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Abstract

Low Energy Helium Ion Implantation and Application of a High Energy Ion Implantation
Tool to Comprehensively Investigate High Helium Dose Effects

by

Sarah Rachelle Stevenson

Doctor of Philosophy in Engineering - Nuclear Engineering

University of California, Berkeley

Professor Peter Hosemann, Chair

Ion beam implantations are widely performed to understand the effects of radiation damage
such as He bubbles on nuclear structural materials. This work investigates near-surface
changes caused by low energy ion implantations, as well as deep ion implantations leading
to bulk-property changes.

The near-surface interactions of low energy (25-60 keV) He ions with Ti and Cu targets were
investigated by atomic force microscopy (AFM), nanoindentation, Transmission Electron
Microscopy (TEM), and Positron Annihilation Spectroscopy (PAS). AFM showed a linear
increase in swelling with respect to dose for all materials, and blistering onset doses of 5
× 1017 ions/cm2, 8 × 1017 ions/cm2, and 1 × 1018 ions/cm2 for Ti(0001), Ti(101̄0), and
Cu(100), respectively. Cavities on the order of 287 nm diameter were observed in Cu, and
surface blisters formed from the intersection of these large cavities. He bubbles observed
in Ti were around 1 nm diameter, and surface blisters formed from inter-bubble fracture.
PAS showed an increase in defect concentration with respect to depth and dose, agreeing
well with AFM and TEM results. An additional PAS measurement determined that shock
loading can lead to a decrease in vacancy concentration in a pre-implanted material.

To fill the gap between widely available low energy ion implantations and difficult-to-achieve
bulk implantations, this work aimed to establish the use of the 88-Inch Cyclotron for nuclear
materials studies. Four HT-9 SS-J-geometry tensile specimens were irradiated with high
energy (19-25 MeV) deuterons at the 88-Inch Cyclotron to doses of approximately 0.2 dpa
prior to small scale tensile testing. The results from this study showed irradiation hardening
characterized by black dot irradiation defects, and the tensile test results were in agree-
ment with the available data. To support future deep ion implantation campaigns, a novel
ion beam degrader capable of uniformly implanting bulk-scale materials with He ions was
designed.
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2.3 TEM images showing nm-sized He bubbles in aged Pu. The same region is imaged
with different focusing conditions (a) Underfocused image shows He bubbles as
white contrast, indicated by arrows (b) Overfocused image shows He bubbles
as dark contrast, indicated by arrows and (c) Focused image shows no contrast
from the He bubbles. Reproduced with permission from [25] under the Creative
Commons copyright license CC BY-NC-SA 4.0. . . . . . . . . . . . . . . . . . . 10

2.4 He production and displacement damage attainable in 1 year assuming a plant
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2.5 Schematic of the inter-bubble fracture model, adapted from [38],[40]. At some
depth below the surface, likely the maximum He concentration, He bubbles be-
come overpressurized enough (PF ) to break through the material in-between the
bubbles, thereby creating a crack. The red and blue arrows correspond to tensile
and compressive stresses caused by the overpressurised bubbles, respectively. Due
to the difference in crack pressure, PC , and adjacent bubbles pressure, PO, it is
proposed adjacent bubbles break into the crack, eventually widening the crack to
a penny-like shape which becomes domed-up due to He gas pressure. . . . . . . 13
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2.6 Schematic of the lateral stress model, adapted from [41]. Stress concentrations are
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interface region by shear yielding at stress concentration points Smax, which is
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1999 Elsevier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.8 TEM micrographs of Cu implanted with 25 keV He ions at room temperature
to (left) 5 × 1017 ions/cm2 and (right) 1 × 1018 ions/cm2, adapted with permis-
sion from [43]. (Left) The bubble size distribution right before blistering was
fairly uniform, while (right) the bubble distribution upon blistering was bimodal.
(Right inset) Larger faceted cavities were also observed in the blistered sample.
Copyright 2018 Elsevier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.9 STEM micrographs of W(100) implanted with 25 keV He ions at room temper-
ature, adapted with permission from [44]. (a) Cross section of the entire blister
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nanocracks. Copyright 2020 Elsevier. . . . . . . . . . . . . . . . . . . . . . . . 17

2.10 Summary of He bubble structures observed in Cu [42, 43] and W [44, 45]. (a)
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2.11 Embrittlement observed in Cu into which He was introduced by 3H decay at 200
◦C, reproduced with permission from [35, 48]. (a) Cavities formed along a grain
boundary as a result of He bubble coalescence. (b) Tensile testing revealed a
decrease in ductility of the He-containing specimens. (c) SEM micrographs of the
fracture surface reveal intergranular fracture induced by the He accumulation.
Copyright 1986 Elsevier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.12 TEM of He bubbles in Al-10B before (a) and after (b) shock loading, reproduced
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5 nm to 200 nm. Copyright 2010 Springer Nature. . . . . . . . . . . . . . . . . 20
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2.13 Swelling with respect to dose in Cu, W, and V, compiled from [43, 44, 46]. All
samples were implanted at room temperature and with 25 keV He ions. For all
cases, the relationship between dose and swelling is nearly-linear. Moreover, Cu
and V follow a similar trend, while W exhibited less swelling at high doses. . . . 22

2.14 Hardness and elastic modulus with respect to dose in Cu (a),(b) and V (c),(d).
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to dose for both materials. The Cu results are reproduced with permission from
[43], Copyright 2018 Elsevier. The V results are reproduced with permission from
[46], Copyright 2021 Springer Nature. . . . . . . . . . . . . . . . . . . . . . . . . 22

2.15 Compression testing of Cu nanopilars implanted with He at high temperatures,
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Society. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.16 (a)-(c) In-situ bending test of small-volume Cu implanted with He at high tem-
peratures, reproduced with permission from [35, 54]. (a),(b) reveal the emission
of a partial dislocation from a He bubble, leaving behind a stacking fault as
shown in (c). It is worth noting that the He bubbles in these micrographs appear
fauceted, indicating they are not at equilibrium pressure. This could be due to
the high-temperature used during irradiation, which promotes a low He/vac ra-
tio. Atomistic calculations shown in (d)-(f) are also reproduced with permission
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on the bubble surface also serve as dislocation nucleation sites. Copyright 2016
American Chemical Society. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 HIM implantation dose and resulting SRIM-calculated defect densities and TEM-
observed defect structures in Cu and Si, adapted with permission from Livengood
et al [45, 59]. He bubbles and blisters were observed at doses above 1 × 1017

ions/cm2. Copyright 2009 American Vacuum Society . . . . . . . . . . . . . . . 25
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Chapter 1

Introduction
“America is at an inflection point — one of those moments that determine the
shape of everything that’s to come after — and at the center of this is technology.”

— POTUS, Remarks to the Fall 2022 White House Intern Class

Recent legislation passed through the Bipartisan Infrastructure Law (BIL), the Inflation
Reduction Act of 2022 (IRA), and the CHIPS & Science Act authorizes significant funding for
science and technology research, development, and deployment. These investments position
the U.S. to undergo a technological revolution reminiscent to that of the post-World War II
era.

A major priority reflected in these policies is addressing the climate crisis. To meet
emissions reductions goals, the nation’s energy system must be transformed. Taken together,
the BIL, the IRA, and the CHIPS & Science Act provide about 1/2 a trillion dollars to clean
energy in the U.S. [1].

Clean firm power technologies such as nuclear is needed in the energy portfolio [2, 3].
Currently, nuclear energy provides over half of America’s carbon free electricity, and is the
most reliable source of energy in the nation [4]. However, nuclear power has been projected
to decrease in the U.S. energy mix, as more reactors retire than come online [5, 6].

Economic factors have led to premature closures of 13 reactors in the past decade [7].
The recently established Civil Nuclear Credit Program under the BIL provides $6 billion
to support the continued operation of existing reactors that are economically at risk. In
addition to shifting energy markets and other economic factors, aging is a concern for the
U.S. power reactor fleet. There are currently 92 power reactors operating in the U.S. and
these plants are 40 years old on average [8]. 88 of these reactors have received approval for
their first 20-year life extensions, the majority of which will expire in the 2030’s. So far, 20
reactors intend to or have applied for an additional 20 year extension, operating up to 80
years.

Advanced fission and fusion reactors may also join the future U.S. clean energy portfolio.
Congress has taken part in supporting the advanced nuclear industry, passing legislation such
as the 2019 Nuclear Energy Innovation and Modernization Act. This law requires the U.S.
Nuclear Regulatory Commission (NRC) to develop the regulatory framework for advanced
fission and fusion technologies by 2027. Additionally, the 2019 National Defense Authoriza-
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tion Act included the requirement of the construction and operation of a microreactor at a
Department of Defense (DoD) facility by 2027, leading to the 2022 Request for Proposals
for a microreactor at Eielson Air Force Base. Moreover, the authorization of the National
Reactor Innovation Center (NRIC) and appropriation of the Advanced Reactor Demonstra-
tion Program (ARDP) enables the testing of advanced reactor concepts beginning in the
mid-to-late 2020’s. The ARDP received an additional $2.5 billion under the BIL, building
on the initial $160 million investment [9].

The successful commercialization and scale-up of advanced fission and fusion reactors
will require robust public-private partnerships. There are currently 64 advanced nuclear
projects or private companies in the U.S. and a total of 149 worldwide [10]. As part of cost
shares under the ARDP, U.S.-based companies X-Energy, Kairos Power, and TerraPower
have announced sites for their first units and demonstrations. Additionally, many advanced
reactor developers are in the pre-application process with the NRC.

The commercialization of fusion energy has received significant support recently, includ-
ing the White House release of a “Bold Decadal Vision for Commercial Fusion Energy” in
2022, and the over $5 billion in private capital investment in U.S. fusion companies to date.
The recent achievement of ignition at Lawrence Livermore National Laboratory’s National
Ignition Facility, which has significant national security ramifications, has further piqued
interest in fusion for the future of clean energy [11, 12].

Beyond its benefits to the climate, nuclear energy can help meet energy security and
national security objectives. The ongoing war in Ukraine has underpinned the need for the
U.S. to maintain a robust nuclear industrial base, and to regain and retain nuclear energy
leadership worldwide. In particular, the U.S. is moving forward with plans to onshore the
capability to supply high-assay low-enriched uranium (HALEU), as authorized by the Energy
Act of 2020 [13]. U.S. engagement in the nuclear sector results in an increased ability to
shape nonproliferation, safety, and security aspects of civil nuclear energy programs.

Recent legislation has made clear the need to maintain the U.S. nuclear fleet and to
progress advanced fission and fusion reactor concepts. A number of materials challenges
exist for these current and future nuclear technologies. The environments under which
nuclear materials perform are often extreme, and may combine corrosion, high temperatures,
high stresses, long operating periods, and radiation damage. While a number of materials
developments have been made for the continued safety, reliability, and economic improvement
of the current fleet, maintaining a robust understanding of materials performance is necessary
to reduce uncertainties associated with extended operation [14, 15]. Advanced fission and
fusion reactor materials will be subjected to even harsher environments than current reactors,
including higher temperatures, more radiation damage, and more corrosive environments
[15]. The development and validation of new high performance materials is necessary to
take these technologies from concept to reality [16, 17].

One of the major types of radiation damage effects concerning nuclear materials perfor-
mance is helium (He) accumulation [18]. He is an inert and insoluble gas, and can nucleate
into into bubbles. Additionally, He ions carry energy and create atomic displacement dam-
age. Even a small concentration of He can lead to changes in microstructural and mechanical
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properties. One of the widely recognized He effects is high temperature embrittlement, char-
acterized by premature and catastrophic failure. He embrittlement may limit the materials
and operating temperatures that can be used in reactors [18]. Additionally, He can cause
surface blistering and exfoliation, which is a prominent concern for future fusion reactor
technologies [15].

This thesis aims to address fundamental research questions regarding He and sample size
effects on materials. The remainder of this thesis is divided into four chapters. He effects on
nuclear materials are reviewed more thoroughly in Chapter 2. Chapters 3 and 4 are divided
based on the ion implantation energies (and consequently the sample volume) investigated,
with “Low Energy Ion Implantation” described in Chapter 3 being on the order of 100’s of
nm, and “High Energy Ion Implantation” described in Chapter 4 being on the order of 100’s
of µm. A summary of this thesis work is provided in Chapter 5.
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Chapter 2

Review of Helium Effects on Nuclear
Materials

This chapter describes radiation-induced He effects on nuclear technologies, starting at the
radiation damage event. Sources of He generation in nuclear technologies are discussed,
followed by an overview of laboratory techniques used to produce He for materials testing.
Microstructual effects such as He bubbles and blisters are surveyed before a review of He
effects on bulk- and small-volume mechanical properties.

2.1 Radiation Damage

It is well established that macroscopically observed radiation damage effects are a con-
sequence of two elementary interactions between the radiation and the atoms of metallic
materials: (1) atomic displacements and (2) nuclear reactions. A brief overview of these
fundamental interactions is represented in Figure 2.1 and described below.

2.1.1 Displacement Damage

One of the most important physical quantities for this thesis is the depth distribution of
implanted ions, which often referred to as the range. This quantity is related to the stopping
power, which is the energy lost by a moving particle per unit path length. The important
thing to understand about stopping power is the mechanisms by which the ion loses energy
or “slows down.” When an ion travels through the lattice, it may lose energy by (1) electron
interactions and (2) nuclear collisions. Electronic stopping dominates at the beginning of
the ion range. As a result, ions move in straight lines until they near the end of range,
when nuclear stopping takes over. Near the end of range, the probability of an ion colliding
with target nuclei increases. That is, this interaction cross-section increases with decreasing
ion energy. The nuclear collisions result in many scatters and a lot of energy deposition.
The ions move more slowly, meaning their average mean-free-path decreases. All of the
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Figure 2.1: The interaction of high-energy particles with nuclei of a solid lattice can lead to displacement damage
(vacancies and interstitials) and nuclear reactions (e.g. He created from (n,α) reactions). Vacancies, interstitials, and
He atoms are mobile, and will undergo defect reactions, some of which are represented here. One important defect
reaction which is missing from this image is vacancy-interstitial recombination, which results in no damage. This
figure is adapted from [19] with permission by the IAEA. Copyright IAEA.

particle energy will be deposited within the range, and the energy-loss collisions result in
displacement damage.

Displacement damage occurs when the incident particle (neutrons, ions, electrons) or
residual nuclei (produced in nuclear reactions) elastically collides with a lattice atom and
transfers sufficient kinetic energy to displace the atom from its lattice site. Charged particles
can also displace atoms by Coulomb scattering. In general, 25-50 eV displacement energy is
assumed for metals, which represents an average over all possible scattering directions. The
displaced atom is referred to as the primary knock-on atom (PKA). The scattered PKA will
move through the lattice and strike other atoms, known as secondary knock-on atoms (SKA),
which can go on to cause further displacements, creating an atomic displacement cascade.
The process will continue until the PKA cannot not transfer enough energy to cause further
displacements and comes to rest as an interstitial. The magnitude of displacement damage
is quantified by the number of displacements per atom (dpa), which is defined as the number
of times each atom is displaced from its lattice site.

The number of displacements v created by a particle with energy E can be approximated
using the Kinchin-Pease model [20]:
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v(T ) =


0 for T < Ed

1 for Ed < T < 2Ed

T
2Ed

for 2Ed < T < Ec

Ec

2Ed
for Ec < T

(2.1)

In Equation 2.1 above, T is the average energy transferred by the ion during a nuclear
collision, Ed is the energy required to move an atom from a lattice position, and Ec is the
ionization energy. For T > Ec, it is assumed that all energy lost is by electronic stopping.
After this cutoff energy, it is assumed all energy loss is by collisions with atoms. Other
important assumptions under this model are that all collisions are elastic and use the hard-
sphere approximation, and the material crystal structure is ignored.

Stopping and Range of Ions in Matter (SRIM) is a Monte Carlo simulation-based soft-
ware that builds upon simplistic models like Kinchin-Pease, and is widely used to compute a
variety of parameters relevant to ion beam implantations. In this work, SRIM-2013 is used to
compute the range, vacancy production, and dpa profiles of ions in materials. The “Detailed
Calculation with full Damage Cascades” calculation is used, and a displacement energy of
40 keV is assumed. The “Ion Data,” “Target Data,” and “Total Number of Ions” inputs are
dependent on the implantation parameters being simulated. The range and vacancy distri-
butions are calculated from the range.txt and vacancy.txt SRIM output files, respectively.
The dpa distribution is calculated from the vacancy.txt output file as follows:

dpa/depth =
(SRIM result)(ϕ)

ρ#
(2.2)

SRIM Result =
Knock-Ons+ V acancies

depth
(2.3)

ϕ =
(I)(t)

(# e−/ion) (1.6× 1019 C/e−)
(2.4)

ρ# =
ρNa

A
S (2.5)

Where the SRIM result is calculated from the vacancy.txt output file by adding the
Knock-Ons and V acancies produced per ion at each depth into the target. ϕ is the number
of ions, computed from the beam current I, irradiation time t, and the electron charge state
of the ion (# e−/ion). ρ is the number density of the irradiated material, and can be calculated
from the material density ρ, Avagadro’s number Na, atomic mass A, and surface irradiated
area S.

One limitation of SRIM is it assumes all targets are amorphous, so crystal structure
is not taken into consideration. It is also important to note that SRIM results for He ion
implantation, using constant bulk density value of the target, become increasingly inaccurate
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as the dose increases, because the effective density of the target will reduce as He content
increases during implantation.

The displacement cascade results in the creation of vacancy-interstitial pairs, known
as Frenkel defects. Most of the vacancies and interstitials will recombine, resulting in no
damage. However, defects can also cluster into loops, voids, and bubbles. These clustering
reactions are controlled by the binding energies between the various species and their diffusion
rates, and are strongly dependent on temperature and, in some cases, dose rate. This
resulting change in microstructure leads to a change in mechanical properties.

2.1.2 Nuclear Reactions

In addition to elastic scattering, numerous other nuclear reactions can occur when the inci-
dent particle interacts with a lattice atom, and can result in considerable amounts of foreign
elements in the material. The probability of a nuclear reaction occurring is quantified by
the nuclear reaction cross section, which is dependent on the target element, reaction type,
and incident particle energy. An important example is He generation from (n,α) transfer
reactions:

A
ZM + 1

0n → A−3
Z−2M

′ + 4
2He (2.6)

A
ZM + 1

0n → A−4
Z−2M

′′ + 1
0n

′ + 4
2He (2.7)

Where A and Z are the atomic weight and number, respectively, of nucleus M which
interacts with a neutron n. The He produced is an inert and insoluble gas that can nucleate
into bubbles and cause drastic changes in the mechanical properties of materials, even at very
small concentrations. The He and new isotope also carry energy and create displacement
damage. He accumulation and effects will be discussed in more detail below.

2.2 Helium in Nuclear Technologies

The (n,α) reactions mentioned above are important but not the only sources of He generation
in nuclear technologies. This section reviews sources of He in fusion reactors, fission reactors,
storage, and spallation sources.

2.2.1 Fusion Reactors

While (n,α) reaction cross sections vary considerably from element to element, they increase
steeply with respect to neutron energy for all nuclei, as demonstrated in Figure 2.2 [21]. This
makes He production especially relevant for fusion reactors. After achieving the production
and confinement of a Deuterium-Tritium (D-T) plasma, the resulting 14.1 MeV neutrons
will have a significant (n,α) reaction cross section for all metals:
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D + T → 1
0n (14.1 MeV ) + α (3.5 MeV ) (2.8)

In addition to He generated from 14.1 MeV neutron reactions, the fusion-produced 3.5
MeV alpha particles may cause significant surface modifications such as blistering. Estimates
of first wall erosion at ITER, partially caused by He blistering and exfoliation, are on the
order of 3 mm/burn year for low Z materials and 0.1 mm/burn year for W [22].

Figure 2.2: (n,α) reaction cross sections for a variety of metals and neutron energies, adapted with permission
from [21]. There is a steep increase in reaction cross section with respect to increasing neutron energy, and thus the
importance of He effects in a fusion spectrum due to the high portion of 14.1 MeV neutrons. Copyright 1984 Trans
Tech Publications, Ltd.

2.2.2 Fission Reactors

The majority of nuclear reactors currently used worldwide are thermal neutron reactors,
meaning their neutron flux spectrum is dominated by thermal (<1 eV) neutrons. For thermal
neutrons, the (n,α) cross section is significant for 10B containing materials:

10
5 B + 1

0n
th → 7

3Li+
4
2He (1.5 MeV ) (2.9)

While this 10B source burns out around 1 dpa ( 1021 n/cm2) [17], there is a smaller but
longer-sustained He source from Ni containing materials:
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58
28Ni+ 1

0n
th → 59

28Ni+ γ
59
28Ni+ 1

0n
th → 56

26Fe+ 4
2He (4.8 MeV )

(2.10)

Thus, for 10B or Ni containing materials in thermal reactors, especially high flux reactors,
He production is significant. However, by selecting materials without 10B or Ni inclusions,
He generation in thermal neutron reactors can be avoided, and the majority of radiation
damage in these technologies results from displacement damage.

