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ABSTRACT

Helium bubble formation in materials is a concern for both modern day nuclear reactors as well

as the next generation. Helium trapped in an atomic lattice has a tendency to form bubbles that may

cause blisters, flaking, and increased porosity on the surface of a material. For this experiment a

10 kV linear accelerator was rebuilt and joined with a 1.7 MV linear accelerator to create a system

where multiple ion species could be implanted in a sample material simultaneously. This dual ion

beam system was used to examine the development of helium bubbles in stainless steel under both

helium only implantation and helium with simultaneous implantation of a heavier ion species. It

was observed in both a 5.0·1015 and 3.0·1016 ions·cm−2 implantation that the additional damage

from a second iron ion caused an increase in helium bubble nucleation across the entire range of

10 keV He+ in a 316L stainless steel target.
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1. INTRODUCTION AND THEORY

1.1 Problem Statement

Fusion technology represents the next generation of nuclear reactors and ion propulsion de-

vices. As such the need for materials capable of withstanding interaction with a fusion plasma for

long periods of time is high. 4He ions are a concern in any fusion or plasma equipment as they

have a tendency to created bubbles within the atomic lattice during irradiation. This process can

lead to accelerated swelling, corrosion, and cracking of shielding materials. Examining how this

damage occurs under fusion-like conditions will aid in materials development for next generation

plasma facing materials.

1.2 Scope of Work

The scope of this thesis was to construct an accelerator system capable of simultaneous ion

implantation to simulate surface helium implantation into a plasma facing material from a confined

fusion plasma. Two linear accelerators were used to simulate the release of ions in the plasma. A

10 kV DC ion source was constructed to simulate the bombardment of thermalized ions and a 1.7

MV Plasmatron/SNICS source to simulate higher energy ions.

Linear accelerators were chosen for use in this experiment for three main reasons: they allow

for variation in displacement per atom (dpa) through variable gas loading, are capable of producing

the same fluence as a reactor at a fraction of the cost and time, and allow multiple separate samples

to be irradiated simultaneously under the same operating conditions. The use of two independent

beam lines in this design allow multiple ion species to interact with a single target to more closely

resemble the conditions in a fusion-like plasma.
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1.3 The Fusion Reaction

Nuclear fusion occurs when two atoms are able to overcome the electrostatic force Fc between

them and allow the nuclear force to bind them into a new isotope. This force is described in

Equation 1.1.

Fc =
ZxZXe

2

4πεor2
(1.1)

Where Zx and ZX are the number of protons in atoms x and X respectively, r is the distance

between the atoms in meters, εo is the permitivity of free space, and e is the elemental charge

1.6·10−19 C. The energy Efusion required to overcome the force is:

Efusion = W =
ZxZXe

2

4πεor
(1.2)

The energy released by such a fusion is calculable with thanks to Einstein’s famous mass-energy

equivalence E = mc2 and a careful measurement of the mass defect ∆M in a reaction:

∆M =
∑

mreactants −
∑

mproducts (1.3)

When ∆M is calculated in amu it can be converted directly to a quantity of energy by multi-

plying it by c2:

Qrxn = ∆Mc2 = ∆M (931.5
MeV
amu

) (1.4)

When lighter elements are fused together the reaction becomes exothermic, as in the case of

7Li fusing with a proton:

7
3Li +1

1 H→ 2(4
2He) (1.5)

This reaction results in a ∆M of 1.866·10−2 amu, or ≈ 17.4 MeV [10]. Figure 1.1 illustrates the

binding energy per nucleon and the limits of fusion and fission by mass number. Fusion of heavier

elements up to 56Fe are possible. The energy required to fuse nuclides heavier than 56 Fe is simply

too large to occur in nature or any known technology.
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Figure 1.1: Binding energy by mass number . Reprinted from Lépine-Szily 2012[1].

1.3.1 History & Develpoment of Fusion Theory

Nuclear fusion was first proposed as the source of stellar energy by Arthur Eddington in 1929.

The proof of the stellar proton-proton chain reaction was developed by Hans Bethe in 1938 and

would eventually earn him the Nobel Prize in 1967. The first successful laboratory fusion was

carried out by Mark Oliphant, Ernest Rutherford, and Paul Harteck in 1939. This initial fusion

was achieved by using a particle accelerator to fire deuterium ions into a thin foil that had been

prepared with a solution containing deuterium atoms [11]. In this process Oliphant et al discovered

the release of a high energy helium atom, the new hydrogen isotope tritium, a proton, and neutron.

The DD fusion reaction and products can be seen in Equations 1.1 and 1.2 respectively [12].

2
1D +2

1 D→3
1 T (1.01 MeV) + p+ (3.02 MeV) 50% (1.6)

2
1D +2

1 D→3
2 H (0.82 MeV) + n0 (2.45 MeV) 50% (1.7)
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2
1D +3

1 T→4
2 He (3.5 MeV) + n0 (14.1 MeV) (1.8)

Deuterium is a commonly occurring natural isotope of hydrogen, making DD a cost effective

fusion from a materials standpoint. DT fusion (Equation 1.8) however has the lowest energetic

threshold for fusion reactions making it more cost effective from an energy consumption standpoint

[13].

1.3.2 Fusion Confinement

Fusion confinement is currently achieved with two methods: an inertial method that simulates

the pressure from gravity via laser bombardment and magnetic confinement that traps ions in a

helical path. Magnetic confinement utilizes the conductive nature of plasma to contain ions in a

helical path. Ions passing through a magnetic field are subjected to the Lorentz Force Law:

~F = q~v × ~B (1.9)

This centripetal force results in a circular ion path as illustrated in Figure 1.2 where the Larmor

radius ρΩ is dictated by the strength of the magnetic field B and the charge and momentum of the

particle in the field. Magnetic confinement can be found in Tokamak and pinch devices. The Toka-

mak uses a toroidal enclosure as seen in Figure 1.3 to wind the path of ions back onto themselves

while forcing them to overcome the Coloumb barrier and fuse into heavier elements.
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Figure 1.2: Circular path of charged particles in magnetic field B . Reprinted from Miyamoto 2005
[2].
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Figure 1.3: Cutaway schematic of a Tokamak fusion reactor . Reprinted from Li 2014[3].
.
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1.4 Bubble Nucleation and Helium Production

1.4.1 Vacancy Defects

Helium bubble nucleation first begins in vacancy point defects within the atomic structure of

a material. Vacancies in a material are due to atoms missing within the atomic lattice as seen in

Figure 1.4.

The number of equilibrium vacancies Nv in a given material is dependent on the energy Qv

required to form a vacancy and the temperature T of the material according to the relationship:

Nv = Ne−
Qv
kT (1.10)

whereN is the total number of atoms present and k is Boltzmann’s constant which can be expressed

as either 1.38·10−23 J·atoms−1·K−1 or 8.62·10−23 eV·atoms−1·K−1 depending on the units of Qv.

Figure 1.4: Single vacancy in an atomic lattice.

From Equation 1.9 it can be seen that as temperature in a material is increased the number of

vacancies exponentially increases.

These vacancies are also formed from interactions between the target ions, neutrons or other

energetic particles released from nuclear reactions or radioactive decays. In neutron-nucleus col-
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lisions energy is imparted to the primary knock on-atom (PKA) when a scattering event occurs.

This transferred energy EPKA is determined by the mass of the PKA M and incident neutron m.

