the source grid voltage and ExB
filter is used to allow only singly charged ions to pass into the test chamber. The ion beam
was directed to a target of the conducting material under consideration, and the electron
emitted from the target were measured on a surrounding collector. Modifications to the test
cell, which holds the target and collector, are described in Section G.2.1. A calculation of
the time required for residual gases inside the test cell to form a monolayer are provided in

Section G.2.2 and compared to the time to sputter clean the target.

G.2.1 Modified Test Cell

The test cell was adapted to hold a sample of the material under consideration and the
electron collector (see Figure G.1). The sample is mounted to the end of the test cell (i.e.,
where the exit plate was mounted in ion-neutral collision measurements). The downstream

front plate and inner cylinder act as collector of the emitted electrons. Use of the front
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Figure G.1: Test cell electrodes for measuring ion-induced electron emission properties of con-
ducting materials. Important materials and dimensions are included.

aperture and collimator plate result in an ion beam with less than 0.6° divergence, such that
ions impact the target at normal incidence (since the IIEE yield is dependent on incidence
angle) [262, 77]. The collimator plate is also biased positive during measurements to prevent
any electrons created upstream of the test cell from entering the test cell. All electrodes are

insulated from the test cell housing and each other with Ultem and Nylon spacers.

A Keithley 485 picoammeter is used to measure current on the front aperture electrode,
and a Keithley 236 source meters to bias and measure the current on the collimator plate.
A Keithley 237 source meter was used to bias and measure current on the front plate, inner
cylinder, and target individually. When not biased, the inner cylinder current (calculated to
be approximately 84% of the emitted electrons based on geometry and assuming cosine emis-
sion of electrons) was measured with a Keithley 617 electrometer (with highest resolution)

and the front plate current with a Keithley 485 picoammeter.
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G.2.2 Monolayer Formation Time

In order to characterize the surface of the materials, and ensure the target material is clean

over the time of the measurement, the time for monolayer formation t,, is calculated by

N
b = PT (G.4)

where N is the number density of atomic sites on the surface and P is the sticking probability.

The flux of residual background gas I' assuming ideal gas is given by

[ = nYtherm (G.5a)
4
kgT
Vtherm = Bkp (G.5¢)
Ty,

For a surface density of 10* m~2, room temperature, and assuming a sticking probability

of 1 for residual gases such as Ny, the monolayer time is given by

_26x 10°¢

p (G.6)

m

where p here is the pressure of the background gas in Torr. Hence for the 6.4x10~8 Torr

vacuum facility, the target material develops a monolayer of adsorbed gas in about 40 s.

The time to form the monolayer is compared to the time required to remove the monolayer

by sputtering with the Xet or Ar"™ ion beam. The flux of sputtered ions from the target I',
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Table G.1: Sputter Yield of Xet and Ar* Incident on Ny (from Ref. [39]).

Projectile 300 eV 1500 eV

Xe™ 0.6 0.85
Art 0.4 0.48

is calculated from the flux of ions to the target and the sputtering yield Yspyu:

N N
f— = — . (G.7)
Fs Wsputt]beam/Abeame

Sputter yield values for Ny (for example) are provided in Table G.1.

For the ion beam currents produced by the facility, the time to sputter off a monolayer
is 6 hours for a 500 eV, 7.7x10* m~2 Xe* beam and 28 min for a 1 keV, 9.8x10* m~2 Xe*
beam. Hence there is some uncertainty in the IIEE yield measurements due to adsorbed
residual gases. To account for this, the composition of the material surface is determined

before and after IIEE measurement.

Prior to measurement, the tungsten target was also characterized by scanning electron
microscopy (SEM) for surface structure and by electron diffraction spectroscopy (EDS) for
surface composition. The composition was determined to be 96.2% tungsten, 3.3% carbon,
and 0.5% oxygen. Hence the tungsten sample is not significantly oxidized by exposure to air

before insertion into the vacuum chamber.

G.3 Experimental Results

Preliminary results are presented for 500-1000 ¢V Xe™ and Ar' impacting tungsten. Tung-
sten was chosen to validate the experiment and approach since previous IIEE measurements
exist for Xe™ and Art at these energies. From Figure G.2, the yields follow the trend of

increasing yield with increasing ion incident energy, but are more than five times higher than
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Figure G.2: lon-induced electron emission yield for (a) Art and (b) Xe* incident on tungsten.
Comparisons are made to previous measurements [33, 34, 35, 36, 37].
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Figure G.3: lon-induced electron emission yield for Xe™ incident on stainless steel.

previous measurements. We believe the larger yield of the tungsten measured in our facility
is likely due to surface condition (e.g., adsorption of residual gases and oxidation). The yield
from Xe' incident on stainless steel is shown in Figure G.3. From this figure, it seen that
the yield for 1.5 keV Xe™ on stainless steel is approximately 0.15, which is smaller but the
same order of magnitude as the values assumed in the MCC ion-collision models (i.e., 7 =