Generation IV reactor designs are largely fast neutron reactors [23]. In these technologies,
fast neutrons>1 MeV are the major source of He transmutation products, while fast neutrons
≥0.1 MeV mostly cause displacement damage [24].

2.2.3 Storage

Helium may also be introduced in nuclear technologies by self-irradiation, also known as
alpha decay:

A
ZM → A−4

Z−2M + 4
2He (∼5 MeV ) (2.11)

4
2He is one of the most tightly bound nuclei, being a doubly magic number nuclei with a

binding energy around 7 MeV. Thus, 4
2He is emitted almost entirely by heavy nuclei, to keep

these nuclei stable; instability comes from new nucleons being too far from some others to
feel their short range nuclear force and Coulomb repulsion grows. Based on the conservation
of energy in the alpha decay reaction, the alphas are typically emitted with a kinetic energy
∼5 MeV.

One notable alpha decay chain is that of 239Pu:

239
94 Pu → 235

92 U +4
2 He (5.156 MeV ) (2.12)

Although 239Pu has a half life of >24,000 years, the alpha decay rate is high enough to
cause significant damage after a few decades [25]. Namely, the accumulation of nm-sized
Helium bubbles as a result of alpha have been observed in aged Pu, as reproduced in Figure
2.3.

2.2.4 Spallation Sources

Spallation sources are often used to study the microscopic properties of materials by neutron
scattering experiments [26]. Spallation neutrons are produced with a wide spectrum of
energies (eV-GeV) by high energy protons (∼1 GeV) which are accelerated into a target
(typically high Z) [27]. In addition to neutrons, this reaction produces other particles,
including high rates of He [28, 29]. In spallation reactions, the high energy protons produce
the majority of 3He, and both protons and neutrons produce 4He.
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Figure 2.3: TEM images showing nm-sized He bubbles in aged Pu. The same region is imaged with different
focusing conditions (a) Underfocused image shows He bubbles as white contrast, indicated by arrows (b) Overfocused
image shows He bubbles as dark contrast, indicated by arrows and (c) Focused image shows no contrast from the He
bubbles. Reproduced with permission from [25] under the Creative Commons copyright license CC BY-NC-SA 4.0.

2.3 Helium Production Techniques for Laboratory

Analysis

Helium production techniques, such as neutron irradiation, ion implantation, and natural
emitters, are used in laboratory environments to mimic operating conditions of nuclear tech-
nologies and for fundamental radiation effects studies. One important consideration when
choosing an irradiation technique for nuclear technology applications is the He/dpa ratio.
Figure 2.4 provides some appm/dpa ratios for fusion reactors, fission reactors, tritum stor-
age, and spallation sources. Although the remainder of this section does not attempt to
select the best He production technique for each of these devices, it is useful to consider
whether irradiation sources provide combined He/dpa effects.

2.3.1 Neutron Irradiation

One method of helium production for laboratory analysis is doping materials with a nuclei
that has a high (n,α) reaction cross section before irradiation in a fission reactor; oftentimes,
10B is used as the dopant. This method is important for reactor materials research, due
to the accompanying displacement damage created by neutrons. Additionally, it allows for
He production in bulk samples, and the 10B content is completely transmuted into He in
short time periods, even in small reactors [17]. However, the amount of He is restricted by a
doping threshold. That is, significant doping will change the properties of the material under
investigation. Moreover, it is near impossible to avoid 10B segregation to grain boundaries,
resulting in non-uniform He production. Reactor irradiation programs can also be difficult,
expensive, and time consuming, and samples are often very radioactive, requiring special
precautions such as hot-cells for post-irradiation examination.
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Figure 2.4: He production and displacement damage attainable in 1 year assuming a plant factor of 100% and
austenitic stainless steel in the maximum flux position of various irradiation sources [21, 29, 30, 31].

2.3.2 He Ion Implantation

He ion (α-particle) implantation is another effective means for introducing He in materials.
This method allows for high He production rates in all materials, and provides fine control
of parameters such as temperature, fluence, dose, and implantation range. Additionally, the
radioactivity induced by He ion implantation is small, so He accumulation investigations can
be performed in a rapid-turnaround manner. In-situ TEM studies, which use ion beams in
tandem with electron microscopes, allow for real-time observation of material transformation
during He implantation [32, 33]. However, investigating combined effects of high displace-
ment damage and He production rates and/or bulk material studies can be difficult with
He ion implantation. Dual ion beams are required to investigate combined effects of high
displacement damage and He production rates. High-energy He ion beams combined with
ion beam degraders are required for uniform implantation in bulk-scale materials.

2.3.3 Natural He Emitters

Isotopes which naturally decay into He can also be used to generate He in materials. In
particular, the “tritium trick” uses the high solubility and diffusivity of H isotopes in certain
metals (Ti, V, Nb, Ta, Pd) and alloys and the H decay into 3He with a half-life of 12.3 years
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[21, 34]:

3
1H+

12.3 y−−−→ 3
2He+ e− (2.13)

This method provides high He concentrations generated uniformly in bulk specimens and
in reasonable periods of time. However, the recoil energy associated with this decay reaction
is too low to create any atomic displacements. That is, neither the local defect environment
of the He-atom nor the overall displacement damage of (n,α) produced He is simulated. Yet,
this is a unique tool to investigate He accumulation in a defect-free lattice.

2.4 Athermal Helium Bubble Growth

During He production in materials, He and small He clusters are easily trapped by vacancies
and form a sphere-like configuration of He-vac clusters with low mobility. Consequently, He-
vacancy clusters deliver high binding energy, performing as sinks for He and small He-vac
clusters, giving rise to He bubble nucleation and growth in metals.

The accumulation of He in materials during room temperature implantation is accom-
panied by displacement damage. One mode of athermal bubble growth is assumed to be
by acquiring vacancies formed on the surface of He bubbles by displacement damage events.
However, bubbles can also shrink as a result of the migration of mobile interstitials to the
bubbles; the interstitials will be produced throughout the lattice by the displacement dam-
age, but only a fraction will end up at the bubbles, with the remainder contributing to
dislocation growth or being annihilated by vacancies.

When He bubbles are in equilibrium (eq) with the solid, the bubble pressure can be
described by:

Peq =
2γ

rb
(2.14)

Where P is the internal bubble pressure, γ is the surface tension, and rb is the bubble
radius.

During room temperature implantation, the resulting bubbles have high He/vac ratios,
causing the bubbles to grow overpressurized. This leads to a second athermal bubble growth
mechanism, where bubbles relieve pressure by punching out dislocation loops that have grown
on the bubble surface [35, 36, 37].

PLP =
2γ + µb

rb
(2.15)

Where PLP is the bubble pressure for dislocation loop punching, µ is the shear modulus
of the material, and b is the burgers vector of the dislocation loop.

These two athermal bubble growth regimes do not operate simultaneously [38]. Essen-
tially, during room temperature He ion implantation, the bubbles will grow by acquiring He
and vacancies until becoming overpressurized, at which point it grows and relieves pressure
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by loop punching, then grows again by He/vacancy arrival, and so on. This is represented
by the following equation [38]:

2γ

rb
≤ P ≤ 2γ + µb

rb
(2.16)

Athermal bubble growth will continue until bubbles reach a critical radius for surface
flaking or blistering, which is described in the sections below. At elevated temperatures,
bubble growth via coarsening mechanisms must be considered [39].

2.5 Athermal Helium-Induced Surface Blistering

Athermal surface blistering has been observed in materials subjected to high doses of He.
Historically, there are two competing theories of the underlying mechanism leading to blis-
tering: (1) gas-driven and (2) lateral-stress driven. These models, summarized below, were
largely developed before direct experimental observations like TEM of blister cross sections
were available. An overview of the later experimental evidence of He bubble structures as-
sociated with blistering is also provided, followed by a summary reconciling the theories and
experimental observations.

2.5.1 Inter-Bubble (Gas-Driven) He Blistering Model

One of the most prominent gas-pressure driven models for blister formation is the inter-
bubble fracture model proposed by Evans [38, 40]. An overview of this model is shown in
Figure 2.5.

Figure 2.5: Schematic of the inter-bubble fracture model, adapted from [38],[40]. At some depth below the surface,
likely the maximum He concentration, He bubbles become overpressurized enough (PF ) to break through the material
in-between the bubbles, thereby creating a crack. The red and blue arrows correspond to tensile and compressive
stresses caused by the overpressurised bubbles, respectively. Due to the difference in crack pressure, PC , and adjacent
bubbles pressure, PO, it is proposed adjacent bubbles break into the crack, eventually widening the crack to a penny-
like shape which becomes domed-up due to He gas pressure.

The premise of the inter-bubble fracture model is that He bubbles, likely at the max He
concentration, are over-pressurized. Therefore, at some critical He dose and depth from the
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incident surface, a layer of bubbles my have sufficient pressure to coalesce by “inter-bubble
fracture,” creating an internal crack. If the excess pressure in the bubbles adjacent to the
crack is high enough, it is possible that these individual bubbles may break into the crack,
thereby causing the crack to widen; this process would stop when the pressure difference
between the gas in the crack and the gas in adjacent bubbles is insufficient. The result is a
penny-shaped crack which either extends to cause flaking, or forms a blister by gas-driven
surface deformation.

2.5.2 Lateral Stress He Blistering Model

In the lateral stress model proposed by EerNisse and Picraux [41], the blister mechanism
is idealized as a 2-D stress buckling problem. This competing model was developed when
experimental results showed blister lid thickness values being appreciably larger than that
of the peak He concentration, which contradicted most of the gas-driven models at the time.

As demonstrated in Figure 2.6, in the lateral stress model, the volumetric swelling asso-
ciated with high He doses is proposed to cause large lateral stresses, and thus the creation
of a weakened interface region by shear yielding at stress concentration points. Eventually,
the material buckles, with the fracture plane under the blister being toward the end of the
He range rather than the peak. One of the early criticisms of this model is the absence of
blistering in analogous ion beam studies involving void swelling, where the stress-systems
should be similar [38].

Figure 2.6: Schematic of the lateral stress model, adapted from [41]. Stress concentrations are proposed to arise from
the near-surface He bubbles, thereby creating a weakened interface region by shear yielding at stress concentration
points Smax, which is proportional to the yield stress of the material. The plate buckles when the weakened interface
has exceeded the value where elastic instability can occur.

2.5.3 Observed He Bubble Structures Associated with Blistering

During the development of the aforementioned blistering models, experimental analyses of
the bubble structures associated with blistering was not available. This section reviews some
of the later observations of bubble structures directly associated with blistering.
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2.5.3.1 He Blistering in Cu

In 1999, Johnson et al. reported the first-known TEM observation of He bubble structures
associates with blistering [42]. They implanted Cu foil with 160 keV He at a temperature
∼0.2Tm, and observed a critical dose for blistering of 1 × 1018 ions/cm2. The TEM results
reproduced in Figure 2.7 show large (30-80 nm) He bubble structures centered around the
max He concentration depth. The metal columns between the large bubbles contained high
concentrations of smaller bubbles. The conclusion was that a blister forms when the columns
between the large bubbles fail by cracking to allow the blister cap to be domed up by some
combination of gas pressure and lateral stress.

Figure 2.7: Montage of TEM micrographs simulating the cross section of a He blister formed in Cu by 160 keV ion
implantation at ∼ 0.2Tm, adapted with permission from Johnson et al. [42]. The high magnification images reveal a
bimodal bubble size distribution. Johnson et al. concluded that the blister formed when the nano-bubbled column
between the large cavities failed by cracking, and the blister shape was created by a combination of gas pressure and
lateral stress. Copyright 1999 Elsevier.

He bubble structures associated with He implantation in Cu has also been of interest in
more recent investigations. Yang et al. analyzed He bubble distributions by TEM. A Helium
Ion Microscope (HIM) was used to implant 25 keV He in polycrystalline Cu [43]. The onset
of blistering was observed between doses of 7 × 1017 to 1 × 1018 ions/cm2. From the TEM
images reproduced in Figure 2.8, it is apparent that at 5× 1017 ions/cm2, before blistering,
the He bubble size distribution is fairly homogeneous, around 2.5 nm in diameter. For the
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1× 1018 ions/cm2 sample with blistering, a bimodal size distribution was observed; bubbles
close to the surface and bubbles near the end of the max He implantation depth were around
2 nm in diameter, while larger cavities near the peak He concentration depth were up to
17 nm in diameter. Additionally, the larger cavities were faceted and therefore below the
equilibrium He bubble pressure.

Figure 2.8: TEM micrographs of Cu implanted with 25 keV He ions at room temperature to (left) 5×1017 ions/cm2

and (right) 1 × 1018 ions/cm2, adapted with permission from [43]. (Left) The bubble size distribution right before
blistering was fairly uniform, while (right) the bubble distribution upon blistering was bimodal. (Right inset) Larger
faceted cavities were also observed in the blistered sample. Copyright 2018 Elsevier.

2.5.3.2 He blistering in W

Allen et al. observed He blistering in high-purity single crystal W(100) [44, 45]. Samples were
made using HIM implantation with beam energy set to 25 keV. The threshold dose for blis-
tering was ∼5×1017 ions/cm2, and the blister location was observed at the SRIM-simulated
peak concentration of He ions. Scanning Transmission Electron Microscopy (STEM) images
from Allen et al. are reproduced in Figure 2.9. A high concentration of small bubbles was
observed, as well as the linkage of small bubbles to form nanocracks. Allen et al. con-
cluded these nanocracks caused the eventual blister formation, thereby providing a direct
observation of the aforementioned inter-bubble fracture model proposed by Evans [40, 38].
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Figure 2.9: STEM micrographs of W(100) implanted with 25 keV He ions at room temperature, adapted with
permission from [44]. (a) Cross section of the entire blister profile annotated with the SRIM-calculated range of He
ions; the blister crack was observed at the peak He concentration. (b) He bubble distribution shows a network of
nm-size bubbles and (c) the linkage of these small bubbles to form nanocracks. Copyright 2020 Elsevier.

2.5.3.3 He blistering in V

Hosemann et al. used a ring-core drilling method to measure the surface stress caused by
room temperature He implantation in V [46]. The implantations were performed using a
HIM with beam energy set to 25 keV, and blisters were observed around 4.6×1017 ions/cm2.

Up to 5×1016 ions/cm2 (before blistering), no measurable residual stress was found, even
though surface swelling of up to 6 nm was measured. However, at doses of 1×1017 ions/cm2

and 4.6 × 1017 ions/cm2, leading to 8.5 nm and 38 nm swelling respectively, significant
compressive stresses around 300 MPa and 507 MPa were observed. In comparison to bulk
V properties (fracture and buckling stress), the residual stress was high enough to allow for
material fracture, but orders of magnitude below the stress required for material buckling.
This study suggested that He gas pressure is the main driving force of the final blister shape
rather than lateral stresses.

2.5.4 Summary of He surface Blistering

The He bubble structures associated with blistering of Cu andW is presented schematically in
Figure 2.10 [42, 43, 44, 45]. In both Cu observations from Johnson et al. and Yang et al., He
bubbles appear to coalesce randomly as they grow with increasing He dose at some depth from
the surface, and eventually bisect to create a large cavity. In the W observation from Allen
et al., bubble growth appears to be hindered, and adjacent bubbles link to form microcracks.
Presumably, the W blister results from a sufficiently large microcrack, as described in the
inter-bubble fracture model from Evans [38, 40]. Lateral stress measurements performed
by Hosemann et al. gave insight into the final shape of the blister, showing the lateral
stress associated with He-induced swelling is not great enough to cause surface bucking [46].
Moreover, blistering in Cu was observed at 1 × 1018 ions/cm2, compared to a lower blister
onset dose of 5× 1017 ions/cm2 in W and 4.6× 1017 ions/cm2 in V.

The literature indicates differences in the blister formation mechanism for different met-
als. TEM and STEM results showed that, depending on the material, bubbles either continue
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to grow, or their size is limited by inter-bubble fracture. Evans et al. anticipated there may
be conditions where inter-bubble fracture cannot occur. Specifically, at elevated implantation
temperatures, the presence of thermal vacancies would keep growing bubbles in equilibrium,
and there would be no possibility of interbubble fracture. Instead, Evans et al. predicted
the bubbles would coalesce randomly as they grow and either bisect or migrate to the sur-
face. The observations show that even at room-temperature implantations, the conditions
for inter-bubble fracture are not satisfied for some materials such as Cu. The experimental
results reveal shortcomings of the blistering models, as the measured lateral stress was too
small to satisfy the lateral stress model, and the inter-bubble fracture model appeared to
apply for W but not Cu. This discrepancy between the blistering appearances is found in this
thesis. In addition to identifying this discrepancy, this thesis presents further investigations
into material properties relating to the blistering mechanism in Chapter 3.

Figure 2.10: Summary of He bubble structures observed in Cu [42, 43] and W [44, 45]. (a) In Cu, He blisters
formed due to bubble growth and coalescence, creating large cavities which bisect and dome up to cause significant
plastic deformation (large blister cavities). (b) In W, He blisters formed due to crack formation resulting from the
linkage of small bubbles, and less plastic deformation (smaller blister cavities) was observed compared to Cu.

2.6 Helium Effects on Mechanical Properties

The introduction of He in metals leads to a change in microstructure and therefore a change
in mechanical properties. Numerous investigations of the influence of He on mechanical
properties have been carried out over a variety of different materials, test conditions, and
length scales. While this section does not provide a comprehensive review of all of these
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studies to date, it serves as a discussion of studies relevant to this thesis, especially regarding
size effects of mechanical properties.

2.6.1 Bulk materials

Bulk materials refers to test geometry sizes with a sufficient number of grains to reproduce
bulk-scale material properties [47]. He embrittlement is a significant concern for bulk ma-
terial irradiations. A small concentration of He is known to cause significant degradation
of material properties, potentially leading to catastrophic failure. This is especially true
when considering high temperature irradiations such as those in future advanced reactor
environments.

He bubble growth along grain boundaries is widely considered to be the cause of He
embrittlement in bulk materials. Due to the high He-grain boundary binding energy, grain
boundaries act as sinks for He bubble nucleation, growth, and coalescence [34, 39]. Tensile
studies have shown these He bubbles evolve under tensile stress, leading to large cavities
along the grain boundaries. This causes inter-granular failure at lower stresses than pure
materials. Goods et al. showed that even a small concentration of He in Cu, 2 ppm, can
have a profound effect on microstructure and tensile properties [35, 48]. In their study, the
Cu was aged in 3H at 200 ◦C. As shown in Figure 2.11(a), He bubble coalesence resulted
in a series of intergranular cavities along a grain boundary. Corresponding tensile results
in Figure 2.11(b) reveal the He exposed Cu had a decrease in ductility, which is indicative
of He embrittlement. Cross sections of the fracture area, Figure 2.11(c), show intergranular
fracture was the failure mechanism. Embrittlement has also been observed in stainless steel
aged in 3H at ambient temperatures [49]. Since these experiments utilized the “tritium
trick,” described in Section 2.3.3. above, i.e. introducing He without doping or displacement
damage, He is the main cause of embrittlement.

Figure 2.11: Embrittlement observed in Cu into which He was introduced by 3H decay at 200 ◦C, reproduced with
permission from [35, 48]. (a) Cavities formed along a grain boundary as a result of He bubble coalescence. (b) Tensile
testing revealed a decrease in ductility of the He-containing specimens. (c) SEM micrographs of the fracture surface
reveal intergranular fracture induced by the He accumulation. Copyright 1986 Elsevier.
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In addition to low strain rate (∼10−3/sec) tensile testing, He effects on high strain rate
(∼107/sec) deformation has been of recent interest. Combined experimental and molecular-
dynamics (MD) studies show that He bubble structures can rearrange within the sample
bulk and influence dynamic material properties. Glam et al. experimentally investigated the
influence of He bubbles on spall strength [50]. They introduced He in the targets by doping
Al with 10B, then irradiating the Al-10B in a reactor, and finally heating the irradiated Al-10B
to grow He bubbles. Then, shock-wave experiments were conducted by accelerating an Al
impactor into different targets: pure Al, Al-10B, and Al-10B with He bubbles. They found
the Al-10B had a lower spall strength compared to pure Al. Additionally, the Al-10B with He
bubbles had a higher spall strength compared to not-irradiated Al-10B. TEM investigations
of regions near the spall plane, Figure 2.12, showed the He bubble size increased significantly
after shock loading. Additionally, MD investigations of He bubbles in pure Al demonstrated
that the presence of He bubbles reduces the spall strength of pure Al [51].

Figure 2.12: TEM of He bubbles in Al-10B before (a) and after (b) shock loading, reproduced with permission from
[50]. The TEM samples were made from a region near the spall plane. The impact caused the He bubble size to grow
from approximately 5 nm to 200 nm. Copyright 2010 Springer Nature.