In a completely elastic scattering event EPKA is calculated by:

EPKA =
2M

(M + 1)2
Ei(1− cos(φ)) (1.11)

where Ei is the incident neutron energy and φ is the recoil scattering angle between the neutron

and nucleus. Assuming an isotropic scattering angle for elastic collisions will yield:

ĒPKA =
2M

(M + 1)2
Ei (1.12)

Elastic scattering assumes that kinetic energy is perfectly preserved in the collision. PKAs can

also undergo inelastic scattering where a portion of kinetic energy is lost and the PKA is left in an

excited state post-collision. For a given γ decay with energy Qj , an incident neutron of energy Ei:

EPKA = βEi − β[Ei(Ei +Qj
M + 1

M
)]

1
2 cos(φ) +

Qj

M + 1
(1.13)

where:

β =
2M

(M + 1)2
(1.14)

The average EPKA in this situation is dependent on the resonance scattering cross-section of the

material. The scattering cross section σs,j for a resolved resonance region can be calculated as:

σs,j(Ei, Qj, EPKA) =
σs,j

βEi(1 =
Qj

Ei

M+1
M

)
(1.15)

Ion-nucleus collisions are another potential source for vacancies. For a collision between two

atoms of mass Mi and radius ri the total transferable energy is:

EPKA =
M1M2

2(M1 +M2)
(ṙ2 + r2ψ̇2) + V (r) (1.16)
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where ψ̇ and ṙ are the sums of the transverse and radial velocities of M1 and M2. V (r) is the

potential energy betweenM1 andM2 due to the Coulombic interaction between them. The simplest

of this model is:

V (r) =
Z1Z2ε

2

r
(1.17)

Where Zi is the atomic number of mass Mi, r is the total distance between them, and ε2 = 1.44

eV·nm [14]. Atoms can also be displaced through (n,γ) and (n,2n) reactions that occur after an

neutron is absorbed by the PKA. In each case the PKA is left in an excited state and will emit

either additional neutrons or γ and the recoil energy from the release will knock the PKA out of its

lattice position.

Figure 1.5: Single vacancy and displacement.

A displacement such as the one in Figure 1.5 occurs when enough energy is transmitted to the

PKA for it to scatter out of its position in the lattice. These displaced atoms represent an additional

source of vacancies as they often are energetic enough to knock a subsequent atom out of its lattice.

Such damage cascades vastly increase the production of vacancies during a period of irradiation.

1.4.2 Bubble Growth

Bubbles begin to form in a solid as helium diffuses through the atomic lattice and become

lodged in vacancy sites. As seen in Figure 1.6 multiple helium atoms become trapped within the
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same vacancy they begin to exert gas pressure p on the surrounding lattice. The change in the free

energy dG of the solid from a bubble of radius R is shown in Equation 1.18.

dG

dr
= −4πR2(p− 2Qs

R
) (1.18)

Where Qs is the surface energy surrounding the bubble. The equilibrium condition for such a

bubble will occur when the gas pressure is equal to the inward stress from surface tension minus

any additional surface tension σ applied as in Equation 1.19.

p =
2Qs

R
− σ (1.19)

Figure 1.6: Helium trapped in lattice void.

By using the equilibrium condition and the ideal gas law the number of particles nHe in a
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bubble of radius R can be calculated with Equation 1.20.

nHe =
8πR2Qs

3kT
(1.20)

Likewise, the number of vacancies nv required for a bubble in mechanical equilibrium can be found

by treating the bubble as an absence of atoms with volume Vsolid by using Equation 1.21.

nv =
4πR3

3Vsolid
(1.21)

The critical radius Rc at which a bubble grow uninhibited is related to the equilibrium radius R by
√

3R0. The critical applied stress σc that will induce bubble growth is:

σc =
2Qs

Rc

(1− R2
0

R2
c

) (1.22)

For bubbles R0 < Rc when stress σc is applied the bubbles will grow to Rc. If R0 > Rc or a

stress greater than σc is applied the bubble will continue to grow uninhibited. As the number of gas

particles within the bubble increases an increasing number of vacancies must also be introduced to

maintain mechanical equilibrium. The growth rate of of bubbles is dictated by the concentration

of vacancies and interstitial atoms in the bulk sample and their ability to travel within the medium

[14]. This rate Ṙ can be described as:

Ṙ =
Vsolid
R

[Dv(Cv − Cv
v )−Di(Ci − Cv

i )] (1.23)

Cv
v and Cv

i in this equation are the vacancy and interstitial concentrations at the bubble surface and

Cv and Ci are those same concentrations for the bulk solid.
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1.4.3 Helium Sources

Helium can be generated in two ways within a fusion reactor. Either helium produced from

reaction will be implanted into the surface of plasma facing materials, or the absorption of neutrons

in target atoms will yield α particles as a decay product. Research done with the Tokamak Fusion

Test Reactor (TFTR) has been able to separate three distinct loss mechanisms within a toroidal

fusion chamber. The first orbit loss stems from particles born on "banana" orbits shown in Figure

1.7 [4].

Figure 1.7: Trajectory of an α particle born in a banana orbit . Reprinted from Darrow 1996 [4].

RF wave-induced loss can occur in the plasma when the wave-particle resonance condition is

satisfied in Equation 1.24.

ωRF = Ωf (R)− k‖v‖f (1.24)

Where ωRF is the applied rf frequency, Ωf (R) is the fast ion cyclotron frequency, R is the major

radial position, k‖ is the parallel wave number, and v‖f is the fast ion parallel velocity. In this mode

the ion cyclotron range of frequencies wave (ICRF) interact with fast particles to move them into
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banana orbits and cause loss. Lastly, a collective instability known as the Toroidicity-induced

Alfvén Eigenmode (TAE) has been observed to cause magnetic perturbations in the confinement

field allowing particles to escape their orbit. The study performed by Darrow, Zweben, and Batha

et. al. however did not account for any low energy α particle observance as thin foils placed over

the detectors acted as a shield for any α below approximately 900 keV.

The neutrons emitted during the fusion reaction also have the potential to be absorbed by nuclei

in the surrounding materials. These nuclei can then produce additional helium through a (n,α)

reaction scheme in Equation 1.25.

n + A
ZX = A−4

Z−2Y + α (1.25)

Transmutation can happen in a number of nuclides but the most prominent in a reactor environment

is the two step reaction from 58Ni.

58Ni(n, γ)→59 Ni(n, α)→ Fe + α (1.26)

It is worth noting that this reaction is more likely to happen with neutrons in the thermal range.

This reaction also carries with it additional damage cascades as the recoil from the γ released will

carry the nickel atom out of its lattice position.
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1.5 Previous Work

The surface effects of helium bubbles on metals has been examined in a number of studies.

Helium deposition has been shown to cause increased bubbling and flaking on metallic surfaces.

Low energy helium has also been observed forming hairlike microstructures on single crystal and

polycrystalline tungsten. These surface defects and increased porosity accelerate the degradation

of materials exposed to the plasma.

Figure 1.8: SEM images of 316L stainless steel after a) 70 keV He+ implantation and b) subse-
quent annealing at 700 K . Reprinted from Wang 1989 [5].

The results in Figure 1.8 are part of a study carried out at the Beijing University of Science and

Technology. In this study 316L stainless steel samples were irradiated with helium ions with ener-

gies ranging from 70 keV to 170 keV. These steel samples were irradiated at various temperatures
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from 77 to 673 K. Wang et al. found that the critical dose for blistering in 316L increased with He

energy, and decreased with sample temperature.

Another low energy helium implantation was carried out by Balwdin and Doerner using the

PISCES-B linear-divertor-plasma simulator. In this study polished tungsten discs were exposed

to a pure helium plasma at 1120 K and 1320 K for varying lengths of time. The average impact

energy of the helium was approximately 60 eV. The samples were exposed for increasing amounts

of time and Figure 1.9 shows the the evolution of a hair-like nanostructure. During the longest

exposure the penetration of this structure into the tungsten was in excess of 5 µm.

Figure 1.9: Cross-sectional SEM images of W targets exposed to pure He plasma in the PISCES-B
for (a) 300 s, (b)2.0·103 s ,(c)4.3·103 s, (d)9.0·103 s, (e) 2.2·104 s. ΓHe+=(4-6)·1022 m−1 s−1 .
Reprinted from Baldwin and Doerner 2008 [6].