0.2 and 0.4).
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APPENDIX H

Effects of Facility Background Pressure on SEE

Measurements

The mean free path A._y, for electrons in Ny gas (as an example) of given density ny,is

given by

e (H.1)

NNy, Oe—Ny

where o._y;, is the electron-nitrogen collision cross-section. For 2 eV true secondary electrons
leaving the sample, 0.y, is 3x107 m? [263] and the mean free path at 5x1078 Torr is
2x10% m, which is four orders of magnitude larger than the distance between the sample
and LEED/AES optics. A similar calculation can be done to show there is no effect due to
scattering of primary electrons by the residual gases in front of the sample: for the lowest
primary electron energy of 50 eV, 0.y, is 810720 m? [263] and the mean free path at
5x1078 Torr is 8x10% m, which is also large. We also note that at the electron energies and
currents considered here, there is no thermal or electron-induced desorption, hence no local

pressure increase near the sample.
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APPENDIX I

Characterization of 4-Grid LEED /AES Optics

I.1 Secondary Electron Collection on Each Grid

Considering the geometry of the experiment, where the LEED /AES optics are 19 mm from
the sample and the grids of the LEED/AES optics are 2.7 mm apart, the half-angle ©
from the sample center to the edge of each grid, as shown in Figure 1.1, is calculated to
have the values given in Table I.1. Assuming no obstruction between the sample and the
respective grid, assuming zero grid transparency, and assuming a cosine distribution for

emitted electrons, the fraction g of secondary electrons collected on each grid is

2r O
g= / / cosfsinf0dode = 1 — cos*O. (L.1)
o Jo

However, there are a number of grids of which each has the same transparency ¢ (i.e.,
83% not zero) and a number of grids N in front of the grid under consideration. Hence,
the fraction of secondary electrons from the sample that are collected on each grid of the

LEED/AES optics when each grid is grounded is calculated to be

= gtV (1 —t) (1.2)

Isgk

Hence, theoretically only 56.4% of the current emitted from the sample is measured (not
including G4 which cannot be measured) when grid G1 is kept at ground potential. This

is close to the percentage of the measured current on the collection assembly when G1 is
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Figure 1.1: Half-angles of LEED/AES grids.

Table 1.1: Secondary Electron Collection on the LEED/AES Optics

\Property\ G1 \ G2 \ G3 \ G4 \Screen\

E 60° | 56.6° | 53.5° [ 50.8° [ 48°
g 0.75 | 0.70 | 0.65 | 0.60 | 0.55
| 12.8% [ 9.8% | 7.6% | 5.8% | 26.2%

grounded versus when G1 is biased to 50 V (46.9-50.6% over the 50-500 eV range).

I.2 Tertiary Electron Collection on the Final Screen

Tertiary electrons from the grids may lead to error in energy distribution measurements, and
must be quantified. Tertiary electrons from grids G1 and G2 are negligible since they are of
low energy such that they are prevented from reaching the final hemispherical collector by
the retarding potentials of grids G2 and G3. Considering the geometry of the LEED/AES
optics, about 8% and 6% of secondary electrons emitted from the sample are calculated to

impact grids G3 and G4, respectively, when the LEED/AES optics components are grounded
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(see L.1).

When calculating the number of tertiary electrons from G3 that are measured on the
final hemispherical collector plate, it is assumed that (1-t) of tertiary electrons scattered
backwards hit G2, t of those are scattered forward to pass through G3, and t of those
pass through G4. Hence 12% of the tertiary electrons from G3 are measured on the final

hemispherical collector.

Assuming a maximum possible yield of unity for low energy electrons impacting the
stainless steel grids, assuming 12% of the tertiary electrons from G3 are measured on the
final hemispherical collector (from above), and assuming all tertiary electrons from G4 are
measured on the collector, a maximum of about 6% error (i.e., 8% x 12% + 6% x 100%) is

calculated for these effects on our energy distribution measurements.
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APPENDIX J

Expressions for SEE Yields and Energy Distributions

J.1 Yield at Normal Incidence

J.1.1 True Secondary Yield

The empirical equation by Ref. [217] was used in the Monte Carlo model of nanostructured

materials:

sEpp/EpE"

S_1+(EPE)S

max
EPE

§(Epp, 0) = §mae (J.1)

where 6" is the maximum true SEE yield, EF&" is the corresponding energy at which the

maximum yield occurs, and s is a material dependent parameter.