2.6.2 Surface and small-volume materials

Many studies of He effects on mechanical properties are done at surface or small-volume
length scales. This is due to the effectiveness of ion implantation in introducing He in
materials, making it a widely used technique. In these studies, the maximum penetration
depth of He is often 100’s of nm to several µm, limited by the ion beam energies available.
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As a result, atomic force microscopy (AFM), nanoindentation, and micro-mechanical testing
techniques are often used to study property changes in He implanted materials.

AFM has been used to investigate surface swelling in Cu, W, and V [43, 44, 46]. All
samples were implanted at room temperature using HIM with a beam energy of 25 keV. As
shown in Figure 2.13, swelling increased near-linear with respect to dose in all of these studies;
this expected due to cavity (voids, bubbles) formation. The swelling trend for Cu and V
appear similar, while W exhibits less swelling at high doses. Additionally, nanoindentation
of the He implanted Cu and V revealed the influence of He dose on the hardness and elastic
modulus (Figure 2.14). Hardening was observed at doses up to 1×1017 ions/cm2 in Cu, and
the competition of softening occurred at higher doses. In V, hardening was observed up to
doses of 2× 1017 ions/cm2, and softening also occurred at higher doses. For both Cu and V,
the elastic modulus was observed to decrease with respect to dose.

Ding et al. investigated the compressive and tensile behavior of high-temperature He-
implanted single crystal Cu pillars [52]. Micro-compression test results reproduced in Figure
2.15 show the He bubbles enhance slip and plastic flow. During micro-tensile testing, Ding
et el. reported He bubble migration, coarsening, elongation, and cleavage under loading.
In-situ bending tests coupled with atomistic simulations are shown in Figure 2.16. Both
these experiments and simulations showed He bubbles promote dislocation nucleation. Ad-
ditionally, the He bubbles acted like shearable objects, thereby impeding dislocation motion
and reducing the dislocation mean free path, which promotes dislocation storage and leads
to strain-hardening, high flow stress, and stable deformation in the small-volume Cu [35,
53, 54]. Thus, in-situ micromechanical testing of high-temperature He implanted Cu nanos-
tructures indicated He bubbles enhance ductility in small volume metals. This is in direct
contrast to the decrease in ductility observed in bulk-scale studies, underpinning the need
to bridge length scale gaps in nuclear materials testing.

Near-surface He implantation techniques have also been used in shock loading investi-
gations. MD simulations showed near-surface bubbles enhance surface ejecta during shock
loading [55]. A corresponding experimental study conducted by Fensin et al. revealed He
bubbles in Cu resulted in an increase in the production of finer ejecta traveling at higher
velocities and for longer times, suggesting an increase in ejected mass as a function of He con-
centration [56]. These studies further demonstrate that He bubbles alter important dynamic
properties in materials.
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Figure 2.13: Swelling with respect to dose in Cu, W, and V, compiled from [43, 44, 46]. All samples were implanted
at room temperature and with 25 keV He ions. For all cases, the relationship between dose and swelling is nearly-
linear. Moreover, Cu and V follow a similar trend, while W exhibited less swelling at high doses.

Figure 2.14: Hardness and elastic modulus with respect to dose in Cu (a),(b) and V (c),(d). Both samples were
implanted at room temperature and with 25 keV He ions. The results reveal competition between hardening and
softening at doses on the order of 1017 ions/cm2. Additionally, the elastic modulus decreases with respect to dose for
both materials. The Cu results are reproduced with permission from [43], Copyright 2018 Elsevier. The V results
are reproduced with permission from [46], Copyright 2021 Springer Nature.
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Figure 2.15: Compression testing of Cu nanopilars implanted with He at high temperatures, reproduced with
permission from [35, 54]. The He bubbles appear to (a) enhance flow stress and (b) promote dislocation slip.
Copyright 2016 American Chemical Society.

Figure 2.16: (a)-(c) In-situ bending test of small-volume Cu implanted with He at high temperatures, reproduced
with permission from [35, 54]. (a),(b) reveal the emission of a partial dislocation from a He bubble, leaving behind
a stacking fault as shown in (c). It is worth noting that the He bubbles in these micrographs appear fauceted,
indicating they are not at equilibrium pressure. This could be due to the high-temperature used during irradiation,
which promotes a low He/vac ratio. Atomistic calculations shown in (d)-(f) are also reproduced with permission
from [35, 54]. (d),(e) show that bubbles are preferential dislocation nucleation sites compared to the corner of the
nanopillar. (f) demonstrates that slip steps on the bubble surface also serve as dislocation nucleation sites. Copyright
2016 American Chemical Society.
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Chapter 3

Low Energy Ion Implantation

In this chapter, near-surface structural changes of Ti and Cu upon exposure to He ions
are investigated. A combination of implantation and high-resolution imaging and probing
techniques are used to gain further insight into the interactions between He ions in the 10’s
of keV energy range and samples with various material properties. This chapter highlights
a novel site-specific implantation technique, Helium Ion Microscopy (HIM), and a novel
characterization technique, Positron Annihilation Spectroscopy (PAS).

First, additional background and motivation is provided for these low energy implantation
studies. Then, He implantation effects on swelling, hardness, and microstructure is inves-
tigated in Ti(0001), followed by comparative studies in Cu(100), Ti(0001), and Ti(1010̄).
Lastly, PAS characterization of He implanted and shock loaded commercially pure (cp) Ti
is detailed.

3.1 Background and Motivation

The effects of He accumulation in materials are of great interest to the nuclear community
since He is produced from (n, α) reactions and radionuclide transmutation (α-decay), and its
presence is known to cause microstructural changes and mechanical property degradation.
Proper treatment of He-induced property changes requires modelling of all essential processes
controlling the microstructural evolution, such as bubble nucleation and growth, as well as
the relationship between the evolving microstructure and changes in mechanical properties
[39]. Ideas on how to model radiation damage from He accumulation in metals and its
effects on mechanical properties originate from experimental evidence. Systematic and highly
advanced experiments are required to support the ability to describe these effects analytically.

Most He ion implantations for materials research are conducted at accelerators and
plasma devices. Although these machines provide flexibility in the material and sample
size to be implanted, experiments can be time consuming and lack control of experimental
parameters [44]. He Ion Microscopy (HIM) is a relatively new method of implanting He.
The HIM was commercialized in 2007 and is widely used for imaging and nanofabrication
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[45, 57]. The HIM functions similar to a Scanning Electron Microscope (SEM), but uses a
focused beam of He ions instead of electrons. The He ions are extracted from an atomically
sharp needle of three atoms. The needle is held at a high voltage, the He gas flowing over the
tip is ionized, and then the ions are extracted to the sample. The incident He ions produce
3-9 secondary electrons per ion, allowing for better contrast and resolution in comparison to
SEM, which typically produces one secondary electron per incoming electron [58]. Although
the HIM can provide enhanced imaging capabilities, the introduction of high He concentra-
tions in materials can cause unwanted sample modification. Early HIM studies by Livengood
et al. in Si and Cu correlated SRIM defect density calculations with Transmission Electron
Microscopy (TEM) investigations, revealing the thresholds for various defect structures [59].
As shown in Figure 3.1, He bubbles and larger subsurface voids were observed at at doses
above 1× 1017 ions/cm2 in Cu and Si.

Figure 3.1: HIM implantation dose and resulting SRIM-calculated defect densities and TEM-observed defect struc-
tures in Cu and Si, adapted with permission from Livengood et al [45, 59]. He bubbles and blisters were observed at
doses above 1× 1017 ions/cm2. Copyright 2009 American Vacuum Society

Recently, the HIM at the California Institute for Quantitative Biosciences at UC Berkeley
(QB3-Berkeley) has been used to intentionally produce near-surface He damage and implant
He ions in the first 100–300 nm at different doses and dose rates in single crystal and
polycrystalline materials [43, 44, 45, 60, 61, 62, 63]. The HIM provides higher throughput and
precision in implant dose and location than typical implantation devices, which is conducive
for producing systematic He effects experiments.
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This chapter focuses on HIM implantation and He blistering studies in Ti (HCP) and
Cu (FCC) to investigate the influence of material properties on the development of He
bubble structures, especially those relating to blistering. This was largely motivated by
the differences in bubble structures observed in Cu and W described in Section 2.5 above
[42, 43, 44, 45]. Additionally, the mechanical response of bubble structures and blisters is
investigated, largely motivated by the various observations of bubble restructuring under
different strain-rate conditions described in Section 2.6 [35, 53, 54, 50, 64]. In this chapter,
low strain rate (nanoindentation) studies were conducted on blisters in Ti and Cu, and a
preliminary high strain rate (shock loading) experiment was performed on He-implanted Ti.

In addition to using a novel implantation technique of HIM, Positron Annihilation Spec-
troscopy (PAS), was applied to investigate the evolution of defects as a function of dose
and after shock loading. PAS is a powerful technique for the studying small submicro-
scopic vacancy-type clusters. An overview of how PAS works is presented in Figure 3.2
[65]. Positrons entering a material will thermalize by scattering with electrons, then diffuse
through the system until they find a local electron to annihilate with. When a positron
annihilates with an electron, it releases two 511 keV gamma photons which can be detected.

Doppler broadening (DB) PAS uses the principle of conservation of momentum. That
is, the energy of each annihilation photon should be equal to the rest mass energy of the
electron/positron (which is 511 keV) plus or minus an energy, ∆E (the Doppler shift).
The gamma photons should be emitted in opposite directions plus or minus an angle, ∆θ.
The energy distribution of the annihilation gammas, i.e. the Doppler shift of the 511 keV
annihilation peaks, corresponds to the local defect density.

Another type of positron annihilation spectroscopy is Positron Annihilation Lifetime
Spectroscopy (PALS). The thermalization, diffusion, and annihilation of positrons can be
inhibited if the positron becomes trapped in a region with less electrons, such as a vacancy,
therefore increasing the overall “lifetime” of the positron. That is, the bigger the vacancy,
the longer the delay between positron implantation and annihilation. Additionally, the larger
the concentration of vacancies, the more 511 keV gammas that will be emitted.

Positrons are sensitive enough to differentiate between 2 single vacancies and 1 divacancy,
and can see down to individual monovacancies. This technique has been widely used for the
size determination of microvoids and for the study of impurity-void interactions in metals
and alloys. The effect of He decoration of voids on positron annihilation characteristics have
been studied theoretically and experimentally in metals [66, 67]. In the small cluster regime
(<5 Å), the positron lifetime is found to be sensitive to the size as well as the He-to-vacancy
ratio in the cluster. The development of He bubbles and He bubble structures is tied to
the He/vacancy and He/extended defect ratio. The nucleation of He bubbles is tied to
availability to vacancies. Thus, the defect specificity of PALS, combined with its sensitivity
to He, could be used for a qualitative and quantitative understanding of properties of He
bubbles structures and at higher resolution than can be achieved by TEM alone.
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Figure 3.2: The fate of a positron after implantation in a host material. When positrons enter a material, they
thermalize, diffuse, and then annihilate with electrons in the material which can result in two 511 keV gamma rays.
This process is sensitive to areas with lower electron densities, such as vacancies. The resulting gamma ray spectra
can be used to extract information on vacancy size and concentration in materials. Reproduced from [65], copyright
2013 Dr. Maik Butterling.

3.2 Mechanical and Structural Transformation of He

Implanted Ti(0001)

This initial study was conducted on Ti(0001), which is the basal plane orientation of an
HCP crystal structure. The technique of HIM implantation, followed by AFM, nanoinden-
tation, and microscopy has been previously demonstrated at the University of California,
Berkeley on polycrystalline Cu (FCC) and W (BCC) [43, 44, 45]. In general, this study fur-
ther demonstrates the rapid turnaround capability and repeatability of these experimental
techniques, while investigating He effects on a different crystal structure. HCP materials
have limited slip systems, and are generally considered brittle at room temperature. These
properties may particularly impact He blistering and bubble structures observed at high He
doses. More specifically, Ti and Ti-alloys have been considered as structural materials for
long-term nuclear waste storage, fusion and gas-cooled fast reactors, and the beam dump at
the Facility for Rare Isotope Beams (FRIB) at Michigan State University.

3.2.1 Methods for He Ion Implanted Ti(0001)

Single crystal Ti(0001) with purity of 99.9999%, diameter of 6 mm, and thickness of 1 mm
was purchased from Princeton Scientific (Easton, PA). One side of the disk was polished to
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roughness <0.01 µm. No further treatment was performed before use. The He implantation
experiments were carried out at room temperature with a Zeiss ORION NanoFab HIM,
capable of imaging with a He source. Implantations were made at 25 keV with varying
doses and dose rates. An implant map and description of implant parameters is presented
in Figure 3.3.

Figure 3.3: (a) Map and (b) corresponding description of parameters for the 16 He implants in the initial Ti(0001)
study. The He dose was varied for the first implant set, 1-12. The dose rate was varied for the second set of implants,
13-16.

The SRIM-2013 code was used to simulate the 25 keV He range and damage profiles in
Ti, using the method described in Section 2.1. As shown in Figure 3.4, the He concentration
peaks around 165 nm with a maximum implantation depth of 329 nm. Figure 3.5 shows
the displacement damage peaks around a depth of 122 nm. The peak displacement damage
for the 10 × 10 µm2 implants to doses of 7 × 1017 ions/cm2, 6 × 1017 ions/cm2, 2 ×10 17

ions/cm2, 1 × 1017 ions/cm2, 5 × 1016 ions/cm2, and 2 × 1016 ions/cm2 was 78 dpa, 44
dpa, 22 dpa, 11 dpa, 5 dpa, and 2 dpa, respectively. For the 5 × 5 µm2 implants to a dose
of about 1 × 1017 ions/cm2, the peak damage was approximately 3 dpa. It is important to
note that the SRIM results, which assume constant bulk density value of the target, become
increasingly inaccurate as the dose increases, because the effective density of the target will
reduce as He content increases.
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Figure 3.4: He ion and vacancy distributions of 25 keV He in solid Ti calculated by SRIM, assuming constant bulk
density of the target. The He concentration peaks around 165 nm, and the max implantation depth is about 329 nm.

Immediately after He implantation, the samples were characterized using a Nano-scope
IIIa AFM with sub-nm height resolution to image the topography of implanted surface.
Then, hardness measurements of implanted and nonimplanted regions were produced with
a Hysitron Triboindenter 950 nanoindenter. Indentations were performed with a Berkovich
tip nominal with 40 nm tip radius of curvature. The tip was calibrated using a fused
silica as a standard before performing the experiments. The NanoDMA III mode was used
to perform Continuous Stiffness Measurements (CSM). The CSM indentation allows for
constant hardness and storage modulus evaluation as the indenter is driven into the sample,
as opposed to typical quasistatic measurements which measures the hardness and storage
modulus at the max indent depth. It is worth noting the storage modulus is an indicator
of elasticity taken from the in-phase component of the nanoDMA signal, and is not the
same as the Young’s modulus which also describes elasticity but comes from the slope of
the beginning of a stress-strain curve [68]. Lastly, A TEM foil of a sample cross section was
produced using a FEI Helios G4 Focused Ion Beam (FIB) liftout technique.

Figure 3.6 presents the steps of the FIB lift-out technique sequentially. An area with
two He blisters was chosen for cross-sectioning, shown in Figure 3.6(a). In Figure 3.6(b), Pt
was deposited on this chosen area in order to protect it from the Ga+ beam during milling.
Then, the Ga+ beam was used to mill trenches on both sides of the sample, followed by a
U-shaped volume milled so that only a thin bridge of material kept the sample attached to
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Figure 3.5: Dpa calculated from SRIM simulation of solid Ti subjected to various fluences of 25 keV He ions,
assuming constant bulk density of the target. The displacement damage peaks at a depth of about 122 nm. The dpa
for the 10 × 10 µm2 implants to various doses range from 78 to 2 dpa. The dpa for the 5×5 µm2 implants to a dose
of 1×1017 ions/cm2 was about 3 dpa.

the bulk. The result of these steps is shown in Figure 3.6(c).
After welding the W Omniprobe to the sample with Pt, the small volume keeping the

sample attached was milled away. Figure 3.6(d) shows the TEM specimen attached to the
Omniprobe as it is pulled away from the bulk. Oxidation on the Cu grid was milled away
prior to welding the TEM sample in order to allow for a stronger weld. In Figure 3.6(e),
the top right corner of the TEM grid is free of oxidation and the TEM specimen is being
lowered to the grid.

Figure 3.6(f) shows the TEM sample welded to the Cu grid with Pt, and in Figure
3.6(g) the Omniprobe was detached from the sample with milling. The edges of the two
blisters are visible in Figure 3.6(g), and were opened up as the sample was thinned. The
thinning was done so that the maximum size of the blister domes were in cross section and to
obtain electron transparency, as shown in Figure 3.6(h). The final TEM specimen thickness,
demonstrated by 3.6(i), was about 70 nm. He nanobubbles were observed using the standard
Fresnel microscopy method and Joel 3100 and FEI Themis TEMs at the National Center
for Electron Microscopy (NCEM) [69].

A summary of the methods is presented visually in Figure 3.7. The nm-size HIM beam
enables rapid turnaround He implantation in the keV range with controlled doses and/or
dose rates on the same sample. The implants are analyzed by AFM for swelling analyses,
indentation for hardness measurements, and TEM for bubble distribution observations.
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Figure 3.6: FIB technique showing the process of TEM specimen preparation sequentially. (a) SEM image of 3
blisters from 25 keV He implantation in Ti. The implant area was 10 × 10 µm2 and dose was 7.4 × 1017 ions/cm2.
(b) Pt deposition to protect the two blisters selected for cross-sectioning. (c) Trenches were milled on either side of
the two blisters and and the U-cut to allow for removal from the bulk material. (d) The Omniprobe was welded to
the Pt, and then the bridge of the U-cut was milled. The sample is shown being removed from the bulk. (e) The
sample, welded to the Omniprobe, being positioned for welding on the Cu TEM grid. The edge of the Cu grid was
milled to assist the welding. (f) After Pt welding the sample to the grid and cutting the Omniprobe from the sample.
(g) After some thinning, the beginning of the 2 blister cavities were already visible. (h) SEM image of the two blisters
in cross section after final thinning. (i) The final thinness of the TEM sample was around 70 nm.

Figure 3.7: Visual summary of the methods used in the initial Ti(0001) studies. (a) Local ion implantations were
performed using the HIM, followed by (b) a series of post-implantation characterization techniques.
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3.2.2 Results on He Implanted Ti(0001)

For the dose-dependent studies, the cut-off He ion dose was selected by observing the HIM
image until two blisters were apparent. For implant 1 described in Figure 3.3, two visible
blisters were observed around 6 × 1017 ions/cm2. For implant 2 in Figure 3.3, the first visible
blister was observed at approximately 5 × 1017 ions/cm2, and the second visible blister was
observed around 6 × 1017 ions/cm2. For the dose rate dependent studies, the target He ion
dose was 1 × 1017 ions/cm2.

3.2.2.1 Swelling Studies with AFM

The He implantation regions were optically visible and therefore could be located for AFM
swelling measurement. The topographic features of each implanted and nearby nonimplanted
region were observed by AFM to evaluate variation of swelling and roughness changes due
to implantation. The dose and dose rate dependencies of average swelling are summarized in
Figure 3.8. As shown in Figure 3.8(a), the dose dependence of swelling appears to be linear.
The increase of swelling with increasing dose is expected due to cavities (voids, bubbles)
formation. As dose increases, these cavities grow and eventually form larger cavities (blisters)
in the material. As the dose rate increases, the sample is exposed to the He ion beam for a
shorter period of time. Figure 3.8(b) shows that swelling may decrease with dose rate.

Figure 3.8: Ti(0001) swelling as a function of 25 keV He (a) dose and (b) dose rate, as measured by AFM.

3.2.2.2 Hardness studies with nanoindentation

The AFM on the nanoindentor made it possible to select indents on the implant region and
surrounding the implant region. However, the nanoindentor’s AFM resolution was not high
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enough to be able to distinguish implant regions with <10 nm swelling, so only the 10 × 10
µm2 implants with doses of 7 × 1017 ions/cm2, 4 × 1017 ions/cm2, and 2 × 1017 ions/cm2

could be measured by nanoindentation. 5 indents were performed on each implant region.
Additionally, a series of 4 indents were performed on an area far from the implant regions,
in order to get a reference nonimplanted hardness value. The average hardness and storage
modulus versus indent depth for varying doses is shown in Figure 3.9.

Figure 3.9: Average (a) hardness and (b) storage modulus of implanted and nonimplanted Ti(0001). Both plots
share the same legend. (a) The hardness results show a competition between radiation hardening and softening, with
an increase in hardness at a dose of 2 × 1017 ions/cm2 and then decreasing with doses above 7 × 1017 ions/cm2. (b)
The storage modulus decreases with increasing He dose.