A simlar study was carried out at Nagoya University using the NAGDIS-II, a linear divertor

plasma simulator. The simulator was used to create helium bubbles in single crystal and polymor-

phic tungsten samples. The energy of the plasma began at 1 eV was increased to a range of 100

eV before the conclusion of the experiment [7]. Formation of holes on the tungsten surface were

noticeable at energies of 5 eV. In their study it was found that single crystal tungsten was much

more resistant to bubble formation than polycrystalline forms.

A dual species irradiation of helium and hydrogen was carried out by Osaka University by Y.
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Figure 1.10: Surface porosity from 1 to 30 eV helium implanted on powder metallurgy tungsten in
the NAGDIS-II. Reprinted from Nishijima 2004 [7].

Figure 1.11: Tungsten morphology after H+C+He irradiation at 1 keV . Reprinted from Ueda 2009
[8].

Ueda et al. In this experiment a H+He+C gas mixture was accelerated at 1 keV towards a tungsten

target [8]. It was found that the trace amounts of He in the gas reduced the blistering effect from

hydrogen and carbon. The effects of increased helium implantation on the blisters is seen in Figure

1.11.
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2. EXPERIMENTAL APPROACH

2.1 10 kV Accelerator Assembly

The low energy ion source consisted of a rebuilt Colutron Model 100 ion source. This source

utilized a tungsten filament and tantalum anode encased in a boron-nitride cup. When energized

the arc-discharge between the anode and filament created a cloud of ionizing electrons. When

introduced to a gas these free electrons generated positive heavy ions that escape though an opening

in the anode.

Figure 2.1: Colutron DC ion source schematic.

The 100 Ω resistor between the filament and anode power supplies served to dampen any

instabilities within the plasma once an arc is struck. Figure 2.1 shows the electrical schematic of

the ion source apparatus used in this system.
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2.1.1 Lenses & Optics

This assembly used a series of three lenses to increase or decrease the focus of the beam on

it’s target. This system is referred to as an einzel lens [15]. The first and last lenses in the series

were kept at a ground potential with the middle lens was kept at a positive potential that was varied

through use of a power source [16]. Figures 2.2 illustrates a decel-accel lens configuration.

Figure 2.2: Schematic of beam focusing via an einzel lens.

The second grounded lens allowed the focused particles to return to their original energy once

through the positively charged lens. By manipulating this focus it was possible to control the

incident ion fluence on the final target and provide a more uniform beam spot. The focusing lens

assembly was also equipped with two pairs of electrostatic plates that served to steer the ion beam

in the vertical and horizontal axes.

2.1.2 Magnetic Bending

After the beam was focused by the einzel lens the ions passed through an electromagnetic field

orthogonal to the beam direction. The radial acceleration induced by the magnet coupled with the

fixed radial path of the beamline allowed the magnetic field to act as both a steering mechanism

as well as an isotope selector. The necessary magnetic field required for a specific incident ion to

pass through the beamline was calculated by using Equation 2.1 for beam rigidity Bρ in units of

Tesla·m.

Bρ =
p

e
(2.1)
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Figure 2.3: Path of various 10 keV ions through a 0.4 m, 283 Gauss field.

Where p is the momentum of the ion, e is its electrical charge in Coulombs, and ρ is the radius of

curvature in meters of a particle in magnetic field B in Teslas [17]. Equation 2.1 can be used to

derive Equation 2.2

B =

√
E2

total − E2
rest

300ρ
(2.2)

Where Etotal and Erest are given in MeV. The magnet used in this system had two 15◦ protrusions

that each corresponded to a bend radius of 1.016 m and a B-field length of 0.6 m.

Table A.1 was generated by inputting mass data from NIST and the geometry of the bending

magnet into Equation 2.2 and assuming an acceleration energy of 0.01 MeV or 0.02 MeV for

double charged species [18]. Figure 2.3 shows the path of a selection of ions through a magnetic

field.

Solid core electromagnets do have a flaw that must be accounted for when used at low field

strengths. Magnetic hysteresis occurs once the core material has reached a magnetic saturation

point [19]. This saturation effect can be seen in Figure 2.4. When saturation has been achieved the

magnet will carry a residual magnetic field mrs.
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Figure 2.4: Typical hysteresis curve in a solid core electromagnet.

2.1.3 Beam Current Measurement

The accelerator was equipped with two charge collection plates that acted as simple Faraday

cups following the bending magnet. The collection plate in the 0◦ beam path was a fixed plate

isolated from the accelerator chassis by a ceramic standoff. As the 0◦ beam path lacked a way

to deflect neutral particles carried down the beam line, the 0◦ collection plate served only as an

indicator that the system is producing ions.

Figure 2.5: Schematic of the collection plate selection switch and current integrator.
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The 15◦ collection plate served to measure the beam current after being separated by the bend-

ing magnet. A scintillating quarts crystal with a viewing window followed this plate for visual

confirmation of beam size and shape throught the experiment. Both the scintillating quartz and 15◦

collection plate were able to be retracted to allow the ion beam to pass through to the target unhin-

dered. Each collection plate was connected to the DPDT switch shown in Figure 2.5. This circuit

allowed the current being passed through the integrator to be switched between 0◦ and 15◦ beam

paths. The collection plate not being read on the integrator was grounded to prevent any charge

buildup while not in use. The 15◦ cup was preceded by the set of four slits on manual actuators

shown Figure 2.6. These slits allowed for precise control of the beam shape on the final target.

Figure 2.6: Front (a) and side (b) view of the steel slits used to define the beam shape.

2.1.4 Electrical & Safety

To prevent any electrical arcing from the high voltage produced by the accelerator a plexiglass

enclosure was built to house the portion of the system containing the ion source, gas inlet valve and

electrical connections. The wires leading from the accelerator cabinet to the ion source were fed

through flexible PVC tubing which protruded from the base of the plexiglass to provide additional

insulation. The source enclosure was secured with lock and key during normal use.
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In order to function properly both the anode and filament power supplies were required to

float above ground potential. This was achieved by insulating the supplies within plexiglass and

connecting the devices to an isolation transformer capable of producing 120 VAC. The output of

the Beam Energy supply seen in Figure B.1 is hardwired to the positive anode supply output. This

allowed for a single cable to pass from the accelerator cabinet into the ion source enclosure.

Figure 2.7: Self-latching relay system for an emergency shutdown of the accelerator.

The power supplies and transformer for the acceleration system and bending magnet were

stored in a single cabinet equipped with the emergency stop system shown in Figure 2.7. To turn on

the device the emergency stop and main power switches were required be closed. If both switches

were closed the red Indicator LED stayed lit, indicating the system could be powered on. When the

momentary start switch was thrown voltage through the inductor closed the normally-open relay.

This relay was on a feedback that ensures as long as the inductor carried power the relay remained

closed. Any interruption in power would release the relay and the switches had to be returned to a

closed setting before power would resume. This "self-latching" relay configuration prevented any

accidental restart of the accelerator after any power failure or emergency shutdown.

2.1.5 Vaccuum & Cooling Systems

Ultrahigh vacuum pressures are required in linear accelerators for two reasons: Ultrahigh vac-

uums prevent arc discharge from high voltage equipment and increase the mean free path of ions
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within acceleration systems.

The ion source was outfitted with a Pfieffer-Balzer TBH-330 turbopump and a Varian TP-300

scroll pump. A turbopump system was used over a diffusion pump for two key reasons. Turbop-

umps drastically reduce the time required to achieve a low enough pressure to begin operating the

ion source and do not pose a contamination risk due to oil being drawn into the beamline during

use. A thermocouple gauge was used to note the pressure inside the acceleration system for pres-

sures exceeding 50 mTorr. A Gran-Miller ion gauge controller coupled with a Varian ion gauge

was used to monitor the internal pressure once it fell below 50 mTorr.