J.1.2 Inelastically Reflected Yield

The following empirical equation by Refs. [264, 217] was used in the Monte Carlo modeling

of SEE from smooth and nanostructured surface:

n(Epg,0) = a(l — bEpg)E}y exp(_(ng)#), (J.2)

where E, = ¢+ dZ, Z is the atomic number, a is a material dependent parameter (in the
range of 7 x 1073 to 10 x 1073), b = 3 x 107, ¢ = 300,d = 175, = 0.56, 4 = 0.70, and
Epg < 5000 eV. Another empirical equation is provided by Refs. [265, 266].
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J.1.3 Elastically Reflected Yield

The following empirical equation by Ref. [17] was used for comparison with data measured

for graphite and in it’s semi-empirical modeling:

£(Epp,0) = fo(Epg,0) (J.3)

where In f = 1.59+3.75In Epg —1.37(In Epg)?+0.12(In Epg)? for Epp=>5-100eV and f = 0
for Epp >100 eV, and o is the total yield. For the Monte Carlo modeling of SEE from

smooth and nanostructured surfaces, the following equation by Refs. [264, 217] was used:

€1 €9

E 0) =
#(Erp,0) 1+ Epp/Eq * 1+ Epg/Ees’

(J.4)

where €1 = gy — €9, ¢ is the elastic yield at Epp = 0,69 = 0.07, E,y = \/LZ,EeQ = hZ% g =
50, h = 0.25, and Z is the atomic number. Anther empirical equations is provided by Refs.
265, 266]. Additionally Ref. [267] derived an expression using the Widdington velocity-
distance relation and assuming single electron Rutherford scattering. Using simple quantum
mechanics with a plane-wave electron wave function incident on a negative potential step of

depth ¢y = 150 eV, Ref. [57] derived an expression.

J.1.4 Elastically and Inelastically Reflected Yield

The elastic and inelastic yields above can be summed to determine the reflected yield. Alter-
natively, empirical expressions were provided by Refs. [268, 157, 138, 269, 157]. Additionally,
Ref. [270, 148, 13] derived an equation for low Z materials using the Widdington velocity-

distance relation and assuming single electron Rutherford scattering.
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J.1.5 Total Yield

The total SEE yield can be determined using the above equations for d, n, and €. However,
for comparison of the total yield measured for graphite, the following expression by Ref. [17]

was used:

2
E
(1n £52)

o (J.5)

0(Epg,0) = 0™ exp |—

where @ = 0.6. An additionally empirical equation for the total yield includes that provided
by Ref. [271].

J.2 Yield at Oblique Incidence

J.2.1 True Secondary Yield

The empirical equation by Ref. [217] was used in the Monte Carlo model of nanostructured

materials:

kE+1

5(EPE7 HPE‘) = 6(EPE7 O)m

(J.6)

where k = 0.0027Z + r, Z is the atomic number of the material, and r accounts for surface

smoothness.

J.2.2 Inelastically Reflected Yield

The following empirical expression for the yield from inelastically reflected electrons given by

Refs. [264, 217] was used in the Monte Carlo modeling of SEE from smooth and nanaostruc-
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tured surfaces:

n(Epg, 0pp) = n(Epp, 0)0reC{t=0r) (J.7)

n(Epg,0)

where Cl - XW(EPE,O)-F«E(EP&O

Ref. [266].

) and y = 0.89. Another empirical expression is provided by

J.2.3 Elastically Reflected Yield

The empirical expression provided in [264, 217] was used in the Monte Carlo Model of SEE

from smooth and nanostructured surfaces:

e(Epp, 0pg) = £(Epg, 0)sfre e 0re) (J.8)

— X €(EPE 70)
n(Epg,0)+e(Epg,0

where C5 ) and y = 0.89. An additional empirical equation is provided

by [266]. Using the Widdington velocity-distance relation and assuming single electron

Rutherford scattering, Ref. [267] derived an expression for .

J.2.4 Elastically and Inelastically Reflected Yield

The elastic and inelastic yields above can be summed to determine the reflected yield. Al-

ternatively, Refs. [272, 147, 273, 274, 275] provided empirical expressions.

J.3 Energy Distribution of Emitted Electrons

J.3.1 True Secondary Electrons

A theoretical derivation of the energy distribution of true secondary electrons was provided

by Chung and Everhart [20]. A version of the distribution is provided in Equation 4.4.
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J.3.2 Inelastically Reflected Electrons

The Monte Carlo modeling of smooth and nanostructured surfaces assumed that inelastically
reflected electrons have an uniform probability of a energy between 50 eV and Epg. However,

empirical expressions for the energy distribution are provided by Refs. [265, 266, 264, 217].

J.3.3 Elastically Reflected Electrons

The Monte Carlo model of SEE from smooth and nanostructured surfaces assumed the energy
of a elastically reflected electron is the same as the energy of the incident primary electron.
In reality, there is a small spread around the primary electron energy. Refs. [265, 266]

empirically determined this energy distribution.

J.3.4 Elastically and Inelastically Reflected Electrons

Ref. [267] stated that the mean energy for reflected electrons was about 2/3 of the incident
energy for 10-100 keV incident electrons, while Refs. [276, 277, 158] found an an expression

for the mean energy.
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