The curves in Figure 3.9 are an average of 5 indents for the implanted regions, and an
average of 4 indents for the nonimplanted region. Figure 3.9(a) reveals that at a depth of 70
nm, the hardness of doses 7 × 1017 ions/cm2, 4 × 1017 ions/cm2, and 2 × 1017 ions/cm2, are
about 5.7 GPa, 6.5 GPa, and 7.3 GPa, respectively. These average implanted hardness values
are higher than the average nonimplanted hardness, which is around 5.1 GPa at 70 nm depth
and in good agreement with the literature [70]. These results show the competition between
radiation hardening and density reduction softening. At a dose of 2 × 1017 ions/cm2, the
radiation defects pin dislocations caused by the mechanical deformation, thereby preventing
plastic deformation and increasing the hardness. At 4 × 1017 ions/cm2, radiation softening
has occurred due to the formation of large cavities. This radiation softening effect is even
more dramatic at the dose of at 7 × 1017 ions/cm2. Figure 3.9(b) shows the storage modulus
at 70 nm for the nonimplanted Ti is 157.3 GPa. This is higher than that of the implanted
regions, which have a storage modulus at 70 nm of 120 GPa, 127.3 GPa, and 143.7 GPa for
the respective doses of 7 × 1017 ions/cm2, 4 × 1017 ions/cm2, and 2 × 1017 ions/cm2.

For both the hardness and storage modulus results, deviations from the nonimplanted
region is larger at shallow depths and asymptotically approaches the nonimplanted value as
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the depth of indentation increases. This is expected because (1) the range of He in Ti is only
142 nm with a maximum penetration of 329 nm, so after 142 nm the radiation effects are
expected to significantly diminish, and (2) shallower indent depth values suffer from surface
effects [71].

Another unique deformation phenomena observed during the nanoindentation testing
were sudden displacement bursts appearing as a plateau in the loading curve (so-called
pop-in) [72]. According to the literature, pop-ins have been observed as a result of phase
transformation, fracture with crack initiation and propagation, or homogeneous dislocation
nucleation. Generally, the pop-in behavior will be diminished after irradiation because defor-
mation is dominated by irradiation-induced defects hindering dislocation motion. However,
the He ion implantation was found to enhance the pop-in behavior of the single crystal
Ti(0001). Figure 3.10 shows example loading and hardness curves from each region. These
curves are not the average of all indents, but the results from an example individual indent.
The pop-in behavior is annotated for the 7 × 1017, 4 × 1017, and 2 × 1017 ions/cm2 dose
region indents, but was not present in the nonimplanted indents and has not been shown in
literature of nanoindentation of pristine Ti(0001) [70, 73]. These results indicate that the
existence of He bubbles promotes dislocation nucleation.

Figure 3.10: Loading and hardness curves from a single indent for (a) 7×1017 ions/cm2 (b) 4×1017 ions/cm2 (c)
2×1017 ions/cm2 and (d) nonirradiated regions of single crystal Ti(0001). For (a)-(c), pop-in behavior is indicated
with circles and arrows. No pop-in behavior is observed in (d).
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3.2.2.3 Bubble distribution studies with TEM

A TEM sample was produced from implant 2 described in Figure 3.3, which was 10 × 10
µm2 with a He dose of 7 × 1017 ions/cm2. Two blisters were captured in cross section for the
single foil, as shown in in the TEM image in Figure 3.11. The boxes drawn in Figure 3.11(a)
show the shell and base regions of the larger blister used to produce the images in Figure
3.11(b). Figure 3.11(b) shows the blister shell (top) and blister base (bottom). The blister
cavity occurs around 250 nm, which is significantly deeper than the peak He concentration
of 165 nm in bulk density Ti simulated by SRIM and shown to scale in Figure 3.11(c) with
the peak depth indicated by an arrow. Qualitatively, it was observed that bubbles near
the blister cavity had arranged into nano-crack formations. These nano-cracks were present
in both the shell and base of the blister. An example of nano-cracks near the blister are
annotated in Figure 3.11(d), which is a magnified section of the blister base in 3.11(b). Some
of the bubbles in 3.11(d) are marked with red circles, and their lateral coalescence with green
lines.

Figure 3.11(b) was sectioned for bubble counting. The bubble count results are presented
in Figure 3.12, which shows the bubble size remains fairly constant throughout the depth of
the Ti, ranging from about 1.7 nm to 2 nm. The bubble area ratio is also fairly constant,
ranging from about 0.25 to 0.35. The aforementioned nano-crack formations, which appear
as the depth into the sample approaches the cavity, were observed to have formed from many
small bubbles and with denuded zones surrounding the nano-crack formations. An attempt
was made to quantify the bubbles forming the nano-cracks individually versus the nano-
crack cavity size in its entirely, which is why the quantified bubble size does not increase
with respect to depth in this analysis. It must be noted that there are significant human
errors in this type of manual quantification, and several efforts have been made to try to
quantify and reduce errors in analyzing small defects in TEM images [74]. Qualitatively, the
nano-cracks, and ultimately the blister cavity, were observed to form as a result of lateral
coalescence of the nanobubbles, thereby providing direct evidence of the interbubble fracture
model [75, 44].

3.2.3 Analysis on He Implanted Ti(0001)

The TEM results were used to calculate swelling based on the nanobubbles observed. To
perform this calculation, several assumptions are made: (1) the bubbles are spherical, (2) the
bubble size in each box is uniform, (3) The TEM foil thickness is uniform and (4) swelling
takes place in one dimension. With these assumptions, the volume ratio, Vratio, of He bubbles
to Ti in each rectangle can be calculated as:

Vratio =
Vb,tot

(Ar)t
(3.1)

Where V(b,tot) is the total volume of bubbles in the rectangle, Ar is the area of the
rectangle, and t is the assumed foil thickness of 70 nm. V(b,tot) is calculated for each rectangle
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Figure 3.11: TEM results for a cross-section through blisters in the Ti(0001) sample formed by 25 keV He ion
implantation to a dose of 7×1017 ions/cm2. (a) TEM micrograph of the blisters showing a smaller (left) and larger
(right) blister cavity. The boxes represent the micrographs shown in (b). (b) -500 nm defocus TEM micrographs
of the large blister cavity cap (top) and base (bottom). In this defocus condition, the He bubbles appear as white
contrast in the sample. (c) SRIM results of 25 keV He ions in Ti with constant theoretical density and with a reduced
density of density of 3.5 g/cm3, to scale for comparison with (b). The arrows point to the peak He concentration for
each respective simulation. Determination of the reduced density is described in the Analysis section. (d) Duplicate of
(b), showing a region of the blister base and near the blister cavity, partially annotated to show nano-crack formation.

by multiplying the average bubble volume in each rectangle by the number of bubbles in
each rectangle. The average relative porosity of each rectangle, P , can then be calculated
as:

P =
Vratio

1− Vratio

(3.2)

Finally, given the abovementioned assumption that swelling takes place in one dimension,
the total swelling can be calculated as the sum of the average relative porosities multiplied
by the respective rectangle length (depth into sample), x

total swelling =
∑

Px (3.3)

From this calculation, the total average relative porosity was found to be 0.21, and
the total swelling was estimated at 63.82 nm. As expected from a similar one dimensional
swelling calculation by Yang e.t al, this approximation matched well with the AFM measured
swelling, which was 63.8 nm [43].

It was also observed by TEM that the He blister cavity occurred much deeper than the
peak He concentration simulated by SRIM. The accuracy of SRIM is expected to diminish
as dose increases, because the sample density is changing relative to He content. For these
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Figure 3.12: Bubble diameter and area ratio as a function of depth for the dose of 7.4 × 1017 ions/cm2. As the
depth into the samples increases, small bubbles linked to form nanocracks. An attempt was to count these bubbles
individually versus quantifying the nanocrack size overall, which is why the average bubble side does not increase with
respect to depth into the sample. Additionally, denuded zones appeared to surround the nanocrack, which is why the
area ratio was not observed to increase with respect to depth either. It must be noted that significant errors exist
with analyzing of small (nm-size) defects in TEM images. Errors were not quantified here, and the TEM resolution
limited the ability to quantify all of the bubbles.

reasons, the porosity calculated in Equations 3.1-3.3 was used to calculate a density change
as follows:

ρnew = (1− P )ρsolid (3.4)

Where ρsolid is the density of Ti before He implantation, and ρnew is the density of Ti
after the dose of 7 × 1017 ions/cm2. Using a relative porosity of 0.21, the density was
estimated to change from 4.5 g/cm3 to 3.5 g/cm3. This density change was implemented
in the SRIM simulation, and the result is shown in Figure 3.11(c), next to the blister cap.
Figure 3.11(c) shows that even with the change in density, the blister does not occur at the
simulated peak concentration of He as expected from previous studies, however it is a closer
approximation than the theoretical bulk density [44]. It is worth noting that He channelling
is not considered to contribute to the depth of the cavity because channelling is not expected
to occur in the (0001) orientation.
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3.2.4 Conclusions on He Implanted Ti(0001)

Mechanical and structural changes in Ti(0001) implanted using a HIM with 25 keV He ions
were investigated by a series of characterization techniques. Swelling appeared to increase
linearly with respect to increasing dose and slightly decrease with respect to increasing dose
rate. Radiation hardening was observed at doses of 2 × 1017 ions/cm2, and radiation soften-
ing was observed at doses of 4 × 1017 ions/cm2 and higher. Additionally, He implantation
appeared to enhance pop-in behavior of the single crystal Ti(0001), indicating that the ex-
istence of He bubbles may change the nucleation behavior of dislocations.

For a blistered implant with a dose of 7.4 × 1017 ions/cm2, the He bubble size ranged
from about 1.7-2 nm and the bubbles near the cavity coalesced into nanocrack formations.
This local accumulation of bubbles is thought to have eventually caused the blister cavity
formation. The relative porosity for the Ti implant was approximated to be 0.21, therefore
causing the Ti(0001) density to decrease from approximately 4.5 g/cm3 to 3.5 g/cm3. The
observed He blister shell was much thicker than the range of 25 keV He ions in Ti simulated
by SRIM. This can be explained partially by the decreased density.

3.3 Comparative He Implantation and

Characterization of Cu(100), Ti(0001), and

Ti(101̄0)

The initial study on Ti(0001) described in Section 3.2 demonstrated the rapid-turnaround
and reproducibility of using HIM implantation, followed by AFM, nanoindentation, and
microscopy characterization. In this study, Ti(0001), Ti(101̄0), and Cu(100) samples were
implanted during the same HIM session. Post-implantation AFM and nanoindentation tests
were also completed for all samples in single instrument sessions. The aim of these studies
were to investigate He bubble structures associated with blistering in a variety of materials,
as well as the He blister response and potential bubble rearrangement or crack growth under
mechanical loading.

3.3.1 Methods for the Cu-Ti Comparison Study

The single crystal Ti(0001) and Ti(101̄0) samples were purchased from from Princeton Sci-
entific (Easton, PA) and each had a purity of 99.9999 with a diameter of 6 mm and thickness
of 1 mm. One side of each Ti disk was polished to roughness <0.01 µm. Ti is HCP, with the
(0001) orientation being the basal plane and (101̄0) being the prismatic plane. The single
crystal Cu(100) sample was purchased from MTI Corporation (Richmond, CA) with a purity
>99.99% and size of 5 × 5 × 1 mm3. One side of the Cu sample was polished <30 Å. Cu is
FCC, with 100 being the surface plane orientation. No further treatment was performed on
any of the samples before implantation.
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25 keV He implantations were carried out at room temperature with a Zeiss ORION
NanoFab HIM. All samples were implanted during the same microscope session and with
the same beam energy and current. For all samples, a series of 10 × 10 µm2 implants
were produced with doses starting at 1 × 1017 ions/cm2 and increasing in increments of 2
×1017 ions/cm2 until the onset of blistering was observed in the HIM image. The blistering
onset dose was observed at 5 × 1017 ions/cm2, 8 × 1017 ions/cm2, and 1 × 1018 ions/cm2

for Ti(0001), Ti(101̄0), and Cu(100), respectively. Implant maps with dose parameters are
provided in Figure 3.13. The range of 25 keV He and He-induced vacancies in Ti and Cu
was calculated using SRIM-2013 and the method described in Section 2.1. Since SRIM does
not take crystal orientation into account, the He range profile is assumed the same for both
Ti samples, and is shown in Figure 3.4. The He range for Cu is shown in Figure 3.14 below.
In Ti, the He concentration peaks around 165 nm, and the max implantation depth is about
329 nm. In Cu, the He concentration peaks around 110 nm, and the max implantation depth
is about 255 nm

Figure 3.13: HIM implantations and parameters for (a) Cu(100), (b) Ti(0001) and (c) Ti(101̄0).

For all samples, immediately following implantation, the surface topography of the im-
plants were measured using a Nano-scope IIIa AFM with sub-nanometer height resolution.
Then, blister indentation studies were performed using a Hysitron Triboindenter 950 nanoin-
denter with a Berkovich tip nominal with 40 nm tip radius of curvature. A fused silica
standard was used to calibrate the tip before performing the experiments. The piezo mode
on the nanoindentor was used to measure the surface topography of the implants before
indentation. This enabled the selection of the indent directly on the blister. A schematic of
the indenter placement is shown in Figure 3.15. Blister indentations were performed using
quasi-static measurements with displacement control. A series of indents were conducted
at the same position with the displacement increasing by 10 nm until an onset of plastic
deformation was observed.

Blisters were cross-sectioned and lifted-out using a Thermo Scientific Scios 2 DualBeam
FIB-SEM. For Cu(100), STEM samples were made from a pristine blister and the indented
blister. The STEM images were produced using the Scios 2. The Ti cavities and bubbles
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Figure 3.14: He ion and vacancy distributions of 25 keV He in solid Cu calculated by SRIM, assuming constant
bulk density of the target. The He concentration peaks around 110 nm, and the max implantation depth is about
255 nm.

Figure 3.15: Schematic of the placement of the nanoindenter on the blister (a) before, (b) during (assuming
maximum displacement), and (b) after each indentation. For simplicity, indentation into the layer is not represented
in this diagram, although this would occur at the same time.

were much smaller than that of the Cu, and were not resolved by STEM. For Ti(101̄0), a
TEM sample was produced from 2 pristine blisters on the sample implant region, comparable
to the Ti(0001) TEM sample presented in Section 3.2. The Ti(101̄0) blister sample was top-
mounted (as opposed to flag mounted) on the TEM grid and indented in-situ with a Hysitron
picoindentation PI95 holder and JEOL 3010. The indentation tip was a conical diamond
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tip, with a front face of ∼5 mm in size. The in-situ indentation was load controlled and
concluded when plastic deformation was clearly visible, at 500 µN.

3.3.2 Results on the Cu-Ti Comparison Study

The HIM allowed for direct observation of blister onset, which was observed at 5 × 1017

ions/cm2, 8 × 1017 ions/cm2, and 1 × 1018 ions/cm2 for Ti(0001), Ti(101̄0), and Cu(100),
respectively. All implants were measured by AFM to measure the surface swelling. Then,
nanoindentation was performed directly on blisters, followed by microscopy of the associated
bubble structures.

3.3.2.1 Swelling Studies with AFM

Swelling versus dose was assessed for the Cu(100), Ti(0001), and Ti(101̄0) implants. The
AFM measurements for these samples were performed immediately following implantation.
Swelling results from this study are shown in Figure 3.16, alongside comparable Ti(0001)
results from Section 3.2 above and polycrystalline Cu results from Yang et al. [43]. Swelling
was observed to increase linearly with respect to dose for all samples. Additionally, there
was little deviation in the dose-versus-swelling slope for the different materials.

Figure 3.16: Swelling versus dose for Cu(100), Ti(0001), and Ti(101̄0) measured in this study, as well as the
Ti(0001) result from Section 3.2 above polycrystalline Cu result from Yang et al. [43]. For all materials, the swelling
increases linearly with respect to dose, and the slope of this relationship is fairly constant across these materials.
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3.3.2.2 Blister Nanoindentation Studies

The AFM on the nanoindenter allowed for the placement of the indenter the center of
individual blisters. For Cu(100), a 1 × 1017 ions/cm2 implant with a single blister was
selected for nanoindentation. The indenter was used to push the blister for a series of
indents. Each succeeding indent increased in displacement depth by 10 or 20 nm. After
each indent, a new AFM image was produced using the nanoindenter, in order to ensure the
subsequent indent would be selected on the same location. The load-displacement curves for
a Cu(100) blister shown in Figure 3.17 follow the same path for displacement depths up to
160 nm, and therefore the blister behaves elastically. At a displacement depth of 180 nm, a
plastic response is observed. This is presumably when the gap in the blister cavity is closed,
i.e. when the shell is touching the base and thus the “bulk” is sampled.

The same experiment was performed on single blisters in Ti(0001) and Ti(101̄0). The
blister doses were 5 × 1017 ions/cm2 and 8 × 1017 ions/cm2, respectively. The results
shown in Figure 3.18 for Ti(0001) and Figure 3.24 for Ti(101̄0) are significantly different
from the Cu(100) result. For both Ti samples, no elastic behavior was observed in the
displacement controlled indentation. None of the load-displacement curves followed the same
path, and therefore the onset of plastic deformation occurred at blister displacement depths
as small as 20 nm. Ti is much more brittle than Cu, and it is possible that a crack may
grow when indenting the blister, hence the early onset of plastic deformation. STEM/TEM
investigations were conducted to investigate this further.

3.3.2.3 Blister Indentation Microscopy

As shown in Figure 3.13, at least two implants of each dose were produced on the samples.
Thus, indented and non-indented blisters from different implants on the same sample were
investigated. In Cu(100), the indented blister in the study in Section 3.3.2.1 above was
cross-sectioned, as well as a non-indented blister. SEM images of these two blisters before
cross-sectioning and lift-out is shown in Figure 3.20. The Cu was not significantly thinned,
but since the cavities were so large, the Cu density in the implanted region was very low and
thus bubble structures were clearly distinguishable. The STEM images for the not-indented
blister is shown in Figure 3.21. The blister cavity is approximately 320 nm in height, and the
shell is approximately 160 nm thick. For comparison, the larger blister in the Ti(0001) liftout
from Section 3.2 had a blisters with cavity heights of about 52-250 nm and shell thicknesses
around 182-238 nm. Additionally, the He bubble formations in Cu are on the order of 10’s
of nm, which is much larger compared to the ∼1 nm size bubbles in Ti(0001).

The indented blister liftout is shown Figure 3.21. Like the other Cu(100) blister liftout,
this sample was not significantly thinned. The location of the indent is clearly visible and
shows the center of the blister was successfully selected during nanoindentation, agreeing
well with the AFM result in Figure 3.17(c) and SEM result in Figure 3.20(b). Additionally,
faceted cavities are distinguishable, and there are more large cavities and fewer small cavities
as opposed to the not-indented Cu(100) blister. It appears there is more bubble coalescence
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Figure 3.17: Displacement-controlled nanoindentation of a single blister from 1×1018 ions/cm2 He ions in Cu(100).
(a) Load-displacement curves for the series of indents. Up to 180 nm, the load-displacement curves followed the same
path, and therefore the blister behaved elastically. Plastic deformation was observed at 180 nm displacement, and the
Cu under the blister is presumably sampled. (b) AFM of the implant produced with the AFM on the nanoindenter.
The red circle is showing the blister to be indented. (c) AFM of the blister after indentation, produced with the
AFM on the nanoindenter.

and corresponding denuded zones in the indented blister as opposed to the not-indented
blister, and thus the appearance that nanoindentation caused bubble bubble rearrangement.
However, this may be an effect of the thick foils lacking an ability to clearly distinguish the
bubble structures.

The He bubble structures in Ti(0001) and Ti(101̄0) were much smaller than that of Cu,
and thus thinner foils and TEM imaging was needed to resolve the He bubbles. The attempt
to lift-out the indented Ti(101̄0) blister was unsuccessful, so only the not-indented blister was
investigated. The foil was top-mounted so the blister could be intended in-situ, in attempt to
investigate potential crack growth from the blister cavity. Two blisters were cross-sectioned
from an 8×1017 ions/cm2 implant and thinned to ∼100 nm. A SEM image of the thinned foil
is shown in Figure 3.24. The Ti(101̄0) maximum blister cavity heights were about 191-206
nm tall, and the blister shells were was around 100-150 nm thick. The blister shape and
bubble size/distribution appeared to be similar to Ti(0001) from Section 3.2, although the
Ti(101̄0) blisters were slightly smaller. Since Ti(0001) bubble structures for a non-indented
blister were already observed by TEM in Section 3.2 above, no attempts to lift out Ti(0001)
blisters were made here.