A bracket was connected to the TBH-330 source onto which two 140 mm 120 VAC fans were

mounted to provide cooling to the turbopump during use. The ion source came equipped with a

heat sink flange designed to prevent overheating during long periods of use. A Copeland FBAH-

A025 compressor was connected to the heat sink to maintain an ion source temperature below 100

◦F. This model compressor was originally designed for use with R-12 refrigerant. As R-12 has

been discontinued as a refrigerant and was difficult to procure this the compressor was retrofitted

to use the modern R-134a coolant. The compressor was wired in parallel with the main power line

into the accelerator cabinet. This removed the ability to power on the ion source without engaging

the cooling system.

2.1.6 System Alignment

To ensure a maximized beam transmission the acceleration system was aligned both vertically

and horizontally. Each component of the system rested on four threaded feet allowing for vertical

adjustment. Using a bubble level and square center marks were made on the top and left side of

each flange down the beam line. A surveyor’s laser was then used to note a level horizontal plane.

The center of the ion source gas inlet was used as a reference and each component was raised or

lowered until their center marks fell in line with the laser. This process was repeated in the vertical

plane to ensure the resulting ion beam would not crash into a surface prior to reaching the target.

Figures 2.8 and 2.9 illustrate this process.
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Figure 2.8: Vertical laser alignment.

Figure 2.9: Horizontal laser alignment.
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2.2 1.7 MV Plasmatron/SNICS

2.2.1 Duoplasmatron Source

The Duoplasmatron source shown in Figure 2.10 works on a similar principle as the 10 kV

ion source. Gas is fed through an inlet and ionized by free electrons before being accelerated

through an aperture and einzel lens focusing element. The difference in using the Duoplasmatron

is that there is no arc taking place within the ion chamber. The ion chamber is walled with ferritic

iron and surrounded by an electromagnet. When a current is passed through the platinum coated

filament thermal electrons are released which ionize the gas coming through the inlet. This creates

a diffused plasma inside the ion chamber close to the gas inlet.

The tapered magnetic design of the source moves the free electrons and positive ions towards

the extraction voltage. This magnetic field forces the ions into dense plasma near enough to the

extraction cup to allow positive ions to be accelerated towards the target. This two plasma design

is where the Duoplasmatron gets it’s name.

The ions that are accelerated out pass through a charge exchanger after being focused by an

einzel lens. This exchanger vaporizes liquid sodium (Na) in the path of the beam. Sodium has a

weak electronegatively and will readily give up electrons to the passing positively charged ions.

When a given ion accrues an excess electron it will become negatively charged and continue trav-

eling down the acceleration column and into the pre-acceleration column.
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Figure 2.10: Duoplasmatron source diagram.
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Figure 2.11: SNICS source diagram.
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2.2.2 SNICS Source

The SNICS source in Figure 2.11 utilizes a cesium chimney and a solid cathode to generate

ions. The cesium begins in a liquid stage loaded into a heater and loaded at the base of the chimney.

As the cesium is heated it vaporizes and travels up the chimney and into the ionizing chamber. A

portion of the cesium will coat the cathode loaded into the material while the rest become positively

charged by colliding with thermal electrons emitted by the ionizer. This charged cesium is the

accelerated by a postive voltage towards the cathode and knock the target atoms free. These target

atoms travel through the cesium layer deposited on the cathode surface and become negatively

charged by pulling electrons from the cesium as they pass. These negative ions are then accelerated

by the extraction cup and into the pre-acceleration column. As the ions are negative by default the

SNICs does not need a charge exchange prior to the main acceleration column.

2.2.3 Low Energy Filter Magnet

After each pre-acceleration column the two sources are joined to one beamline in the low

energy filter magnet. This magnet operates on the same principle as the filter magnet in the 10

kV acceleration system. Ion paths passing through the magnet are bent by changing the current

through the magnet until the desired ion species is passing through the main acceleration column.

This magnet is essential to the two source design without the ability to steer the ions only a single

source could be mounted to the acceleration column.
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2.2.4 Acceleration Column

The main acceleration column gets the Tandem name from the fact that it is actually two accel-

eration columns working together. The first column in Figure 2.12 is used to draw the negatively

charged ions into a canal flooded with a nitrogen gas. This stripper chamber serves to remove any

excess electrons from the ion beam and allow only positively charged ions to leave the chamber

towards the target. The second column is used to accelerate the ions to their final energy before

leaving the chamber.

The acceleration voltage in this design is achieved by using a Cockcroft-Walton Ladder. This

assembly of pentodes and capacitors allows an AC current to be rectified into a DC current that

is stepped up to 1.7 MV. This terminal voltage is placed on the stripper chamber while the two

columns at either end are kept at ground potential.

2.2.5 High Energy System

After the main acceleration chamber the ions are passed through a quadrupole focusing magnet.

This magnetic element serves to refocus the ion beam on its path through the nitrogen chamber and

subsequent acceleration through the second column. After being re-focused the beam is bent using

a final high energy magnet to the desired target chamber. Each target chamber as well as the

acceleration system are kept at an ultrahigh vacuum trough a mixture of turbo-molecular and ion

pumps.
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Figure 2.12: Tandem acceleration column diagram.
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2.3 Target Chambers

The target chamber pictured in Figures 2.13 was connected to the acceleration system by a

pneumatic gate valve. The target sample stage consists of a stainless steel plate mounted to a single

axis manual goniometer with a brass fitting and set screw. The stage is not isolated electronically

from the chamber to prevent charge buildup on the target stage during implantations.

When the gate valve was closed this chamber could be vented and the stage removed. This

allowed for a change of targets without the need to shut down the 10 kV acceleration system

between implantations. Once the stage had been remounted and moved into the desired position

on the goniometer indicator the chamber could be pumped back down via a roughing pump before

opening the gate valve to the acceleration system.

The multibeam chamber shown in Figure 2.14 was already attached to both the 1.7 MV Plas-

matron/SNICS source and the 400 kV ion source. This chamber had a top port that multiple stages

could be loaded into. For the experiments carried out for this thesis an Inconel stage equipped with

a thermocouple heater was used. This hot stage had a dual axis goniometer allowing the target

to be rotated to adjust the striking angles of the incident beams and to be adjusted up or down

vertically for alignment. In addition to having its own turbopump system the multibeam chamber

was also equipped with a liquid nitrogen cold trap. The combination of cold trap and turbopump

allowed this chamber to reach pressures in the 10−8 Torr range.
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Figure 2.13: Target chamber geometry, top down view.
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Figure 2.14: Multibeam chamber geometry, top down view.
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2.4 Calibration Experiments

A series of beam current measurements, magnet current adjustments, and an implantation were

performed to assess the capabilities of the 10 kV accelerator prior to the dual beam experiment.

Prior to powering on the ion source the system was pumped down to an ultra-high vacuum in two

stages. The first stage was done with the rough pump connected in line with the turbopump. The

second stage began once the vacuum in the system reached 50 mTorr. The gate valve separating

the target chamber was left open to ensure the initial vacuum in the chamber matched the vacuum

in the acceleration system.

Once the system reached a pressure below 10−6 Torr the emergency stop switch was disen-

gaged and power was supplied to the accelerator cabinet. After confirming the coolant compressor

powered on with the cabinet the filament and anode power supplies were switched on. The an-

ode was first left a 0 V while the filament voltage was increased by approximately 1 V every 120

seconds. This method allowed the filament time to heat up slowly to prevent damage to both the

filament and ion source. This also prevented rapid outgassing from overloading the turbopump.

Once the filament reached the target current (between 10-15 amps) the anode voltage was raised

to an initial value of 150 V.