The picoindenter was centered over one of the blister cavities, as drawn in Figure 3.24(a).
Load-controlled picoindentation was performed with a series of seven load conditions on the
same location. The load parameter was increased until catastrophic failure was observed.
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Figure 3.18: Displacement-controlled nanoindentation of a single blister from 5×1017 ions/cm2 He ions in Ti(0001).
(a) Load-displacement curves for the series of indents. Plastic deformation was observed immediately, at 20 nm
displacement. (b) AFM of the implant produced with the AFM on the nanoindenter. The red circle is showing the
blister to be indented. There was significant noise in the AFM signal, and/or buildup on the indenter tip. (c) AFM
of the blister after indentation, produced with the AFM on the nanoindenter.

Figure 3.19: Displacement-controlled nanoindentation of a single blister from 8×1017 ions/cm2 He ions in Ti(101̄0).
(a) Load-displacement curves for the series of indents. Plastic deformation was observed immediately, at 20 nm
displacement. (b) AFM of the implant produced with the AFM on the nanoindenter. The red circle is showing the
blister to be indented. (c) AFM of the blister after indentation, produced with the AFM on the nanoindenter.
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Figure 3.20: SEM images of two 10 × 10 µm2 area and 1 × 1018 ions/cm2 dose implants in Cu(100). Both implants
haved a single large He blister visible. One of the bubbles were indented in the nanoindentation experiment of Section
3.3.2.3 above. The indentation is clearly visible in the center of the blister. Both blisters were cross-sectioned for
STEM investigation.

Figure 3.21: STEM micrographs of the not-indented Cu(100) blister, from a dose of 1×1018 ions/cm2. (a)-(c)
Low-magnification secondary electron (SE), high-angle annular dark-field (HAADF), and dark field (DF) images of
the blister cavity and surrounding non-blistered implantation regions. (d)-(f) Higher-magnification SE, HAADF, and
DF images of the blister cavity. (d)-(f) Higher-magnification SE, HAADF, and DF images of the blister cavity edge.
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Figure 3.22: STEM micrographs of the indented Cu(100) blister, from a dose of 1×1018 ions/cm2. (a)-(c) Low-
magnification secondary electron (SE), high-angle annular dark-field (HAADF), and dark field (DF) images of the
indented blister cavity and surrounding non-blistered implantation regions. (d)-(f) SE, HAADF, and DF images
of the indented blister cavity. (d)-(f) Higher-magnification SE, HAADF, and DF images of an implanted region
surrounding the indented blister.

The loading sequence was 20, 20, 20, 50, 100, 200, and then 500 µN. Figure 3.24 shows TEM
images of the two blisters after catastrophic failure. Although only one of the blisters was
indented, the two blisters interacted and cracked. That is, the area between the blisters
acted like a fulcrum, with the indented blister in compression and the adjacent blister in
tension. Both blister caps ruptured, and for the adjacent (not-indented) blister, a crack grew
from the blister cavity into the sample.

3.3.3 Discussion on the Cu-Ti Comparison Study

There are clear differences between the He bubble structures associated with blistering in
Cu and Ti, as well as the response to blister cavities to mechanical loading. In Cu(100), the
onset of blistering occurred at higher doses (1 × 1018 ions/cm2) than Ti(0001) ( 5 ×1017

ions/cm2) and Ti(101̄0) (8 ×1017 ions/cm2). Moreover, the He blister cavity height was the
largest for Cu(100) at 320 nm, compared to Ti(0001) at 52-250 nm and Ti(101̄0) at 191-206.
The Cu bubble sizes were significantly larger than the ∼1 nm size bubbles found in the Ti
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Figure 3.23: SEM micrograph of a liftout of two blisters from an 8×1017 ions/cm2 implant in Ti(101̄0). The sample
was top-mounted to a TEM grid to allow for in-situ picoindentaion, and the sample was thinned to ∼100 nm.

Figure 3.24: TEM micrographs of the 8×1017 ions/cm2 blisters in Ti(101̄0), after indentation; (a) is in focus,
while (b)-(e) are slightly underfocused. (a) Placement of the picointender during the experiment. (b) Close-up of
the not-indented blister, which still ruptured and a crack grew into the sample. (c)-(e) Stitched higher-magnification
images of the blister shown in (b).
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samples, with faceted cavities on the order of 287 nm being resolved in Cu(100). Not only
were the bubble and blister structures in Cu and Ti strikingly different, but so was the blister
response to mechanical loading. The Cu(100) blister behaved elastically under loading to a
limit, while the Ti blisters underwent immediate plastic deformation and potentially cracked
under loading.

Cu is FCC and relatively ductile, while Ti is HCP and thus has limited slip at room
temperature and is relatively brittle. These properties may explain the differences in bubble
structures observed. The ductile Cu can deform to accommodate the growth of large bubble
structures during room temperature implantation, whereas the Ti bubble growth is inhibited
by inter-bubble fracture and crack growth. Yet, the swelling results appeared to be similar
for all materials, indicating that perhaps swelling is purely a function of the amount of He
implanted into the samples, whereas the fate of the He is material dependent.

3.3.4 Conclusions on the Cu-Ti Comparison Study

The mechanical and structural changes in Ti(0001), Ti(101̄0), and Cu(100) using a HIM with
25 keV He ions were investigated in a series of comparative studies. Swelling was found to
increase linearly with respect to dose for all samples, and the results agreed well with prior
HIM implantation and swelling results in Ti(0001) and polycrystalline Cu. The swelling
appeared to be dose-dependent and not material-dependent, as the slopes of the dose-versus-
swelling curves did not deviate much amongst samples. However, blister nanoindentation
and microscopy investigations revealed clear differences between Cu(100) and the Ti samples.
The blister indented in Cu(100) responded elastically at displacement depths up to about
160 nm, while the Ti blisters responded plastically almost immediately. STEM and TEM
investigations revealed the bubble structures in Cu(100) formed large, faceted cavities and
eventually a large blister in comparison to the blister structures in Ti(1010̄) and Ti(0001).
In-situ indentation of a Ti(101̄0) blister revealed that two blisters next to each other can
interact during picoindentation, and a crack grew from the blister into the sample during
indentation.

3.4 Positron Annihilation Spectroscopy and Shock

Loading of Helium Ion Implanted cp-Ti

The microscopy results from Section 3.2 and 3.3 above revealed difficulties in quantifying
He bubbles by STEM and TEM, especially for small bubbles in Ti and expected from room
temperature low-dose implantations. PAS is a powerful technique for the study of small
submicroscopic vacancy-type clusters.

Shock loading creates a large number of defects in materials, and shock loading of He-
containing materials can restructure the He bubbles in the material [50, 76]. PAS can be
used to investigate coupled He surface implantation and shock loading effects. Both PAS
and shock loading require broad beam implantation, so the HIM was not used in this study.
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3.4.1 Methods for PAS and Shock Loading of He Implanted Ti

Commercially pure (cp-) Ti samples were cut from stock by wire EDM to the dimensions
shown in Figure 3.25. This is the sample size required for plate impact experiments. One set
of samples were lap-polished to a mirror finish at Los Alamos National Laboratory (LANL).
The second sample set was polished at the University of California, Berkeley (UC Berkeley).
For the UC Berkeley sample preparation, one side of the samples were polished using 1200
grit SiC abrasive sheet until plane, followed by 9 µm then 3 µm diamond polishing until
scratches from previous steps were removed at each step, and lastly 45 min in 0.06 µm
vibratory suspension. After polishing, samples were optically inspected to ensure a clean
and defect-free surface. An example of the surface quality after polishing is shown in as
Figure 3.26. The final thickness of each sample was measured using a micrometer with ±1
µm tolerance. The thickness was measured 3 times at various points across the sample to
ensure the polished face was plane.

Figure 3.25: Sample dimension requirements for plate impact experiments. The smaller diameter side of the sample
was polished, then implanted. For the shock loaded sample, the polished and implanted side was also the impact
side.

The polished side of the samples were implanted with 60 keV He ions and active air
cooling (<35 °C) using a Danfysik Ion Implanter at LANL’s Ion Beam Materials Laboratory.
SRIM 2013 was used to calculate the range and vacancy profiles of 60 keV He in Ti, using
the method described in Section 2.1. From the SRIM result shown in Figure 3.27, the He
concentration peaks around 324 nm with a maximum implantation depth of 522 nm. The
set of samples polished by LANL were not masked during implantation. These samples were
implanted to 5 × 1017, 2 × 1017, and 8 × 1016 ions/cm2 at 6h:10m, 2h:40m, and 1h:14m,
respectively. One sample was not implanted as a control.

The samples polished at UC Berkeley were masked to implant a 6 × 6 mm2 area in the
center of the samples. For this set, samples were also implanted to 5 × 1017, 2 × 1017, and



CHAPTER 3. LOW ENERGY ION IMPLANTATION 50

Figure 3.26: (a) Non-polarized and corresponding (b) polarized optical micrographs of an example cp-Ti sample
surface after polishing at UC Berkeley.

8 × 1016 ions/cm2, but at 7h:56m, 3h:34m, and 1h:55m, respectively. Thus, the current and
dose rate for this set was slightly lower. One sample was not implanted for control purposes.

After implantation, the 8 × 1016 ions/cm2 sample from the UC Berkeley polished set
was shock loaded. The plate-impact experiment was performed using a 19.5 mm gas-gun
at LANL. The impacter material was Ti-6Al-4V, and no momentum ring was used during
impact. The peak stress was 5-6 GPa to generate early-stage damage. The sample was
soft-recovered for post-mortem characterization.

After implantation and/or loading, the samples were sent to the Institute of Radiation
Physics at Helmholtz-Zentrum Dresden–Rossendorf (HZDR) for positron annihilation spec-
troscopy (PAS) to characterize the defect type and density at different depths. The positron
beam size is 5-6 mm in diameter, varying slightly depending on the positron implantation
energy.

All of the samples were measured by doppler broadening variable energy positron anni-
hilation spectroscopy (DB-VEPAS). The DB-VEPAS measurements were conducted at the
apparatus for in-situ defect analysis (AIDA) of the slow positron beamline (SPONSOR) [77,
78]. Positrons were implanted into each sample with discrete kinetic energies in the range
between Ep = 0.05-20 keV, which allowed for depth profiling from the surface down to about
1 µm. Gamma photons resulting from positron annihilation in the material were measured
with high-purity Ge detectors with energy resolution of 1.09 ± 0.01 keV at 511 keV. The
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Figure 3.27: He ion and vacancy distributions of 60 keV He in solid Ti calculated by SRIM, assuming constant
bulk density of the target. The He concentration peaks around 324 nm, and the max implantation depth is about
522 nm

S-parameter was defined as a fraction of the annihilation line in the middle (511 ± 0.93 keV)
region. The S-parameter is a fraction of positrons annihilating with low momentum valence
electrons and represents vacancy type defects and their concentration.

Broadening of the 511 keV line is characterized by the S-parameter and W-parameter,
defined as a fraction of the annihilation line in the middle (511 ± 0.93 keV) and outer regions
(508.33 ± 0.35 keV and 513.67 ± 0.35 keV), respectively. The S-parameter is a fraction of
positrons annihilating with low momentum valence electrons and represents vacancy type
defects and their concentration. The W-parameter approximates overlap of positron wave-
function with high momentum core electrons. Plotting calculated S as a function of positron
implantation energy, S(E), provides depth dependent information, whereas S-W plots are
used to examine atomic surrounding of the defect site and its size (type) [79].

Additional variable energy positron annihilation lifetime spectroscopy (VEPALS) mea-
surements were carried out on the LANL-polished sample set. Here, positron energies ranged
from 0.5-11 keV, allowing for depth profiling from the surface down to about 350 nm. The
VEPALS measurements were conducted at the Mono-energetic Positron Source (MePS)
beamline at HZDR, Germany [80]. A digital lifetime CrBr3 scintillator detector coupled
to a Hamamatsu R13089-100 PMT was used for gamma quanta detection [81]. Signal pro-
cessing was performed with a SPDevices ADQ14DC-2X with 14 bit vertical resolution, 2
GS/s horizontal resolution, and a time resolution function down to about 0.240 ns. The
spectrum analysis resolution function uses two Gaussian function with distinct intensities
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depending on the positron implantation energy, Ep. All spectra contained at least 107 counts.
Typical lifetime spectrum N(t) is described by:

N(t) =
∑(

1

τi

)
Ii exp

(
− t

τi

)
(3.5)

where τi and Ii are the positron lifetime and intensity of the i-th component, respec-
tively. The sum of the intensities, Ii, must equal one. Using the PALSfit fitting software,
all the spectra were deconvoluted into 3 discrete lifetime components, which allow for the
quantification of the defect type (size) and concentration [82].

3.4.2 Results on PAS and Shock Loading of He Implanted Ti

For both sample sets, DB-VEPAS measurements were conducted. Additional VEPALS in-
vestigations were performed for the LANL polished sample set.

3.4.2.1 DB-VEPAS

Figure 3.28(a) and 3.28(b) show the results from the DB-VEPAS experiment on the LANL
polished and and UC Berkeley polished sample sets, respectively. Plotting calculated S as
a function of positron implantation energy, Ep, provides depth-dependent information. The
S-parameter is a fraction of positrons annihilating with low momentum valence electrons and
represents vacancy type defects and their concentration. More details on the definition and
calculation of the S-parameter can be found in Selim (2021) [83].

For the LANL polished sample set shown in Figure 3.28(a), the pristine (prist) non-
implanted sample is presented to give a baseline for the S-paramater of a nearly defect-free
material. With increasing implantation dose, the defect concentration and/or size increases.
A maximum emerges for 8 × 1016 ions/cm2, which extends to a plateau-like region for larger
He doses. The expected open volume is the largest for the maximum dose of 5 × 1017

ions/cm2.
The pristine non-implanted sample from the UC Berkeley polished sample set shown

in 3.28(b) contains less sub-surface defects than the LANL polished pristine sample, since
the S paramater at Ep < 5 keV exhibits a lower slope. Otherwise, the pristine, 2 × 1017

ions/cm2, and 5 × 1017 ions/cm2 results look similar to the LANL polished samples. Thus,
the shocked and not-shocked 8 × 1016 ions/cm2 samples can be compared across sample
sets. The shocked sample has a lower defect density compared to the pure 8 × 1016 ions/cm2

sample.

3.4.2.2 VEPALS

VEPALS measurements were performed on the the LANL polished sample set to further
characterize the defect size in detail. Additional VEPALS beamtime is scheduled at HZDR
for the UC Berkeley polished samples, and results are expected in 2023.
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Figure 3.28: DB-VEPAS results from the (a) LANL polished sample set and (b) UC Berkeley polished sample set.
The results agree well, with the UC Berkeley set having slightly less surface defects. The S-parameter, and thus the
vacancy concentration and/or size, increases with respect to dose. Additionally, this increase is observed at increasing
depths into the samples with increasing dose, therefore confirming swelling results. The shocked 8 × 1016 ions/cm2

sample showed a decrease in vacancy defects compared to the not-shocked 8 × 1016 ions/cm2 sample.

The VEPALS results for the LANL polished samples are shown in Figure 3.29. τav is the
average lifetime, defined as:

τav =
∑
i

τiIi (3.6)

τav has a high sensitivity to the defect size (type). The τav result in 3.29(a) illustrates the
changes observed by the S-parameter in 3.28(a). That is, both are dominated by variation
of defect size and less by defect density. For the maximum dose of 5 × 1017 ions/cm2, both
τav and S-parameter results show a maximum at Ep ≈ 7 keV. Additionally, the weighted
average defect size increases with respect to dose.

The lifetime components are shown in 3.29(b). The first lifetime component, τ1, for
the pristine sample is in the range reported for monovacancy [84]. The second lifetime
component, τ2, is residual (I2 < 1%) and likely originates from grain boundaries. The
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irradiated samples exhibit the ion damage profile in case of both τi. The shorter lifetime
τ1 is in the range reported for a vacancy agglomeration consisting of 3 vacancies for 8 ×
1016 ions/cm2, and 4 vacancies for 5 × 1017 ions/cm2 [84]. On the other hand, the longer
lifetime τ2 indicates generation of large vacancy agglomerations where >50 vacancies (within
a spherical cluster) are expected for 8 × 1016 or even small spherical voids of about 0.28
nm in diameter for 2 × 1017 (calculated using [85]). For the maximum dose, the vacancy
agglomerations shrink, but their size is still >50 vacancies within a cluster. The absolute
number of vacancies within a cluster depends on the correlation method. Additional analysis
is needed for the spectra shown.

The relative intensity, I1 of the defect cluster lifetime τ1 is shown in 3.29(c). This shows
that the density of the vacancy agglomeration increases with the ion dose. The damage
profile is visible in the intensity as well.

Figure 3.29: VEPALS results for the LANL polished samples. (a) The average positron lifetime, τav, increases
with respect to dose and corresponds well to the S-parameter results, indicating defect size is a dominating factor.
(b) Defect sizes calculated from the lifetime components revealed small (3 and 4) vacancy agglomerations from the
shorter lifetime τ1, and larger vacancy agglomerations (>50) from the longer lifetime τ2 [84]. (c) The density (relative
intensity) of the vacancy agglomerations increases with dose.
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3.4.3 Discussion on PAS and Shock Loading of He Implanted Ti

The trends obtained from the DB-VEPAS and VEPALS results correspond well to the AFM
and TEM investigations of various dose He ion implantations in Ti described in Sections
3.2 and 3.3, as well as the He profile calculated by SRIM. Figure 3.30 shows the LANL-
implanted S-parameter result with an overlay of TEM of He bubbles for 7 × 1017 ions/cm2

25 keV He ions in Ti as well as the projected range of 60 keV He in Ti, which is about 296
nm (assuming constant theoretical bulk density). With increasing dose, the peak damage
(S-parameter) shifts deeper to the right. This confirms the increase in swelling with respect
to dose.

Figure 3.30: The DB-VEPAS results of the LANL-polished samples are in good agreement with our previous
results. The inset image is to scale with the graph, and is a TEM micrograph of He bubbles in Ti(0001) from the
study described in Section 3.2. The implantation energy for the TEM image was 25 keV He and dose was 7.4 × 1017

ions/cm2. The TEM image is underfocused, so He bubbles are shown as white contrast. Additionally, the projected
range of 60 keV He in Ti, 296 nm, is annotated. The PALS results are in good agreement with the TEM and SRIM
results.

The positrons also detected an increase in bubble density, therefore adding corroborating
evidence that TEM analysis alone can be difficult for quantifying small bubbles, since the
TEM analysis in Figure 3.12 did not quantitatively reflect the increase in nanocrack sizes
with respect to depth into the sample, which was observed qualitatively. This is especially
important because the He bubbles implanted at room temperature in Ti are very small,
on the order of 1 nm, as described in Sections 3.2 and 3.3 above. The small size of these
bubbles makes it extremely difficult to effectively quantify the bubble size distribution in
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these samples, although qualitatively we see the formation of nanocracks at increasing depths.
Recent attempts to use machine learning and round-robin analysis demonstrate the difficulty
to definitively quantify small defects such as He bubbles from TEM micrographs [74]. PAS
successfully quantified the vacancy distribution to the order monovancancies. This non-
destructive and technique provides additional information about the smaller vacancy-type
defects present and difficult to resolve by TEM.

The preliminary condition of combined He bubbles and shock loading was also inves-
tigated. Shock loading deformation is known to lead to a very high density of defects in
materials, and ∼80% of these defects are vacancy-type [76]. There are questions within the
community about whether the strain rates during shock loading would be too high for the
shock-loading introduced defects to interact with the He bubbles. However, MD simulations
have shown that the bubble structures can rearrange within the bulk and near-surface bub-
bles can eject from the surface [51, 55]. Moreover, the He bubbles decrease the material
density. As shown schematically in Figure 3.31, in a surface implantation such as the one
here, a plane of bubbles near the surface of the sample may create an impedance mismatch
or a surface-roughness effect. This has been shown to effect the surface ejecta during loading
[56, 55]. It may also be possible that this impedance mismatch from the He bubbles to the
material is enough to cause reflection and thus discrete regions of tension within the bubbled
layer.

Figure 3.31: Schematic of the potential for a plane of He bubbles, which are lower density than bulk Ti, to create
an impedance mismatch and therefore lead to shock reflection.

The 8 × 1016 ions/cm2 implant with and without shock loading, as well as a non-
implanted and not-shocked (pristine) baseline, is compared directly in Figure 3.32. Shock
loading is a high-strain rate deformation mechanism. For context, the strain rates in these
experiments are on the order of 1 × 107 /sec, whereas the tensile testing described in Chapter
4 below is on the order of 3 × 10−3 /sec. The strain rate affects the flow stress. That is,
at low strain rates, dislocations have time to move and interact during plastic deformation.
Thus, different deformation mechanisms may be observed at different strain rates.
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Figure 3.32: Shock loading of the He ion implanted sample led to a decrease in S-paramater. This shows shock
loading caused a decrease in vacancy defects in He implanted cp-Ti.

What’s most interesting in Figure 3.32 is that the S-paramater, or vacancy-type defect
concentration, significantly decreases after shock loading. This indicates the point defects
created before shock (through implantation in this case) were recompacted upon shock.