Once the filament and anode voltage were at operational values the beam energy voltage was

raised to 10 kV and the needle valve leading to the helium supply was slowly opened until an

arc current was struck between the filament and anode. This current was displayed on the anode

supply and had an operational range of 300 mA to 450 mA. At this point the current integrator was

powered on and set to the 0◦ collection plate to measure an initial beam and find an optimal focus

voltage for the einzel lens system.

2.4.1 Ion Identification

With a beam established the first procedure was to identify the species being produced inside

the ion source. This was accomplished by switching the current integrator to the 15◦ collection

plate and slowly raising the current in the bending magnet until a beam current registered on
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the integrator. The magnet current was recorded and divided by the magnet current presumed to

correspond the He+ peak.

Figure 2.15 plots the magnetic field in Gauss required for the first eight elements of the periodic

table as well as deuterium and tritium to pass through the 15◦ beam path and strike the charge

collection plate.

Figure 2.15: Magnetic field for a given ion to bend at a 1.016 m radius at 10 keV.

Using Ampere’s Law:

B =
NI

L
(2.3)

Where N is the number of turns in the coil of an electromagnet, I is the current traveling through

the coil, and L is the length of the magnet core. Given that N and L are constant it can be said

that:
Bi

BHe+
=

Ii
IHe+

(2.4)

Thus using Equation 2.4 the current ratios were compared to the B:BHe+ ratios found in Table A.1
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to identify which ion that beam current consisted of.

The scanning process was performed four separate times. The first two scans were performed

with the vertical slits fully open and the horizontal slits opened to 10 mm. The gas supply for the

first two scans was a bottle of welding grade helium. To reduce potential contamination the gas

supply bottle was exchanged for a high purity helium bottle and the system was left at a vacuum

near 4·10−7 Torr for a period of 24 hours to allow further outgassing to occur prior to extended

testing. The third and fourth scans were performed with the slits positioned to allow a 6x6 mm

beam spot to strike the collection plate.

2.4.2 Beam Uniformity

A qualitative analysis of the flux uniformity was conducted by performing a "burn-in" where

paper was used to monitor the beam profile for focused and neutral beam effects. Plain white 20 wt.

paper was fixed to both sides of the stage in the target chamber and the slits were left at a 6x6mm

opening. The stage was rotated until the beam path was orthogonal to the target paper. A beam

current of 300 nA was reached and the scintillating quarts and collection plate were withdrawn

from the beam path for 240 seconds. Once one side of the stage had been burned in the collection

plate was lowered and the stage was rotated 180◦ with the goniometer and the burn in process was

repeated for another 240 seconds. The paper targets were removed from the target chamber and the

resulting beam spot was measured using a precision ruler and examined for dark spots that would

indicate over focusing or neutral beam being generated after the bending magnet.

After attaching the acceleration system to the multibeam chamber two pairs of steering magnets

were set up prior to the slits to raster the beam over the target area. Each air of magnets was

controlled by a function generator that swept the beam left to right and up and down the target area

in a saw tooth pattern. This rastering technique removed the uneven portions of the beam spot and

provide a more uniform distribution of ions across the sample surface.
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2.5 Mass Resolution

The resolving power of a system is its ability to separate two distinct masses within a certain

distance. In this accelerator system the resolution was determined by examining the angle between

the trajectory of two given ion species and the distance these ions will travel apart from each other

before passing through the slits.

Figure 2.16: Beam paths with tangent trajectories.

The distance d in Figure 2.16 was set to 5 mm as this was the maximum slit opening used in

each experiment. The ratio of two given ions was found by using the Larmor radius and kinetic

energy of each ion found in Equations 2.5 and 2.6.

r =
mv

qB
and v =

√
2Eacq

m
(2.5)

r2 =
2Eacqm

q2B2
(2.6)

Relativistic equations were disregarded for this calculation as the maximum velocity achievable by

a given ion in this accelerator is well below the speed of light. The Larmor radius is squared in
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Equation 2.7. This value became useful in subsequent calculations. It was noted that the kinetic

energy of a given ion will be the product of the acceleration voltage Eac and the ion’s elemental

charge q. Each ion experienced the same Eac and passes through the same magnetic fieldB. When

their ratios were calculated these values disappeared and left only masses mi and charges qi in

Equation 2.7

Rm,q =
r2

2

r2
1

=
m2q1

m1q2

(2.7)

Figure 2.17: Geometry of beam path.

It was useful to view the separate beam paths as full circles whose center points were co-linear

as in Figure 2.17. The beam paths would leave the magnetic field on a fixed trajectory that was

tangent to this circle at that point. The slope mi of a given beam path was calculated in Equations

2.8 from the length of the magnet LB and the larmour radius ri.

mi =

√
r2
i − L2

B

LB

(2.8)
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The angle between two intersecting lines was calculated from their slopes in equation 2.9.

θ = arctan(± m1 −m2

1 +m1m2

) (2.9)

Substituting Equation 2.9 for m1 and m2 yielded Equation 2.10.

θ = arctan(±

√
r21−L2

B

LB
−
√

r22−L2
B

LB

1 +

√
r21−L2

B

LB

√
r22−L2

B

LB

) (2.10)

Which could be simplified into Equation 2.11.

θ = arctan(±
√
r2

1 − L2
B −

√
r2

2 − L2
B√

r2
1 − L2

B

√
r2

2 − L2
B + L2

B

) (2.11)

By assuming r1 was a fixed value for the species that was deflected perfectly down the beamline

r2 could be expressed in terms of r1 by using the relationship in Equation 2.8

θ = arctan(±
√
r2

1 − L2
B −

√
Rm,qr2

1 − L2
B√

r2
1 − L2

B

√
Rm,qr2

1 − L2
B + L2

B

) (2.12)

When Equation 2.12 was plotted as θ(Rm,q) it yielded two distinct lines in Figure 2.18. The acute

angle represented the angle formed between two separate ion paths as they left the magnet. This

angle combined with the distance from the magnet to the slits yielded the maximum distance d two

given ions will have between them as they pass through the slits. In the geometry for the 10 kV

accelerator it was determined that ions with a Rm,q between approximately 0.95 and 1.05 would

not be able to be resolved. This meant that ions with near identical mass to charge ratios could not

be separated using this system.
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Figure 2.18: θ as a function of Rm,q.
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2.6 Helium Implantation in 316L Stainless Steel

2.6.1 Sample Preparation

Stainless steels are ubiquitous in a number of scientific applications. 316L stainless steel was

chosen as a target material due to the wealth of data from previous radiation damage experiment.

In past proposals for the ITER project 316L was also considered for a blanket material for the first

wall. 316L is a Cr-Ni-Mo alloy with a face-centered cubic structure. The addition of molybdenum

into the alloy provides it with improved corrosion resistance. Of the three phases of stainless steels,

austenitic is the only phase that is not ferromagnetic.

A batch of 316L samples were prepared first by bulk cutting the samples into roughly 5x5 mm

squares with a silicon carbide cutting wheel. Each square was then mechanically polished with

fine grit paper beginning at P400 grit and ending with a P4000 grit pad. A cloth finishing pad was

then mounted onto the polishing wheel and loaded with a 0.25 µm diamond solution. The final

polish was done with a 0.04 µm colloidal silica solution. After polishing the samples were bathed

in acetone and cleaned via sonic vibration before being wiped with methanol and finally placed in

a desiccator to remove any residual moisture.

2.6.2 Stage Preparation

A paper sample was mounted to the hot stage in the multibeam chamber. A beam current of

550 nA was focused on the charge collection plate and rastered by steering the beamline in both

the horizontal and vertical axes until the current on the integrator read 300 nA.

A cut of plain white paper was mounted onto the Inconel stage as seen in Figure 2.19 and was

subjected to the beam for 15 minutes to produce a burn spot dark enough to distinguish. This spot

was cut out with a razor blade and the steel sample was fixed to the stage using a colloidal silver

paste as adhesive.