3.4.4 Conclusions on PAS and Shock Loading of He Implanted Ti

PAS can detect clear differences from varying He implantation dose and from shock load-
ing materials. This allows for rapid turnaround, non-destructive quantification of defects
to supplement TEM and AFM investigations of He bubble structures and swelling. The
DE-VEPAS and VEPALS results correlated well with our previous results, with the PAS-
quantified defect structures following the damage and swelling profiles observed by TEM,
AFM, and SRIM. VEPALS enabled the measurement of monovacancies to clusters contain-
ing >50 vacancies. The majority of these length scales were not resolvable by TEM, and
thus PALS studies can be used to support the understanding of how He bubble structure
formation is tied to vacancy structures. An additional condition of combined He implanta-
tion and shock loading showed the implantation-induced defects recompacted upon shock,
resulting in a decreased vacancy concentration. Additional shock loading and PAS studies
are needed to understand this further and to support the growing number of reported MD
simulations on this topic.
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Chapter 4

High Energy Ion Implantation

As mentioned in Section 2.6, difficulties arise when comparing material properties across
length scales. Chapter 3 presented extensive microstructural characterization and small-
scale mechanical testing of low energy (25-60 keV) shallow (100’s of nm) He ion-beam im-
plantations, which are essential for understanding the underlying physics of He effects. This
is primarily a methods development chapter on high energy (10’s of MeV) bulk-scale (100’s
of µm) ion implantations and property evaluations, which are needed to further understand
how materials perform in nuclear applications. HT-9 is used throughout this chapter because
macroscopic data exists for HT-9 and it is a candidate material for advanced reactors.

In this chapter, recent high energy ion implantation efforts at the Lawrence Berkeley
National Laboratory (LBL) 88-Inch Cyclotron are discussed. First, the motivation for high
energy ion implantation at the 88-Inch Cyclotron and an overview of relevant size effects
studies are introduced. Then, a preliminary irradiation and materials testing study at the
88-Inch Cyclotron is detailed. Lastly, the design and simulation of an ion beam degrader,
which would enable high energy He implantation at the 88-Inch Cyclotron, is presented.

4.1 Background and Motivation

Radiation damage can significantly change the mechanical properties of materials. The
reliability of materials in nuclear environments is an outstanding concern, prompting efforts
to develop new “radiation tolerant” materials (such as ferritic/martensitic steels like HT-9)
or enhance the confidence in existing ones. The fidelity and reliability of mechanical testing
is similarly of interest, given the rising popularity of smaller length scale testing [47, 86].

Traditionally, reactors or accelerators are used to irradiate materials for performance
testing [87, 88, 89, 90, 91, 92, 93, 94]. Both approaches benefit from smaller material
testing techniques. Small scale testing produces a smaller volume of radioactive-material
and requires a shorter irradiation time to achieve a desired number of displacements per
atom (dpa), leading to faster testing throughput, reduced radiation safety concerns, and
facilitating sample testing with widely available low-energy accelerators. Limited space in
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irradiation facilities and the rapidly growing availability of new alloys also motivate small
scale testing [47]. Today, many small-scale testing techniques, such as nanoindentation,
microcompression, microtensile, and microbend testing, have been adapted for nuclear ap-
plications. However, a significant amount of research is still needed to correlate small-scale
testing with bulk properties [95].

In the literature, sample size dependencies on mechanical properties have been charac-
terized as either intrinsic (microstructural related) or extrinsic (dimension related) [96]. In
polycrystalline materials, the grain size serves as an internal length scale which is well-known
to influence strength by means of the Hall-Petch effect [97, 98]. Test geometry, such as ten-
sile test sample gauge thicknesses or width, serves as another length scale impacting the
measured strength [99, 100].

Figure 4.1, adapted from Hosemann et al., presents observed size effects for unirradiated
materials and hypothesized size effects for irradiated materials [101]. For the unirradiated
materials, when test geometry sizes are significantly large, they capture enough grains to rep-
resent “bulk” material properties. As the test geometry size decreases, there is a competition
between surface grain relaxation and interior grain strengthening. Depending on the gauge
length width-to-thickness aspect ratio, surface grain relaxation may take over, resulting in
a “dip” in material strength [97, 98, 99, 100, 102]. As the sample geometry continues to de-
crease in size, there is a competition between the dislocation-motion and dislocation-source
mechanisms. As a result, the strength increases due to the dislocation-source mechanism
dominating. This length scale is referred to as the quasi-static crystal regime [47, 103]. The
strength will continue to increase inversely with sample size, potentially approaching the
theoretical strength where no dislocation is present or can be created [102, 103].

The dotted curve in Figure 4.1 represents the theoretical size effects of irradiated ma-
terials. Due to the small size and large number of radiation-induced point defects, these
defects serve as a small internal length scale. Therefore, radiation defects may suppress
size effects. However, once the irradiated sample size becomes small compared to the length
scales represented by grains or radiation damage, the behavior will return to that of the unir-
radiated material, with the strength approaching the theoretical strength [103, 104]. The
theoretical size effects of irradiated materials represented in Figure 4.1 only considers dis-
placement damage. He bubbles have shown different behavior. Nano-compression, bending,
and tensile testing, such as those described in Section 2.6.2., have shown that He-implanted
nanostructures enhance ductility, which is in contrast to He embrittlement observed in bulk
He-containing materials [34, 35, 48, 53, 54].

There is a wealth of activity examining size effects in the nano-microscale (nm to 10s of
µm), which is limited to single crystal, ultra-fine grain, and non-homogenized properties [35,
47, 53, 96, 103, 104, 107, 108, 109, 105, 106]. Limited experimental data exists at the micro-
mesoscales needed to investigate size effects beyond the nano-microscale and support multi-
scale modeling [99, 100, 110]. Concurrent size effect studies at UC Berkeley have produced
experimental data for SS-J geometry tensile samples for a variety of nuclear materials [111].
The SS-J geometry is shown in Figure 4.2. A variety of sample thicknesses in the micro-
mesoscale (30–750 µm thickness) were tested in efforts to bridge length-scale gaps. Size
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Figure 4.1: Proposed size effects of irradiated and not-irradiated polycrystalline materials, adapted with permission
from [47]. For not-irradiated materials, bulk-scale properties are captured when there are a significant number of
grains. A dip in strength is observed when the sample geometry is such that surface grain relaxation dominates. At the
smallest sample sizes, the strength approaches the theoretical strength. For irradiated materials, it is proposed that
displacement damage creates a new internal length scale, therefore diminishing size effects, although the smallest
samples will also approach the theoretical strength. The proposed curve for irradiated materials only considers
displacement damage, while He effects may behave differently. Copyright 2018 Elseiver.

effects were observed for the thinnest samples, and it was determined that at least 100 µm
thick samples were needed for reliable testing in the Kammrath & Weiss Tensile Module
(KW) at UC Berkeley.

This brings about the need for high energy ion implantation for size-effect studies with
irradiated samples. In this work, HT-9 is considered for initial high energy ion implantation
studies, because it is a candidate nuclear material with a large tensile database, both in
literature and in the UC Berkeley small scale tensile testing studies.

He ion beam implantations are widely performed to understand the effects of irradiation
damage on nuclear structural materials. Yet, the volume of material that can be investigated
is often limited by the maximum energies of accelerator facilities. Most studies are performed
at tandem accelerators with a 3 MeV maximum energy [112]. Shown in Figure 4.3(a), 3
MeV He corresponds to a peak beam penetration depth of about 4.25 µm in HT-9 steel.
However, the aforementioned UC Berkeley studies revealed that 100 µm is the thickness of
SS-J geometry samples that can reliably be measured in a uniaxial tensile test [111]. This
corresponds to at least 23 MeV He in HT-9, as shown in Figure 4.3(b).

The 88-Inch Cyclotron shows promise for future macroscale materials testing, offering a
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Figure 4.2: Standard dimensions for SS-J tensile samples. In the size effects studies described here, the sample
thicknesses were varied. 100 µm was found to be the thickness of samples needed for reliable testing with the KW at
UC Berkeley.

broad range of heavy and light ions (Z ≤ 92), high energies (up to 70 MeV deuterons and
140 Mev 4He) necessary to penetrate through macroscale samples, and high currents (10’s of
p-µA) for achieving at least 1 dpa in several days of irradiation time. Section 4.2 describes
a quick-turnaround material testing capability using the Cyclotron and bench-top tensile
testing of irradiated samples, contributes to the growing ferritic/martensitic steels (F/M)
steel property database, and provides insight into irradiation damage effects and small-scale
testing limitations. Section 4.3 details the development of a tool that can uniformly implant
materials with He for subsequent bulk-scale materials testing, such as tensile or shock loading
experiments.

4.2 Preliminary Study at the 88-Inch Cyclotron

This preliminary study demonstrated rapid-turnaround materials testing capabilities at the
LBL 88-Inch Cyclotron, and informed design decisions for the ion beam degrader system
described in Section 4.3 [113, 114]. This work also established a Standard Operating Pro-
cedure (SOP) for radioactive sample tensile testing at UC Berkeley, which is reproduced in
Appendix A.

In this study, SS-J tensile geometries with different thicknesses were irradiated with high-
energy deuterons and subsequently tested. The thickness range of this study, combined with
concurrent size effect studies, was selected to bridge the experimental length-scale gap and
make use of the irradiation depths possible with the 88-Inch Cyclotron at Berkeley [89].
HT-9, a ferritic/martensitic (F/M) steel, was used since it a candidate material for advanced
nuclear reactors with an extensive tensile testing database [88, 91, 111]. In F/M steels, low
temperature (≤300 °C) radiation-induced displacement damage has been known to cause
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Figure 4.3: Range comparison of (a) 3 MeV and (b) 22 and 23 MeV He in HT-9 steel, assuming constant theoretical
density of HT-9 and calculated using SRIM-2013. The 3 MeV He is stopped in the first few µm, while 22 MeV is
stopped in 100 µm HT-9, and 23 MeV penetrates through 100 µm HT-9.

hardening which is characterized by an increase in yield and ultimate tensile strength and a
decrease in uniform elongation (ductility) [87, 88, 89, 90, 91, 92, 93]. The results from this
study revealed irradiation hardening characterized by the tensile properties and black dot
irradiation defects. Additionally, a comprehensive look at low temperature irradiations of
high-Cr F/M steels is presented and our results show agreement with the available data.

4.2.1 Methods for the Preliminary High Energy Ion
Implantation Study at the 88-Inch Cyclotron

HT-9 SS-J tensile specimens were prepared from heat # V1608621 produced by Metalwerks
with a composition of Fe 12.2Cr-1.1Mo-0.51 W-0.57Ni-0.30 V-0.21C-0.29Si-0.32Mn (in wt%).
The stock HT-9 was heat treated at 1040 °C for 30 min, AC (air-cooled) and subsequent
760 °C for 1 hr, AC. After the heat treatment, the stock was cut into a bar with SS-J outer
dimensions using wire electrical discharge machining (EDM). The outside of the SS-J bar
was polished to remove an oxide scale. A Struers Accutom-50 with a SiC blade was used
to slice individual tensile specimens from the larger SS-J bar. Subsequently, the tensile
samples were polished down to thickness using SiC abrasive sheets up to 1200/P4000 grit,
and optically inspected to ensure a clean and defect-free surface. The thickness of each
sample was measured at each shoulder and gauge length using a micrometer with ±1 µm
tolerance.

4.2.1.1 Deuteron Irradiation

The deuteron irradiation was carried out at the Lawrence Berkeley National Laboratory’s
88-Inch Cyclotron. During the 5.3-day irradiation, the current fluctuated from 9 µA to 1
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µA, with a weighted average current of about 3.9 µA, corresponding to about 3 × 1018

ions. The deuterons were incident on a target stack with 4 tensile specimens, as depicted
in Figure 4.4 [115]. Due to the high energies used, there were concerns with the sample
clamping configuration providing good thermal contact for efficient sample cooling. Thus,
two different sample clamping configurations (side-by-side and back-to-back) were used to
assess the effectiveness of each and set a precedent for future experimental configurations.
The 202 µm and 91 µm thin samples were stacked on top of each other and clamped between
two 1.45 mm thick sheets of Be metal. The remaining two samples, each 40 µm thin, were
placed side-by-side and clamped between one of the 1.45 mm sheets of Be and the Al beam
stop. The sample temperature was not monitored during the irradiation. However, the
samples were placed in good thermal contact with a continuous flow low conductivity water
cooling plate, and previous 5-day high powered irradiations with this configuration had a
steady state sample temperature under 60 °C [116].

Figure 4.4: Experimental setup of the 5.3 day HT-9 SS-J deuteron irradiation at the 88-inch Cyclotron. (a) Exploded
view of the target setup. The 33 MeV deuterons (2H) were attenuated by the Be and HT-9 layers, and the deuteron
breakup on the Be produced secondary neutrons which were monitored with Ni and Y foils. (b) GAFChromic film
showing the spatial beam profile on the 202 and 91 µm sample stack. (c) GAFChromic film showing the spatial beam
profile on the 40 µm samples. (d) GAFChromic film measurement result with an overlay of the SS-J geometry. As
shown in (b)–(d), the beam spot was about 0.38 cm2 and centred on the SS-J gauge region so the grippers were not
irradiated.

In addition to the deuteron beam, secondary neutrons were produced from the Be(d,n)
reaction. To measure the neutron fluence and energy, 1 cm diameter by 1 mm thick Ni and
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Y neutron monitor foils were placed in a 0.5-inch diameter blind hole in the back of the beam
stop. Following the experiment, the neutron monitor foils were counted on an ORTEC GMX
Series (model GMX-50220-S) High-Purity Germanium (HPGe) detector, and calibrated with
1 µCi Ba-133, Cs-137 and Eu-152 sources from Eckert Ziegler, traceable to NIST. Using the
58Ni(n,2n)57Ni, 58Ni(n,p)58Co, 89Y(n,2n)88Y, and 89Y(n,3n)87Y monitor reactions and cross
sections from the IRDFF-II Library, the secondary neutron fluence incident on the samples
was calculated to be (2.83 ± 0.19) × 1017 neutrons/cm2, with an average neutron energy of
11.87 MeV [117].

The spatial profile of the deuteron beam entering the target stack was imaged with
Radiochromic film (GAFchromic EBT3). Figure 4.4(b)–(d) shows the location and shape of
the beam, with the SS-J geometries included for scale. The beam spot size was approximately
0.38 cm2 and centred on the gauge regions to avoid irradiating the sample grippers. The
33 MeV deuteron beam was degraded by the layers of Be and HT-9 samples in the target
stack. Energy loss calculations were performed by using a cumulative trapezoidal integration
of the stopping curves produced by SRIM-2013 with 40 eV displacement energy, resulting
in a 25.6 MeV, 21.8 MeV, and 19.4 MeV beam incident on the 202 µm, 91 µm, and 40
µm samples, respectively [95]. Consequently, all the samples, save for the two side-by-side
40 µm samples, were expected to receive energy-dependent doses. The deuteron dose in
each sample was calculated using the SRIM-2013 code and method described in Section 2.1.
Figure 4.5 shows the calculated dpa as a function of depth for the samples. The average
SRIM-calculated dpa in the 202 µm, 91 µm, and 40 µm samples was 0.18, 0.2, and 0.22,
respectfully. It should be noted that the additional secondary neutron fluence contributed
to the observed sample radioactivity and increased dpa relative to that calculated using
SRIM.

Figure 4.5: Dpa as a function of depth into the HT-9 samples, calculated from SRIM-2013 code. The average dpa
was 0.18, 0.2, and 0.22 for the 202 µm, 91 µm, and 40 µm samples, respectively.

Approximately 5 months following the irradiation, activation product activities in the
tensile samples were measured through gamma spectroscopy [115]. To avoid saturating
the HPGe detector, the samples were placed in a lead pig approximately 2 m from the
detector’s front face. All tensile samples were counted together, and the resulting spectrum
is shown in Figure 4.6. The overwhelming majority of the produced activity was due to 56Co



CHAPTER 4. HIGH ENERGY ION IMPLANTATION 65

(approximately 98.6 mCi), which masked other expected spectral lines, such as those from
58Co and 60Co. 56Co has a half-life of 77.236 ± 0.026 days [118], permitting an estimate of
the activity at the end of irradiation of 394.4 mCi of 56Co.

Figure 4.6: Gamma spectrum from all four HT-9 SS-J samples measured 5 months following the 33 MeV deuteron
irradiation. The samples were counted in a lead pig 2 m away from the front of the HPGe detector. The majority of
the measured radioactivity was from 56Co, whose photopeaks are indicated in red.

From the bulk Fe content of HT-9 steel, 56Co is produced from 56Fe(d,2n) (threshold: 7.8
MeV), 57Fe(d,3n) (threshold: 15.7 MeV), and a small amount via 58Fe(d,4n) (threshold: 26
MeV) [119]. 56Co can also be made via 58Ni(d,a)56Co (no threshold), 60Ni(d,a2n) (threshold:
14.3 MeV) and 61Ni(d,a3n) (threshold: 22.4 MeV). In addition, rather than emitting an
alpha particle, each of those Ni(d,ax) channels can instead emit combinations of two protons
and two neutrons (at slightly higher energies), further boosting yields.

The samples were received at UC Berkeley for tensile testing approximately 8 months
following the irradiation, to allow time for the Co activities to decay to a safe level for
handling. The on-contact dose rate of each sample was measured using a calibrated ion
chamber at the time of tensile testing. For the 202 µm, 91 µm, and two 40 µm samples,
the on-contact dose rates at time of tensile testing were approximately 2 R/hr, 1 R/hr, 7
mR/hr, and 2 mR/hr, respectively. These dose rates made it acceptable to perform the
tensile testing on a shielded benchtop.

4.2.1.2 Tensile Testing

With guidance from the UC Berkeley Environmental Health and Safety (EH&S) Radiation
Safety team, a SOP for tensile testing irradiated samples were created and formally approved
by the campus (see Appendix A). Tensile testing of both unirradiated and irradiated samples
was carried out using a Kammrath & Weiss Tensile Module (KW) with a 500 N load cell
and engineering strain rate of 3 × 10−3 /s (15 µm/sec stroke rate). Samples >600 µm thick
required use of a 5 kN load cell. All samples were pulled until failure. An optical camera was
employed to record a video of the samples during tensile testing, with the added ability to
perform digital image correlation as needed. The original gauge thickness measured before
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testing was used for calculating the stress/strain curves and the machine compliance was
subtracted from the load/displacement curves. These curves were used to determine 0.5%
offset yield strength (YS), ultimate tensile strength (UTS), and reduced uniform elongation
(UE). The UE is calculated by subtracting the elastic portion of the strain at UTS, whereas
total uniform elongation would this portion.

4.2.1.3 Post-Irradiation and Tensile Testing Electron Microscopy

After irradiation and tensile testing, the failure surface of each sample was characterized by
Scanning Electron Microscopy (SEM) using a FEI Quanta 3D Field Emission Gun (FEG).
Then, the 40 µm sample with an on-contact dose rate of 7 mR/hr was taken as the representa-
tive sample for additional microstructure characterization. TEM lamella was produced from
the irradiated gauge section, reasonably far from the fracture site, using a Thermo Scientific
Scios 2 DualBeam focused ion beam system. The final lamella thickness after Ga ion beam
thinning was approximately 108 nm. For the irradiated microstructure characterization,
TEM images were acquired using a FEI ThemIS 60–300 STEM/TEM.

4.2.2 Results on the Preliminary High Energy Ion Implantation
Study at the 88-Inch Cyclotron

Unirradiated HT-9 SS-J samples with gauge thicknesses ranging from 24-752 µm were used
as controls for comparison of combined geometric and radiation effects on tensile properties.
The irradiated and unirradiated HT-9 SS-J samples came from the exact same batch and heat
treatment. Table 4.1 provides the irradiated and unirradiated samples’ gauge thicknesses,
YS, UTS, and UE, as well as the irradiated samples’ dpa and on-contact dose rates.

The change in tensile properties are presented by stress-strain curves shown in the left-
hand column of Figure 4.7. Except for the 202 µm sample, which showed an increase in YS
of approximately 15%, the average increase in YS after irradiation is approximately 35%.
The difference in the 202 µm sample could have been due to premature fracture observed at
the sample shoulder during the tensile testing. For all samples, compared to the unirradiated
HT-9, the irradiated HT-9 undergoes significantly less strain hardening before fracture. A
significant (approximately 75%) loss of ductility is observed with irradiation. It should be
noted that since the irradiation was primarily due to deuterons, hydrogen embrittlement
needs to be considered. However, given that the ion beam does not stop in the samples,
hydrogen is highly mobile in metals, and the prolonged irradiation time, we would suggest
that it the hydrogen is not a major concern during this irradiation. Ductility loss can be
explained by radiation-induced displacement damage which clusters into cavities and loops.
This displacement damage impedes dislocation motion during plastic deformation, thereby
impacting YS and decreasing plasticity. A decrease in plasticity is expected to increase with
dose, but eventually will saturate when defect overlapping becomes dominant, which is often
reported to be around 10 dpa for high-Cr F/M steels such as HT-9 [86, 88, 90, 120]
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SRIM
average

dose (dpa)

On contact dose
rate 8 mo after
irradiation

Gauge
thickness
(um)

Yield Strength
(MPa)

UTS
(MPa)

UE

0.18 2 R/hr 202 658.99 758.66 0.02
0.2 1 R/hr 91 797.53 875.11 0.03
0.22 7 mR/hr 40 732.39 893.89 0.03
0.22 2 mR/hr 40 783.06 896.03 0.01
0 - 29 505.96 672.41 0.03
0 - 42 516.39 678.64 0.03
0 - 44 395.78 614.48 0.06
0 - 45.5 435.77 557.30 0.03
0 - 63 545.90 773.51 0.07
0 - 64.5 484.16 619.86 0.03
0 - 90 486.65 704.76 0.08
0 - 122.5 484.54 638.85 0.07
0 - 131 514.36 703.00 0.06
0 - 187 577.25 763.33 0.08
0 - 189.5 576.39 766.48 0.07
0 - 202 581.95 775.47 0.08
0 - 217 512.77 688.92 0.10
0 - 250 599.11 787.01 0.09
0 - 274 549.10 724.71 0.09
0 - 285.5 590.31 776.27 0.09
0 - 411 584.41 766.90 0.09
0 - 416 575.89 757.79 0.09
0 - 448 593.50 784.21 0.09
0 - 497 598.27 779.49 0.09
0 - 508 591.43 768.41 0.09
0 - 606 529.92 723.08 0.10
0 - 617 540.61 737.75 0.10
0 - 687 545.99 744.45 0.10
0 - 691 551.71 743.67 0.10
0 - 753 554.11 747.54 0.09

Table 4.1: Summary of paramaters and proprieties for irradiated and not-irradiated SS-J geometry HT-9 tensile
samples tested at UC Berkeley [111, 113]
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Respective SEM micrographs of the failure surface for each irradiated sample is shown to
the right of each stress-strain curve in 4.7. For all samples, the failure surface appears to be
indicative of an intermediate ductile/brittle fracture mechanism. That is, the failure surfaces
do not consist of entirely “dimpled” ductile type failure or “faceted” brittle type failure.
HT-9 has a BCC crystal structure and therefore no close-packed planes to allow for easy
dislocation migration under mechanical deformation. BCC slip systems must be thermally
activated, in what is known as the ductile-brittle transition temperature (DBTT). Although
the DBTT of unirradiated HT-9 is below room temperature, radiation-induced upshifts in
DBTT have been reported, meaning brittle failure is apparent at higher temperatures than it
would be before irradiation, due to radiation hardening and/or radiation-induced segregation
(RIS) of impurities to grain boundaries [88, 90]. It is possible the moderate dose in this
experiment has not shifted the DBTT enough, hence the appearance of an intermediate
mode failure. Further, it should be noted that sample geometry effects on the failure mode
are not decoupled from irradiation effects in this experiment.

To investigate the defect structure, the 40 µm thick, 7 mR/hr sample was characterized
by TEM. Figure 4.8 was produced using a two-beam condition, and shows the sample is
heavily decorated with black dot irradiation defects. This is expected based on previous
neutron irradiations of HT-9, which show black dot defects at a small threshold dose, and
resolvable loops beginning around 1 dpa [121, 122]. An attempt was made to analyze the
black dot defects, as demonstrated in Figure 4.8(b)-(c), however, due to the low resolution,
there is a significant error in quantifying the defects. 4.8(c) represents a high estimate of
the defect size and number, while 4.8(d) represents a low estimate. As a result, the average
major diameter of the black dots were approximately 6 ± 2 nm, and the number density is
estimated 1.6 x 1014 ± 1014 m−2.

Figure 4.9 shows the obtained YS, UTS, and UE as a function of gauge thickness for
unirradiated and the deuteron-irradiated samples. For the unirradiated (0 dpa) HT-9, the
YS appears to remain relatively constant (∼575 MPa) at thicknesses down to about 200 µm.
Below 200 µm, the unirradiated YS values begin to decrease with a slope of approximately
0.9 MPa/µm. A similar trend is observed for the unirradiated UTS, with the UTS relatively
constant (∼750 MPa) then decreasing with a slope of about 1 MPa/µm below 200 µm. The
unirradiated UE is also relatively constant (∼0.09) then decreases with respect to gauge
thicknesses below 200 µm, though when compared to that seen for YS and UTS, the dip is
more significant. Around 50 µm, a ∼70% reduction in UE compared to bulk thickness is
observed. The four irradiated samples with gauge thicknesses of 202, 91, and 40 µm exhibited
a YS and UTS generally higher than that of the bulk (>200 µm) unirradiated values, UE
generally lower than all unirradiated values, and these irradiated tensile properties did not
increase with decreasing sample gauge thickness.

The small specimen preparation and tensile testing procedures used here are very re-
peatable. However, there is clear variance within the data, especially at thinner thicknesses.
This variance may be due to limitations of the SS-J sample geometry at thicknesses much
thinner than the design. Additionally, while thickness errors were calculated and plotted,
the errors themselves are not comprehensive, and thickness variations on the order of ±5 µm
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Figure 4.7: Effect of 0.18, 0.2, and 0.22 dpa deuteron irradiation on the stress strain curve production of 202 µm,
90 µm, and 40 µm thick HT-9 SS-J tensile samples, respectively. An increase in YS and reduction in ductility is
observed, indicating radiation hardening. Corresponding SEM images of the failure surfaces for are shown on the
right, showing an intermediate ductile/brittle failure mechanism.
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Figure 4.8: TEM investigation of the 40 µm thick, 7 mR/hr sample. The TEM lamella was taken from the irradiated
gauge section and far from the tensile fracture site. (a)-(b) A comparison of the same region without two beam and
with two beam conditions, Black dot irradiation defects are revealed by the two beam condition. (c) Annotated
version of (b), used in (d)-(f) to exemplify the method used to quantify the black dot defects. (d) Magnified area,
annotated in (e),(f) as an example of a high and low estimate for the black dot radiation defect size and number.

may be increasingly significant with decreasing sample thickness. For the irradiated data,
there are additional unaccounted for errors within the dpa calculations themselves, given
the assumptions provided in the methods above and the differences in measured on-contact
dose rates. Reference [111] is recommended for a more comprehensive explanation of scatter
within the unirradiated data.

The dependencies of some tensile properties such as YS on sample thickness and aspect
ratio have previously been reported [99, 100]. So long as the aspect ratio is not too extreme,
the critical sample thickness can be attributed to sample microstructure; generally, about
10 grain diameters across the thickness is desired for reliable F/M steel tensile testing [122].
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Moreover, it is known that the presence of radiation defects yields a smaller critical thickness,
or in other words, suppressed microstructural size effects [99, 100, 101, 123]. Radiation
defects not only increase the strength of polycrystalline materials, but also the presence of
many radiation defects and their small size have been shown to create a small internal length
scale in materials [101, 123]. Furthermore, Kohno et al. observed that JFMS (9% Cr) F/M
steel size effects were still apparent with light neutron irradiation on the order of mdpa but
were diminished after neutron irradiation on the order of 10’s of dpa [99].

Looking at the unirradiated SS-J geometry HT-9 studies, it would appear the critical
thickness is 200 µm, however the lath size of F/M steels is typically 1-2 µm [111]. This yields
roughly 14 laths across the thickness of our thinnest (29 µm) unirradiated samples, implying
there should be no thickness effects observed. Thus, the observed changes in unirradiated
tensile properties with respect to thickness may help us separate microstructural size effects
from sample geometry effects. Although the irradiated data is too limited to make a definitive
conclusion, it is possible the irradiation effects on the tensile properties are not sensitive to
the sample geometry effects.

4.2.3 Discussion on the Preliminary High Energy Ion
Implantation Study at the 88-Inch Cyclotron

Despite the limited test matrix in this experiment, it is useful to compare the results to
previous data in the literature. Since many high-Cr (9–12% Cr) F/M steels have common
features and have been studied alongside HT-9, they will be referred to in this discussion.

F/M steels are candidate in-core structural materials for future nuclear reactors, where
it is estimated that the operating temperature ranges from 280-650 °C and light irradiation
only occurs at the beginning of the operation lifetime [120]. The HT-9 data available in the
irradiation temperature range of 373–427 °C showed that the impact of irradiation on tensile
properties diminished at temperatures above 400 °C, but there may be enhanced softening
characterized by a decrease in YS due to radiation enhanced diffusion [120].

F/M steels are also envisioned for out-of-core applications, where the temperatures and
irradiation fluence may be much less than in-core conditions. A concern for nuclear applica-
tions of high-Cr F/M steels has been previously identified to be the low-temperature (≤300
°C) embrittlement resulting from radiation hardening [88, 120]. The irradiation-induced up-
shift in DBTT is particularly concerning for nuclear structural materials, where catastrophic
failure is not an option, because it can lead to brittle fracture instead of the preferred ductile
(“leaking before breaking”) fracture mechanism [124].

Due to the primarily in-core applications for HT-9, little data is available for low temper-
ature irradiations and nearly no data is available <1 dpa. Comprehensive low-temperature
(≤300 °C) irradiation and room temperature tensile tests ∆YS and % decrease in UE results
are shown in Figure 4.10 for a variety of high-Cr F/M steels, alongside results from the
low-temperature irradiation experiment in this study. The % decrease in UE is calculated
as follows:
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Figure 4.9: Effects of 0.18–0.22 dpa deuteron irradiation on thickness dependence of YS, UTS, and UE in HT-9.
Unirradiated data is adapted from Dong et al. [111]. A dip is observed below approximately 200 µm in all material
properties for the unirradiated samples. The irradiated samples appear to show an increased YS and UTS and
decreased UE compared to the unirradiated bulk (>200 µm) properties.

% decrease in UE =
UE(0 dpa)− UE(x dpa)

UE(0 dpa)
(4.1)

Where UE(0 dpa) is the reported UE at 0 dpa and UE(x dpa) is the reported UE at a
specific dpa. The data in Figure 4.10 is comprised from a variety of different materials and
test parameters described in Table 4.2.

A general trend is apparent in the ∆YS and % decrease in UE data. Radiation hardening,
which is accompanied by an increase in YS and a decrease in UE, begins at the lowest reported
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Sample
Radiation
source

Geometry/
thickness (µm)

Irradiation
temperature (°C)

Reference

HT-9
88-Inch Cyclotron

(deuterons)
SS-J/40-202 60

HT-9 HFIR SS-3/760 300 [89]
9Cr-1MoVNb HFIR SS-3/760 60-100 [90]
9Cr-1MoVNb LANSCE SS-3/760 60-164 [90]

9Cr-1MoVNb-2Ni HFIR SS-3/760 60-100 [90]
9Cr-2VWTa HFIR SS-3/760 60-100 [90]
9Cr-2VWTa LANSCE SS-3/760 60-164 [90]
9Cr-2WV HFIR SS-3/760 60-100 [90]
9Cr-3WV HFIR SS-3/760 60-100 [90]
A533B HFIR SS-3/760 60-100 [90]

OPTIMAX A PIREX (protons) Not specified 27-47 [91]
F82H LANSCE 250-750 30-100 [92]

OPTIMAX A LANSCE 250-750 30-100 [92]
12 Cr-1 MoVW

(91354)
HFIR 760 50 [126]

12 Cr-1 XAA-3587 HFIR 760 50 [126]
12 Cr-1 XAA-3588 HFIR 760 50 [126]
12 Cr-1 XAA-3589 HFIR 760 50 [126]
12 Cr-1 XAA-3592 HFIR 760 50 [126]

9Cr-1MoVNb HFIR 760 50 [125]
9Cr-1MoVNb-2Ni HFIR 760 50 [125]
12Cr-1MoVW HFIR 760 50 [125]
12Cr-1MoVW

91354
HFIR 760 50 [125]

12Cr-1MoVW-1Ni
3588

HFIR 760 50 [125]

12Cr-1MoVW-1Ni
3589

HFIR 760 50 [125]

Table 4.2: Experimental parameters and references used for the construction of Figure 4.10. Irradiations took place
at the 88-Inch Cyclotron, Fast Flux Test Reactor (FFTF), Los Alamos Neutron Science Center (LANSCE) spallation
source, Proton Irradiation Experiment (PIREX) accelerator, and the Experimental Breeder Reactor II (EBR-II). All
tensile testing was conducted at room temperature.
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Figure 4.10: Change in high-Cr (≥9% Cr) F/M steel YS (∆YS) and % decrease in UE with respect to dose after
various low temperature (≥300 °C) irradiations. The data from this study is indicated by the arrows and fits well
within the larger body of data obtained in previous works [89, 90, 91, 92, 125, 126].
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doses of 0.0005 dpa and increases sharply until about 0.05 dpa [90], after which hardening
continues to steadily increase until saturating around 10 dpa.

The barrier hardening theory was used to explore the radiation-induced increase in yield
strength observed in this experiment, assuming the black dot defects are small dislocation
loops:

∆Y S = ∆σloop = Mαµb
√
Nd (4.2)

Where ∆σloop is the hardening contribution from dislocation loops (black dots), M is the
Taylor factor, α is the barrier strength, µ is the shear modulus, b is the magnitude of the
Burgers vector, N and d are number density and size of dislocations.

Here, the values for constantsM , α, and b will be adopted from previous barrier hardening
analysis on HT-9, where M = 3.06, α = 0.5, µ = 82 GPa and b = 0.249 nm [122]. From the
TEM analysis, Nd was estimated as 1.6 × 1014 ± 1014 m−2. As a result, ∆YS estimated by
the barrier hardening model is 371 ± 142 MPa, while ∆YS measured for this sample was
about 336 MPa. Moreover, ∆YS measured for all samples in other experiments, which were
irradiated to similar doses, ranged from 77-387 MPa. Thus, the dislocation density estimates
and subsequent barrier hardening calculation is within most of the measured ∆YS, especially
for the lower bound of the error.

Farrell and Byun previously used models based on barrier hardening theory to describe
some of the other body of data shown in Figure 4.10, revealing limitations of the model [90].
Farrell and Byun postulated the prominent change in the slope of the general trend around
0.05 dpa coupled with high necking strains indicates a change from the barrier hardening
deformation mechanism to dislocation channel deformation [90]. Being our results fall in this
slope transition region of the general trend, it is possible that barrier hardening may also
be competing with dislocation channeling in our application, hence the lower bound of the
dislocation quantification error generally being a better estimation of the ∆YS. However, no
search for dislocation channels by TEM was made in this work.

The HT-9 data from this study fits well within the larger body of high-Cr F/M steel data,
thereby providing merit for the 0.18–0.22 dpa irradiation and small-scale mechanical testing
presented here. This study provides insight on the tensile properties of HT-9 as a function of
gauge thickness and dpa. Previously, HT-9 tensile samples have been irradiated in reactors
for long durations (e.g. 18 months [94]) and required hot cells for post-irradiation analysis
and mechanical testing [87, 94]. The use of the 88-Inch Cyclotron alongside miniature SS-J
tensile samples can supplement these neutron irradiations by achieving a desired dpa using
deuterons. The small tensile sample size and ability to shape the ion beam to the tensile
sample gauge length yields less irradiated volume and therefore less radioactive material.
This method has potential for rapid turnaround experiments on irradiated tensile sample
mechanical testing on a variety of materials and using a variety of ions. However, it is worth
noting that dpa achieved in an accelerator (10–30 days) may have a different mechanism
than dpa achieved in a reactor, (2–6 months) as the dose rate is known to play an important
factor in defect cluster size and number density [127, 128].
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4.2.4 Conclusions on the Preliminary High Energy Ion
Implantation Study at the 88-Inch Cyclotron

In this work we utilize the LBNL 88-Inch Cyclotron to irradiate SS-J geometry tensile test
specimens with 19-25 MeV deuterons. We also present an approach to quantify tensile
properties as a function of gauge thickness, bringing about the potential to bridge length scale
gaps. It was found that the low-temperature (<60 °C), low-dose (0.18–0.22 dpa) irradiation
caused radiation hardening with an increase the YS of approximately 15–35% and decrease
in ductility of about 75%, which is in good agreement with previous low-temperature high-
Cr F/M steel experiments. An intermediate ductile/brittle failure mode was observed for
all samples. As a result of the irradiation, black dot defects on the order of 6 ± 2 nm and
1.6 × 1014 ± 1014 m−2 were observed, with the lower error bound yielding most reasonable
∆YS approximations by barrier hardening theory. Additionally, sample geometry effects on
tensile properties were observed around 200 µm gauge thickness for unirradiated samples.
Future work should be conducted to confirm if these geometric effects are diminished by
the 0.18–0.22 dpa irradiation. We have shown that the Cyclotron, coupled with benchtop
tensile testing of radioactive samples, enables rapid-turnaround mechanical testing of nuclear
structural materials.

4.3 Properties of a Helium Ion Beam Degrader for

the 88-Inch Cyclotron

The deuteron irradiation experiment described in Section 4.2 above successfully demon-
strated the use of the 88-Inch Cyclotron to rapidly irradiate materials at the mesoscale
for subsequent testing at UC Berkeley. Accordingly, we have designed additional beam in-
strumentation that would allow for uniform He implantation in mesoscale materials while
monitoring and regulating sample temperature in-situ. Details of this novel ion beam de-
grader system are presented in this chapter. First, an overview of the design objectives are
presented. Next, the design selection process is described, and the final system design is
detailed. Then, the degrader controls system is specified. Lastly, future work is discussed.

4.3.1 Degrader System Design Criteria

The aim of the degrader is to stop He ions uniformly throughout the 100 µm thick HT-9
SS-J geometry tensile test sample. Due to the stopping range profile of a monoenergetic
beam of He ions, a degrader is needed to produce many discrete energy steps to implant
He throughout the sample volume. The degrader should allow for the Bragg peaks of the
stopping curves overlap throughout the sample depth, thereby resulting in “uniform” He
implantation, as demonstrated in Figure 4.11.

23 MeV He is required to penetrate through 100 µm of HT-9. For the Cyclotron facility,
a maximum current of 20 µA is assumed. Additionally, at least 0.5 at% He should be
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Figure 4.11: Conceptual overview of the He ion beam (α-beam) degrader. The monoenergetic ion beam passes
through the degrader system, which results in a range of beam energies. The energy range of ions after passing
through the degrader allows them to be implanted throughout the sample volume. For uniform implantation, the
Bragg peaks should overlap throughout the sample depth.

achievable throughout the sample volume. Given these paramaters, a significant amount of
energy (100’s of Watts) in the form of heat will be dissipated into the in-beam components.
Thus, the in-beam components, including the ion beam degrader, should be water-cooled.
The HT-9 samples should be sufficiently cooled to prevent heating over 300 °C to prevent
annealing of radiation defects. The materials selection of in-beam components also consider
radionuclide production.

For statistics purposes, multiple SS-J tensile test samples should be implanted in a single
beam run. As shown in Figure 4.12(a), the minimum beam spot size required to implant 5
SS-J samples at once is 20 × 5 mm2. This dimension only considers the minimum beam spot
required to implant the gauge length of SS-J samples. This is desired to promote fracture
in the gauge length rather than the tensile sample shoulder or grippers. Additionally, the
degrader system size is constrained to fit inside a 21.5 × 28 × 28 cm3 beam box that is typical
for beamline experiments at the 88-Inch Cyclotron. An image of a beam box is shown in
Figure 4.12(b). Also, the degrader system must operate under 10−6 vacuum as a single unit
with the beamline. Other important considerations include design simplicity and cost. In
summary, the ion beam degrader must:
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1. Produce a sufficient number of discrete energy steps for homogeneous implantation;

2. Provide sufficient (water) cooling for in-beam components and tensile samples;

3. Consider radionuclide production in the degrader components;

4. Implant 5 samples at once; 20 × 5 mm2 beam spot size;

5. Be compact; fit in a 21.5 × 28 × 28 cm3 beam box;

6. Be vacuum compatible.

Figure 4.12: Details of size parameters influencing the degrader design. (a) The minimum beamspot size to implant
the gauge lengths of 5 SS-J geometry tensile samples is 20 × 5 mm2. (b) The degrader is constrained to a 21.5 × 28
× 28 cm3 Cyclotron beam box. Vacuum-sealed flanges may be coupled to the beam box to increase this space.

4.3.2 Degrader Design Selection

To meet the criteria described in section 4.3.1 above, there are two primary elements of the
degrader design selection process: (1) mechanical design selection and (2) materials design
selection. These elements were considered in parallel during the design selection process,
and are discussed separately below.