Figure 2.20 shows the sample mounted within the marks left on the stage from cutting the burn

spot out to the target paper. The stage and sample were then loaded into the multibeam chamber

and the stage was rotated until the sample surface was normal to the 10 kV beam path. The pressure
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in the chamber was lowered first by a rough pump to 50 mTorr and then down to 0.5 µTorr with

the turbomolecular pump.

Once the pressure of the chamber dropped to 0.5 µTorr liquid nitrogen was added to the cold

trap to bring the chamber pressure down further to approximately 8·10−8 Torr. Once a suitable

vacuum was reached the temperature of the stage was raised to 475 ◦C by slowly increasing the

power in the heater over the course of 3 hrs while monitoring the temperature via a thermocouple

mounted to the back side of the stage. Once the sample reached the desired temperature the charge

collection plate was withdrawn from the beamline path and the sample was irradiated for 5 hrs.

Due to the temperature of the stage it was not possible to measure the beam current on the

target directly with an integrator. Instead every 30 min the collection plate was lowered for 10 s

and the average beam current was found to ensure the beam current had not shifted significantly.

Once the sample had reached its 5 hr mark the beam was turned off and the gate valve separating

the target chamber and the beamline was closed.

The sample was allowed to cool for approximately 15 hours in a vacuum not exceeding 5.0

·10−7 Torr until the temperature was approximately 35 ◦C. Allowing the sample to slowly cool

prevented thermal shock to both the stage and sample.
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Figure 2.19: Burned paper marking beam spot
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Figure 2.20: 316L sample mounted to Inconel hot stage.
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2.7 Dual Implantation in 316L Stainless Steel

For the dual ion beam experiments a half & half approach was used to subject different seg-

ments of the same target to two separate incident ion beam compositions. This approach made it

possible to maintain a uniform helium deposition across an entire sample while one segment was

also bombarded with iron. To begin this process another cut of plain paper was fixed to the Inconel

stage. The stage was then lowered into the vacuum chamber and positioned such that the stage

surface was normal to the 1.7 MV beamline and the 10 kV beamline was incident at a 45 ◦ angle.

The target chamber pressure was reduced and a 1 µA beam of 10 keV He+ ions was used to burn

a spot into the target paper.

A second 100 nA beam of 3.4 MeV Fe+ ions from the SNICS source was then used to make a

second burn spot on the target. Adjustments to the slits and steering magnets were made on both

accelerators until the beam spots overlapped as shown in Figure 2.21. The measurements of these

burn spots used to calculate fluxes are shown in Figure 2.22.

Once a significant portion of the beams were overlapping the area of interest was cut out of the

target paper and the sample was fixed to the Inconel stage with silver paste. Each of the samples

were placed so that the incident ions struck the sample surface in the pattern in Figure 2.23.
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Figure 2.21: Overlapped Fe and He beam spots.
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Figure 2.22: Overlapping beam spot measurements.
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Figure 2.23: Pattern of irradiation across dual beam samples.
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Table 2.1: Fluences and temperatures for dual beam implantations.

Target Φ (ions·cm−2) ΦHe,final (ions·cm−2) ΦFe,final (ions·cm−2) T (◦C)

5.0·1015 4.824±0.48·1015 5.096±0.51·1015 475±3

3.0·1016 2.98±0.29·1016 2.89±0.28·1016 475±3

After the silver paste was cured via heat gun the stage was lowered back into the multibeam target

chamber with the sample face normal to the 1.7 MV beam line. The pressure in the target chamber

was lowered to 8· 10−8 Torr before the stage temperature was raised to 475 ◦C. Once the sample

surface reached 475 ◦C the Faraday cup in the 1.7 MV beamline and the charge collection plate

in the 10 kV beamline were removed and ions began bombarding the sample. This process was

carried out for two separate fluences.

The target fluences for the two experiments were 5.0·1015 ions·cm−2 and 3.0·1016 ions·cm−2

for each species of ion. The currents of each beam and surface temperature of the samples were

recorded at 30 min intervals and settings were adjusted to ensure the final fluences would be equiv-

alent at the end of each implantation. The average temperature and final fluences are shown in

Table 2.1. Once each implantation finished the accelerator systems were shut down and the sample

was left in a vacuum no morr than 6·10−7 Torr to cool overnight. After the samples reached a

temperature below 35 ◦C they were removed from the target stage and placed in a dessicator to

reduce exposure to moisture until microscopy could be performed.
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2.8 FIB Preparation and TEM Analysis

2.8.1 FIB Etching

A cross-section of each sample half was used to determine the radius and depth of helium

bubbles within the target. These cross-sections were generated by carving out a thin lamella of the

sample using a focused ion beam (FIB). FIB etching uses a heavy ion beam to sputter away atoms

from a sample to cut out the desired shape. In the LYRA3 system used for this experiment the

etching beam was comprised of 30 keV Ga ions. A secondary electron beam was used in tandem

with the gallium to perform scanning electron microscopy (SEM) during the etching process.

The FIB process started by examining the surface of the sample under the SEM until a grain

large enough to cut an approximately 10 µm wide lamella was found. Before beginning the etching

process the region of interest was coated with a protective platinum layer shown in Figure 2.24.

This layer was created by spraying a focused 150 pA beam of platinum ions on the surface. The

platinum film prevented the gallium from etching away the region of interest as the lamella was

carved out.

Once the platinum layer was thick enough the gallium beam was used to cut deep trenches

on either of the region of interest. a high beam current was used to carve out these trenches in

the staircase pattern seen in Figure 2.25. Afterwards the beam current was lowered to smooth the

sample out and thin the sample down to the point that a single layer of bubbles would be visible

under the TEM. Once the lamella had reached the desired thickness a series of three cuts often

called a "J-cut" were made to remove the lamella from the bulk sample as seen in Figure 2.26.
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Figure 2.24: Platinum buildup on sample surface.
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Figure 2.25: Troughs cut to form thin lamella for TEM imaging.
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Figure 2.26: J-cut made into lamella for lift out procedure.

A needle probe was brought to the sample and welded to the free edge of the lamella with

additional platinum. With the lamella securely fixed to the probe the remaining edge material was

etched away and the bulk sample was moved away from the probe. A TEM grid was brought close

to the probe and the lamella was fixed to the grid with platinum before the probe was cut free.

Figures 2.27 and 2.28 show the the lamella freed from the bulk sample and fixed to the TEM grid.

This process was repeated for each of the single and dual beam samples.
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Figure 2.27: Lamella welded to probe with platinum and cut from bulk sample.
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Figure 2.28: Lamella welded to TEM grid ready for imaging.
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2.8.2 TEM Imaging

Each lamella was viewed under a transmission electron microscope (TEM) to determine the

effects of the ion implantation. TEM uses a beam of electrons passed through the object in question

and a detector to observe the interactions of the electrons in the material and form an image. TEM

is useful when looking at structures that are too small for visible light to resolve.

Figure 2.29: 97kx resolution of He+Fe lamella.

2.8.3 Analysis in ImageJ

The images produced in the TEM were analyzed using ImageJ. ImageJ is a Java based open

source application used for measurement and analysis of microscopic images. ImageJ maintains

the pixel to nanometer scale from the TEM images and comes with a suite of tools for image

editing and measuring regions of interest.

For each lamella a 97kx resolution image was used for analysis. Each image was cropped

such that the platinum layer was excluded from the image. The edge of steel sample marked 0
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nm as shown in Figure 2.30. The helium bubbles presented themselves as a pale circles with dark

outer rings when the underfocused images were used and as dark circles with pale edges in the

overfocused images.

Figure 2.30: 97kx TEM image of 3E16 He implantation.

Using the ellipse selection tool each bubble was fitted with a ring that matched it’s perimeter as

closely as possible. The area inside this ring was then filled with a bright red color and measured

using ImageJ’s built in measurement tool. Figure 2.31 shows a section of the sample before and

after measurement and marking had taken place. The measurement tool captured not only the

cross-sectional area of the bubble but the coordinates of the center as well.
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Figure 2.31: Sample image a) before and b) after bubble marking and measurement.

2.8.4 Bubble Concentration

The area of each bubble was used to find equivalent radii and volumes. The center measure-

ments were then used to plot bubble radius against depth in the target. The distribution of bubbles

in a 150 nm depth was also plotted for all four lamella. This distribution was achieved by creating

a histogram with bins set at 3 nm intervals. The y-coordinates were used to create a tally NHe and

an average radius r̄ was found for each 3 nm section of each sample using Equation 2.13.

r̄ =

∑
ri

NHe

(2.13)

The standard deviation of each average radius was also calculated to illustrate the variance in

bubble size at each depth in the target. The standard deviation σr was calculated with Equation

2.14

σr =

√∑
(ri − r̄)
NHe

(2.14)
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3. RESULTS AND DISCUSSION

3.1 Ion Identification

Table 3.1: Results of magnet scans.

Peak Potential Ion I1 (A) I:IHe+,1 I2 (A) I:IHe+,2 I3 (A) I:IHe+,3 I4 (A) I:IHe+,4

1 H+ 0.20 0.4 0.20 0.5 0.19 0.463 0.19 0.463
2 He2+, D 0.30 0.6 0.30 0.75 0.28 0.683 0.28 0.683
3 He+ 0.50 1 0.40 1 0.41 1 .041 1
4 Li+, N+, CO2+ 0.65 1.3 0.60 1.5 0.75 1.829 - -
5 S2+,O+,H2O+, 1.05 2.1 0.85 2.13 - - - -
6 Na+,CO2+

2 ,Fe2+, 1.20 2.4 1.00 2.5 0.95 2.317 - -
7 Ca+, CO+

2 , Fe+ 1.80 3.6 1.40 3.5 1.40 3.415 - -

The results of the four magnet scans are found in Table 3.1. The results show that as the scans

progressed the magnet current associated with each peak shifted slightly towards a final value.

This effect was attributed to lingering hysteresis effects from the magnet being run in the opposite

direction prior to being used in this assembly.

In the first two sets of scans the first three peaks were identified as H+, He2+ (D), and He+.

Due to the magnetic field for deuterium and He2+ being within 0.2% of each other and the limited

distance from the bending magnet to the collection plate this system was unable to resolve the

currents from doubled charged helium and deuterium. The fourth peak had the potential to be Li+

or N2+ which had current ratios of 1.317 or 1.323 respectively on Table A.1. Peak 5 could be

interpreted as S2+ (2.001), O+ (1.999), or H2O+ (2.1). Peak 6 was close to Fe2+, Na+, and CO2+
2 .

Peak 7 was closest to Ca+, Fe+, and CO+
2 . Each batch of potential ion species was plotted in

Figures 3.1-3.3. A linear regression was applied to each data set and the R2 was used to determine

the measure of accuracy in each set. It was determined that Figure 3.1 was the correct B-I curve.

These currents were then used in all subsequent experiments.
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Figure 3.1: H+,He2+(D),He+,Li+,N+(CO2+),CO+,2+
2 .
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Figure 3.2: B-I curve for H+,He2+(D),He+,Li+,Na+,Ca+.
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Figure 3.3: B-I curve for H+,He2+(D),He+,Li+,Fe+,2+.
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3.2 10 keV He+ into Stainless Steel

The initial helium only implantation shown in Figure 3.4 served as a benchmark for the helium

deposited by the 10 kV accelerator. In Figure 3.5 a maximum depth of approximately 150 nm can

be seen for bubble formation, while the majority of the bubble formation resides in the 40-50 nm

range. This fell in line with ranges found in SRIM simulations. Figure 3.5 illustrated the need for

an extremely thin lamella. In this image is was impossible to tell if bubbles had been stacked on

top of each other. Subsequent lamella in the dual beam experiments were thinned down to a range

of 100 nm or smaller to reveal only a single layer of bubbles.

Figure 3.4: Stainless steel after 8·1016 ions·cm−2 He+ dose.
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Figure 3.5: 97kx magnification of stainless steel after 8·1016 ions·cm−2 He+ dose.
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3.3 He vs. Fe+He Implantation

The bubble measurements taken from all four sample regions of the single and dual beam im-

plantations showed a consistent pattern. In the samples where iron was implanted simultaneously

there is a significant increase in nucleation sites for helium bubbles. Conversely because the same

amount of helium was implanted across both He and Fe+He samples the average bubble size at a

given depth in the target was consistently smaller in the Fe+He samples.

3.3.1 Deposition of He Across Samples

To ensure both regions of interest in each dose were uniformly implanted with helium the total

bubble volume by depth in the target was examined. In Figures 3.6 and 3.7 the volume content in

both regions were extremely close fitting. This indicates that despite the difference in bubble sizes

roughly the same amount of helium was present in both sets of samples.
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Figure 3.6: Total volume of helium by depth for 5.0·1015 ions·cm−2.
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Figure 3.7: Total volume of helium by depth for 3.0·1016 ions·cm−2.

67



3.3.2 5·1015 Φ Irradiation of 316L

In the 5.0·1015 ions·cm−2 experiment Figures 3.8 and 3.9 were compared and increased number

of bubbles was seen forming with a radius close to the 0.3 nm range. In Figure 3.11 the overall

bubble count by depth was significantly increased with the addition of iron. Also in Figure 3.11 it

was observed that this increased damage from iron allowed more nucleation sites a greater depths

into the target. The difference in average bubble radii in Figure 3.10 between He and He+Fe was

as large as 1 nm.

Figure 3.8: Bubble radius by depth for 5.0·1015 ions·cm−2 He.
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Figure 3.9: Bubble radius by depth for 5.0·1015 ions·cm−2 He+Fe.

69



Figure 3.10: Average bubble formation size for 5.0·1015 ions·cm−2 He & He+Fe.
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Figure 3.11: Bubble concentration by depth for 5.0·1015 ions·cm−2 He & He+Fe.
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3.3.3 3·1016 Φ Irradiation of 316L

In the higher fluence study the effect of iron on bubble formation was more pronounced. From

depths 0-60 nm and 70-150 nm Figures 3.12-3.15 showed a decreased average radius and increased

bubble nucleation than was seen in the 5.0·1015 (ions·cm−2) sample. However an interesting effect

was observed in the 60-70 nm region. In this range the average bubble size and concentration

between the He and He+Fe samples are nearly identical. In this area it seemed that the helium was

reaching an equilibrium point by combining smaller bubbles into larger ones.

Figure 3.12: Bubble radius by depth for 3.0·1016 ions·cm−2 He.
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Figure 3.13: Bubble radius by depth for 3.0·1016 ions·cm−2 He+Fe.

73



Figure 3.14: Average bubble formation size for 3.0·1016 ions·cm−2 He & He+Fe.
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Figure 3.15: Bubble concentration by depth for 3.0·1016 ions·cm−2 He & He+Fe.

3.3.4 Temperature Study

To ensure the additional nucleation was not due to an increased sample temperature from the

beam deposition a thermal model was built in ANSYS. The model shown in Figure 3.16 assumed

only a radiative heat transfer on the five faces not attached to the stage. Since there was a large

difference between the bulk sample thickness and the deposition depth of the ions each beam

was treated as a surface flux of incoming heat. The results of the model show that there was a

1% difference in temperature between the two irradiation spots. With such a marginal difference

increased vacancies due to thermal expansion were disregarded.
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Figure 3.16: ANSYS thermal study of surface temperature distibution.
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4. CONCLUSION

If perfected fusion reactor technology has the potential to be the cleanest most abundant en-

ergy source possible. Examination of the effects of fusion like environments on materials used

in shielding and equipment in fusions reactors will help engineers and scientists understand the

challenges faced when designing, constructing, and operating such a reactor.

In this thesis a 10 kV accelerator was successfully rebuilt and attached to a 1.7 MV Tandem

accelerator with the purpose of simulating multiple incident ions. The experiment was able to suc-

cessfully implant two unique ion species in the same target simultaneously. A half & half approach

was used in implantation that drastically cut down the time and difficulty required to generate two

samples with an identical helium deposition and one with an additional iron implantation. Ex-

amination of the total helium content in the samples confirmed the helium deposition was evenly

performed across both samples. The two separate fluences illustrated the dependence on dose of

helium bubble formation.

The introduction of additional damage from iron ions increased the total number of bubble

nucleation sites within the first 150 nm of the target samples in both the 5.0·1015 ions·cm−2 and

3.0·1016 ions·cm−2 doses. A comparison of bubbles formed with the addition of ion showed that

the average bubble size was reduced when more nucleation sites were present. A thermal model of

the experimental parameters ruled out additional vacancies due to increased surface temperature

from iron deposition.

While this experiment used a self implantation with iron, the method used in this experiment

could be used in a great number of additional studies. This same dual beam experiment can be

applied to several combinations of helium and high energy hydrogen implantations. This system

could also possibly be used to determine a saturation point where the effects of iron damage will

be negligible in comparison to the helium bubbles.
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APPENDIX A

DATA

Table A.1: Magnetic fields required for ions bending at a 1.016 m radius.

X+ X2+

Species Mass (amu) B (Gauss) B:BHe+ B (Gauss) B:BHe+

H 1.008 142.191 0.502 - -

D 2.014 200.966 .709 - -

T 3.016 245.928 0.868 - -

He 4.003 283.311 1.000 200.331 0.707

Li 6.942 373.117 1.317 263.833 0.931

Be 9.012 425.115 1.501 300.602 1.061

B 10.812 465.641 1.644 329.258 1.162

C 12.011 490.779 1.732 347.033 1.225

N 14.007 529.990 1.871 374.760 1.323

O 15.999 566.424 1.999 400.522 1.414

H2O 18.016 601.059 2.122 425.013 1.500

Na 22.990 678.983 2.397 480.113 1.695

CO 28.010 749.466 2.645 529.953 1.871

Si 28.085 750.469 2.649 530.661 1.873

Ar 39.948 895.034 3.159 632.885 2.234

CO2 44.010 939.433 3.316 664.280 2.345

Fe 55.845 1058.241 3.735 748.289 2.641
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APPENDIX B

SCHEMATICS

Figure B.1: Colutron DC ion source schematic. Adapted from Wahlin 2018 [9].
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Figure B.2: Electrical input flange schematics.
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Figure B.3: Colutron 200-B lens system, dimensions in inches. Adapted from Wahlin 2018[9].
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Figure B.4: 10 keV Beamline schematic.
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Figure B.5: Bending magnet dimensions and properties. Adapted from HVE 2018 [20].
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APPENDIX C

PYTHON CODE

## Loads the numerical and plotting packages used

import numpy as np

from scipy import stats

import matplotlib.pyplot as plt

get_ipython().run_line_magic(’matplotlib’, ’inline’)

## Loads the .csv files as matrices

R=np.loadtxt(open("3E16HeOnlyRadius.csv"), delimiter=",", skiprows=1)

H=np.loadtxt(open("3E16FEHeRadius.csv"), delimiter=",",skiprows=1)

##Sets up the desired target depth and bin width for the analysis

binedges=np.linspace(0,150,50)

bincenters=binedges-1.5

## Finds N bubbles per bin and gets the weighted average x and x^2 for

## standard deviation calculation

Rcounts,Redges=np.histogram(R[:,3],bins=50,range=(0,150))

Rsy,_=np.histogram(R[:,3],bins=50,range=(0,150), weights=R[:,1])

Rsy2,_=np.histogram(R[:,3],bins=50,range=(0,150), weights=R[:,1]*R[:,1])

Hcounts,Hedges=np.histogram(H[:,3],bins=50,range=(0,150))

Hsy,_=np.histogram(H[:,3],bins=50,range=(0,150), weights=H[:,1])

Hsy2,_=np.histogram(H[:,3],bins=50,range=(0,150), weights=H[:,1]*H[:,1])

## Tracks the bin index each bubble was placed in and

## appends it the the .csv file, then saves the file as a new name

Rbins=np.digitize(R[:,3], bins=np.linspace(0,150,50))[np.newaxis]

Rbins=Rbins.T

Hbins=np.digitize(H[:,3], bins=np.linspace(0,150,50))[np.newaxis]

Hbins=Hbins.T

R = np.hstack((R,Rbins))

H = np.hstack((H,Hbins))

np.savetxt("3E16HeOnlyRadiusBinned.csv", R, delimiter=",")

np.savetxt("3E16FEHeRadiusBinned.csv", R, delimiter=",")

## Plots the radius of each bubble against the depth of the bubble center in each target

plt.scatter(R[:,3],R[:,1], color=’black’, marker=’o’,label=’3E16 He only’)

plt.xlabel(r’Target Depth (nm)’)

plt.ylabel(r’Bubble Radius (nm)’)

plt.legend()

plt.savefig(’3E16HeScatter’, bbox_inches=’tight’, dpi=1000)

plt.show()

plt.scatter(H[:,3],H[:,1], color=’black’, marker=’o’,label=’3E16 Fe+He’)

plt.xlabel(r’Target Depth (nm)’)

plt.ylabel(r’Bubble Radius (nm)’)

plt.legend()

plt.savefig(’3E16FeHeScatter’, bbox_inches=’tight’, dpi=1000)

plt.show()
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## Plots the concentration of bubble centers per bin

plt.hist([R[:,3],H[:,3]], bins=50, color = [’blue’,’red’]

,edgecolor = ’black’, histtype=’stepfilled’,label=[’3E16 He only’,’3E16 Fe+He’])

plt.xlabel(r’Target Depth (nm), Bin Width = 3 nm’)

plt.ylabel(r’Bubble Concentration’)

plt.legend()

plt.savefig(’3E16CompHist’, bbox_inches=’tight’, dpi=1000)

plt.show()

## Generates the variance of average bubble radius in each bin

Rrad_means, bin_edges, bin_number = stats.binned_statistic(R[:,3],R[:,1], bins=50, range=(0,150))

Rrad_means=np.nan_to_num(Rrad_means)

Hrad_means, bin_edges, bin_number = stats.binned_statistic(H[:,3],H[:,1], bins=50, range=(0,150))

Hrad_means=np.nan_to_num(Hrad_means)

## Generates the standard deviation of average bubble radius in each bin

Rstd=np.sqrt(Rsy2/Rcounts - Rrad_means*Rrad_means)

Hstd=np.sqrt(Hsy2/Hcounts - Hrad_means*Hrad_means)

## Plots the average bubble radius with st. dev. error bars per bin per sample

plt.plot(bincenters,Hrad_means,linewidth=1,marker=’^’

,markerfacecolor=’red’,color=’black’,label=’3E16 Fe+He’)

plt.plot(bincenters,Rrad_means,linewidth=1,marker=’s’

,markerfacecolor=’blue’,color=’black’,ls=’--’,label=’3E16 He only’)

plt.errorbar(bincenters,Rrad_means, yerr=Rstd, fmt=’blue’,ls=’none’)

plt.errorbar(bincenters,Hrad_means, yerr=Hstd, fmt=’red’,ls=’none’)

plt.xlabel(r’Target Depth (nm), Bin Width = 3 nm’)

plt.ylabel(r’Average Bubble Radius (nm)’)

plt.legend()

plt.savefig(’3E16CompAverage’, bbox_inches=’tight’, dpi=1000)

plt.show()
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