4.3.2.1 Mechanical Design Selection

Several degrader designs were considered, the first being a novel “stippled target” degrader.
This design was intended to be a stationary target that could simply be placed at the front of
the beamstop target stack used in the preliminary experiment described in Section 4.2. and
shown in Figure 4.4. At this point in the design process, the ideal stippled target material
was determined to be Si or SiC (see Section 4.3.2.2. below for details).
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The premise of the stippled target degrader, shown in Figure 4.13, is to use angular
trenches, such that where there is a maximum volume of material, the ions do not penetrate
as far, and are stopped at the front of the sample. Conversely, where there a minimum
volume of material, the ions penetrate further, and are stopped at the back of the sample.
SRIM-2013 simulations showed the ions stopped at the back of the sample had the least radial
straggling. To implant He laterally throughout the sample, the stippled target geometry was
designed with the trench opening equivalent to the minimum straggling radius. Table 4.3
and corresponding Figure 4.13(c) provide the stippled target trench geometries, determined
using SRIM simulations, for a variety of target configurations.

It should be noted that while the stippled target design may produce a number of dis-
crete He energy steps, this design concept presented as-is would not provide uniform He
implantation throughout the sample volume. One idea to avoid He concentration bands was
to have the stippled target mechanically pivoting in front of the samples. However, this idea
was not pursued.

The primary reason the stippled target design did not move forward was due to machin-
ability of the trenches. Machining studies were conducted on SiC using a femtosecond laser.
Initial studies, not at the scale required, were conducted to investigate the feasibility of this
technique. Due to material redeposition, the resulting trenches did not reach the depths
programmed in the laser microfabrication software. Subsequent studies varying the gas type
and pressure revealed that Ni gas most effectively prevented SiC redeposition in comparison
to Ar + 3% O or He gas, and increasing gas pressure had diminishing returns. Additionally,
longer cutting speeds during machining and ultrasonic cleaning in an ethanol bath after
machining was found to improve the trench quality. Despite these improvements, it was not
possible to machine trenches with the required geometry. Alternative machining methods
including photolithtography-etching were considered but not pursued.

SiC min
(µm)

SiC max
(µm)

Be
(µm)

HT9
(µm)

He ion beam
energy (MeV)

Straggliging radius
of SiC max (µm)

Design angle
(deg)

1000 2150 500 300 85 367.5 9.7
500 1300 500 300 65 251.25 11
300 550 0 100 35 54.1 5.6
300 1200 0 300 55 187.5 8.9
300 525 1000 100 60 203 21.1
300 1225 1000 300 75 315 14.4

Table 4.3: Stippled target design paramaters for a variety of target stacking configurations. The paramaters are
described visually in Figure 4.13(c). The He ion beam energy and straggling radius was determined by SRIM-2013
simulation.

Several reported degrader designs were also considered, including a rotating wheel, sliding
wedges and plates, and a binary degrader, as shown in Figure 4.14 [129]. In addition, two
other novel degrader designs were considered: a binary step-wedge degrader and a cassette
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Figure 4.13: Conceptual overview of the stippled target degrader. (a) Represents the beam passing through the
region of the stippled target with most material and with the least material. The beam passing through the most
stippled target material will be stopped at the front of the sample and have more beam straggling. The beam passing
through the least stippled target material will stopped at the back of the sample have the least beam straggling. The
smallest beam straggling radius determined the spacing of the stippled target trenches. (b) Represents how the He
beam profiles have some overlap throughout the sample depth. Yet, the stippled target design proposed would result
in concentration bands of He. Additional design changes are necessary for uniform He implantation in the sample.
(c) Description of stippled target paramaters described in Table 4.3.

degrader. In the binary step-wedge concept, which was shown in Figure 4.11, each step is
a different thickness, and each wedge moves linearly. When the wedges are aligned, they
produce an overall thickness for energy degradation. The cassette degrader concept is similar
to that of the plates with “binary” thickness shown in Figure 4.14, except the plates would
be in a frame with cooling on three sides, and instead of moving horizontally (left-right) into
the beam, they would move vertically (up-down) into the beam.

A design matrix was produced in order to inform the mechanical design decision. This
is shown in Table 4.4 for the modulator wheel, wedge, step-wedge, and cassette degrader
designs. Although the wheel degrader had been implemented before [130, 131], it was found
to produce too few discrete energy steps, be too large, and be complex to cool. For example,
the maximum size modulator wheel that could fit in the required beam box is 13 cm in
diameter. Considering a 20 × 5 mm2 beam spot size, a 13 cm diameter wheel could only
provide 16 energy steps. One way to increase the number of energy steps is to have modulator
wheels in parallel. It would require 13 parallel wheels to provide >206 discrete energy
steps (206 is the number of energy steps the selected design provides). Alternatively, a
single modulator wheel providing 206 energy steps would have to be 1.6 m diameter. Thus,
the modulator wheel was an unfavorable design choice from a number of energy steps and
a degrader size perspective. Moreover, removing the heat from the edge of the rotating
wheel(s) in vacuum is non-trivial. The wedge design was also presumed to be difficult to
cool in vacuum, and lacked flexibility in comparison to designs with interchangeable degrader
filters. The cassette design would provide for efficient cooling and experimental flexibility,
but the novelty and complexity of the cassette design would require significant effort to
implement.
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Figure 4.14: Some of the possible degrader designs from literature that were considered, reproduced with permission
from [129] under the Creative Commons copyright license CC BY-NC-SA 4.0.

Of the degrader designs considered, the novel binary step-wedge was selected. The binary
step-wedge degrader was found to be the most space, cost, and heat transfer efficient for
our application. As shown in Figure 4.15, the binary step wedge degrader meets the size
constraints, with (a) accomodating a beamspot size of 20 × 5 mm2 for implanting 5 samples
at once and (b) a footprint of 15 × 11 × 13 cm3 allowing it to fit in the beam box. Moreover,
the degrader filters can each be cooled on 2-3 sides and loosely held to account for thermal
expansion. The degrader filters can also be be easily changed in this design, enabling a
variety of implantation campaigns.

The initial binary step-wedge degrader design concept considered filters diced from 4
different wafer thicknesses, which was more cost efficient than purchasing 12-16 Si/SiC filters
in different thicknesses. An optimization code determined that wafer thicknesses of 38, 40,
46, and 53 µm provided the maximum amount of linear combinations. The degrader filter
arrangement is shown in Figure 4.16(a). The thickest filters are moved to the edge, to allow
for cooling on three sides, since they are the filters absorbing the most energy. Figure 4.16(b)
shows the hundreds of discrete energy steps this degrader design with the filter arrangement
can provide. The linear region in 4.16(b) is in 1 µm steps. For implanting the 100 µm
thin HT-9, only 206 of these combinations are needed, and can be selected within the linear
(150-413 µm) range. A few of the stopping curves in HT-9 for these filter thicknesses are
shown in Figure 4.16(c). 29 MeV He is used because that is the maximum energy required
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Figure 4.15: The binary step-wedge degrader meets the size constraints. (a) Top-down view of a degrader wedge,
which holds up to 4 filters. The filters are large enough for the 20 × 5 mm2 beam spot. (b) The degrader step-wedge
assembly and motors have a footprint of 15 × 11 × 13 cm2, which is small enough to fit in the standard LBNL
beam-box.

to penetrate the minimum degrader filter thickness of 150 µm Si and the back of the HT-9.
Only every ∼50 µm Si is plotted in Figure 4.16(c), however, if every 1 µm step were plotted,
there would be significant overlap of the Bragg peaks.

Figure 4.16: The binary step-wedge degrader design provides 625 of discrete energy steps. For cost efficiency, the
number of filter thicknesses was minimized. An optimization code was ran, determining that by stacking filters to
create an overall thickness, as shown in (a), 38, 40, 46, and 53 µm thick filters can provide the most linear combinations
for energy steps. (b) The number of combinations (energy steps) that can be made with the wedges show in (a). The
most linear region is 1-2 µm steps. (c) From the degrader filter combinations shown in (b), the most linear region
(starting at 150 µm overall Si thickness) is used. It was determined that 29 MeV He and a range of 150 to 413 µm
Si is needed for implanting 100 µm HT-9. This region contains 206 combinations and therefore provides 206 energy
steps. Of these 206 energy steps, the Bragg curves of only 6 (every ∼50 µm) were calculated using SRIM and are
plotted here. Since the actual steps are 1-2 µm, there would be a significant amount of overlap if all of the steps were
plotted.



CHAPTER 4. HIGH ENERGY ION IMPLANTATION 83

4.3.2.2 Materials Design Selection

The evaluation of potential degrader filter materials was another important component of
the design selection. A design matrix was also used for the material selection and is shown in
Table 4.5. The filter material should not produce long-lived radionuclides which may restrict
beam cave access and/or sample retrieval for an extended period of time. Also, the material
should be low density, because the higher the material density, the higher the He energy
that would be required, and therefore the more thermal energy that would be dissipated into
the in-beam components. Moreover, the material should have high thermal conductivity, in
order to have efficient heat transfer. A low coefficient of thermal expansion is also desired,
because the filters would be clamped in place and significant thermal expansion could lead to
material failure. Additionally, a high melting temperature was needed such that the filters
would not melt under the 100’s of Watts of beam energy. It was also important to assess the
availability to machine thin (10’s of µm) filters, since larger thicknesses would also require
higher beam energy and therefore more heat dissipated into the system. An additional
concern in the material selection was the cost. It must be noted that properties such as the
thermal conductivity were taken from reported bulk properties, while the thin-film properties
might vary significantly.

Based on this material selection criteria, Si was selected for the degrader filters. One
of the primary reasons for selecting Si is the use of wafer manufacturing to fabricate the
Si filters. The filter size needed is 20 × 30 mm2. 7 of these filters can be produced on a
single 4-inch wafer, allowing for 1 spare filter per wafer. The 4 wafers were polished to the 4
different thicknesses (38, 40, 46, and 53 µm) determined by the aforementioned optimization
code, and then diced to the desired dimensions. One major concern with thin Si of these
geometries is breakage, especially when removing the die (filters) from the wafer dicing tape.
Thus, the specification to the manufacturer required the die to be removed from the dicing
tape.
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4.3.3 Degrader System Design

A schematic of the complete degrader system design assembly is shown in Figure 4.17. There
are three primary sub-assemblies in overall system: the collimator, binary degrader, and
beam stop. The degrader beam box is connected in-line with the cyclotron beamline. The
ion beam will first be incident on the collimator before being degraded and finally implanted
in the samples.

Figure 4.17: Overview of the complete degrader assembly. The degrader box is connected to the cyclotron beamline
and the entire system is under vacuum. The α (He ion) beam is first incident on the collimator, where it is flattened
and shaped. Then, the beam is degraded, resulting in a range of energies for implantation in the samples. The
samples are held in the beam stop and sample holder assembly, which is connected to the degrader box with a flange.

The collimator is used in front of the degrader system to ensure a flat and diffuse beam
with the desired spot size is incident on the degrader filters. The collimator is made out of
OFHC (oxygen-free, high-conductivity) Cu, and contains a water cooling channel, as shown
in Figure 4.18. The collimator also has ports for thermocouple instrumentation to measure
its heating during operation. Additionally, the collimator is easily interchangeable since it is
clamped onto the front of the degrader box with screws. It is desirable to be able to change
the collimator in order to support a variety of experimental configurations. Currently, the
collimator opening is designed for implanting 5 SS-J samples. However, if less samples are
implanted, then the beam spot size can be decreased, which will increase the current per
sample, and therefore decrease the time needed to achieve a certain atom percent (at%) of
He in the samples. Figure 4.19 shows the irradiation time to achieve various concentrations
of He in HT-9 depending on the beam current and beam spot size (collimator configuration).
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Figure 4.18: Image of the collimator assembly on the front of the degrader box (not the beam box). The collimator
is made out of OFHC Cu for effective heat transfer. A water cooling channel runs through the collimator, with
an inlet and outlet connection. The collimator is instrumented with a thermocouple to monitor its temperature.
Additionally, the collimator can easily be changed to adjust the beam geometry.

The step-wedge sub-assembly is shown in Figure 4.20(a)-(d). The degrader filters are
attached with OFHC Cu holders and spring washers to a moment. Since there is a slight
gap between the thin filters and the Cu holders, Cu foil is used to help keep the filters in
place and in good thermal contact. The degrader wedges are made out of OFHC Cu and
contain a water cooling channel throughout the entire frame, as shown in Figure 4.20(a),(b).
The filters are be held somewhat loosely in order to account for thermal expansion, and the
thickest filters (stacked with 2-3 foils) are held on the outer slots in order to allow for cooling
on 3 sides and thus remove heat more efficiently. The wedges and filters are instrumented
with thermocouples, to monitor the filter temperature during operation and ensure they are
effectively cooled.

To perform the linear wedge movement, each wedge is housed on an individual steel rack
and driving pinion, and connected to an individual DC brush motor. Zero microswitches
are used for each wedge to prevent drifting of the linear movement. Since the motors are
to be used in-vacuum, a water-cooled jacket was made out of pure OFHC Cu, shown in
Figure 4.20(c). The motors cooling jacket is instrumented with thermocouples to monitor
and prevent overheating, at which point the motor function would significantly decline.

The beamstop and sample holder sub-assembly is shown in Figure 4.21. A short tube
connects the beam stop sub-assembly to the beam box. The samples are clamped with OFHC
Cu. The clamp doubles as a mask, which covers the sample shoulders and grippers in order to
promote the desired tensile failure in the gauge length. Additionally, the Cu mask opening is
angled, in order to prevent a shadowing effect on the samples. The beamstop contains water
cooling channels and thermocouple instrumentation for monitoring the sample temperature
and water temperature.
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Figure 4.19: Time to achieve at% He in a single SS-J sample. The experimental configurations considered at
(a) 1, (b) 2, (c) 3, (d) 4, and (b) 1 HT-9 SS-J sample(s), as well as incident beam currents of 5, 10, and 20 µA.
These graphs show that when the number of samples, in the implantation decrease, we can decrease the beam spot
size. This increases the beam current incident on each sample, and therefore decreases the time required to achieve
a specific at% He. The interchangeability of the collimator can accommodate different beam spot sizes and thus
different beam time requirements. Additionally, the graphs also show the time to achieve an at% He decreases with
increasing cyclotron beam current.

4.3.4 Uniformly-Distributed System Energy Balance

The main safety concern of the degrader system is one of the in-beam components approach-
ing a temperature limit. Simulations were conducted and code was developed to estimate
how much power (W) is deposited in each component. The temperature was not calculated,
and power radiated out of the system was not considered. First, SRIM-2013 was used to
calculate the energy loss, dE/dx, in the first component in the beamline. Then, python was
used to integrate under the dE/dx curve to calculate the energy stopped in the component.
A cumulative trapezoidal integration method was used for this step. The result of the inte-
gration is how many MeV was stopped in the component, and this value was used to inform
the SRIM simulation for the next component. That is, subtracting the “MeV in” from the
“MeV stopped” gives “MeV out.” The “MeV out” will be the “MeV in” for the next compo-
nent in line. To calculate the thermal power in W absorbed by each component, the energy
stopped in MeV is multiplied by the beam current incident on each component. There are
unaccounted for errors in rounding the MeV and in the integration approximation.
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Figure 4.20: Detail of the degrader step-wedge sub assembly. (a) One of the step wedges assembled with filters.
The step-wedge is made out of OFHC Cu. The filters are loosely held to allow for thermal expansion. The filters are
also easily interchangeable for experimental flexibility. The “worst-case” wedge, being the wedge with the thickest
filters, is instrumented with two thermocouples to measure both the thickest filter and the wedge base temperature.
(b) There is a cooling channel that runs through the entire wedge and barbed inlet/outlet connections. (c) Since
the motors are used in vacuum, it is imperative that they are cooled. A motors water-cooling jacket was made out
of OFHC Cu. The motor cooling jacket is thermocouple instrumented. (d) One of the degrader wedges and zero
microswitches, along with the full motors and driving shafts and pinions. Also shown is a custom x-y stage to position
this degrader box in line with the beam.

Figure 4.21: (a) Front and (b) back view of the beam stop assembly, which is made out of OFHC Cu. (a) 5 SS-J
samples clamped in place. The clamping mechanism also performs as a mask. The opening is tapered to prevent
shadowing. (b) The beamstop has water cooling channels throughout and is instrumented with thermocouples for
monitoring the sample and water temperatures.

Table 4.6 shows the energy (MeV) and power (W) absorbed by each component, for the
thinnest filter (150 µm) case. Meanwhile, Table 4.6 shows the energy (MeV) and power (W)
absorbed by each component, for the thickest filter (413 µm) case. Both cases considered
the highest incident beam current of 20 µA and and initial beam energy of 29 MeV, and
thus an incoming beam power of 580 W. The beam current varies based on the component
geometry. The collimator will always absorb a significant amount of beam. In the thin filter
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Energy in
(MeV)

Current in
(µA)

Energy stopped
(MeV)

Energy out
(MeV)

Power Stopped
(W)

Cu collimator 29.0 12.2 29.0 0.0 353.8
150 um Si 29.0 8.0 6.4 22.6 51.6
HT-9 Sample 22.6 1.20 21.0 1.6 25.2
Beamstop 149.4

Table 4.6: Energy balance for the thinnest degrader filter (150 µm) configuration, assuming 29 MeV He and 20 µA
current into the system. The majority of the thermal power is dissipated in the collimator and the beamstop.

Energy in
(MeV)

Current in
(µA)

Energy stopped
(MeV)

Energy out
(MeV)

Power Stopped
(W)

Cu collimator 29.0 12.2 29.0 0.0 353.8
413 um Si 29.0 8.0 27.8 1.2 222.2
HT-9 Sample 1.2 1.20 0.8 0.4 1.0
Beamstop 3.0

Table 4.7: Energy balance for the thickest degrader filter (413 µm) configuration, assuming 29 MeV He and 20 µA
current into the system. The majority of the thermal power is dissipated in the collimator and the filter.

case, the beamstop will absorb a significant amount of thermal power as well. This is due to
streaming of the beam in the areas where the samples do not cover, and due to this initial
experiment being designed to slightly “overshoot” the HT-9 sample, and thus some beam will
come through the back of the sample. For the thick filter case, the filter absorbs a significant
amount of thermal power, and the power absorbed in the beamstop is only through the gaps
where the samples do not cover the beamstop.

The degrader system energy balance reinforces the premise that the degrader system
components will absorb a significant amount of thermal energy. This demonstrates the
importance of ensuring all the components are efficiently water-cooled, have good thermal
conductivity and a high melting temperatures, are instrumented with thermocouples, and
that the controls system enforces effective temperature limits.

4.3.5 Degrader Controls

Connection and controls are important aspects of the degrader design and implementation.
The controls software user interface was developed using LabVIEW. The system microcon-
troller is programmed using Arduino to control various hardware components based on the
serial port input from LabVIEW. The degrader controls system serves 4 overall functions,
which will be described in more detail in the following sections:
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1. Control the motors movement according to an input table;

2. Safety control (provide an emergency shutdown response);

3. Record experiment parameters;

4. Run a graphical user interface (GUI).

4.3.5.1 Motors Control

To achieve 100’s of discrete implantation energy steps, we use 4 wedges (water cooled filters
holder), each installed with 4 thicknesses of filters. The wedges are linearly moving in
sequence. The software controls the movement of the 4 individual wedges in front of the
beam. Each wedge has an individual motor with an encoder and can assume 4 possible
linear positions. The linear movements to these positions is precise, with a tolerance of 2
mm (10%). The software can set zero by the microswitch at one end of each rail.

It is desirable to turn the beam off between degrader positions. This prevents streaming
through gaps, and prevents a non-discrete energy step. The beam chopper can turn the
beam completely off within µs. The beam on and off function is initiated by a 5 V and 0 V
TTL signal, respectively. The movements should be at the maximum speed and dwell time
for beam off (e.g. 0.1 to 0.5 sec).

The controls software reads through a table of positions for each wedge, and translates
it to motor movements. The table is simply uploaded through the LabVIEW GUI. An
optimization code was written for the position table, such that no filter is in the beam twice
in a row. This allows for maximum cooling of the filters. A copy of the position table is
shown in Appendix B. The positions are numbered 0, 1, 2, and 3. The table line order is
kept such that once is has gone through the entire table, it jumps to the top of the table
and starts reading it again without delay.

4.3.5.2 Safety

The degrader system is instrumented with thermocouples and flow meters, which are logged
by the controls software. The controls system has built-in safety features. The system will
emergency stop if any of the following occurs: any temperature reads above the limits, the
flow meter is not within the limits, the motor stalls for more than the time limit, and/or the
zero microswitch does not respond where it should. In some cases, there is more then a single
limit. For instance, low water flow might cause heating, while high water flow indicates a
hose break and water leak. Some limits are only for alert but not a showstopper.

Table 4.8 provides a full list of safety and operational inputs and outputs (I/Os) for
the degrader system, including individual limits. In case of reaching one of the limits, the
degrader system will shut down, which stops the motors, tugrns the beam off, and stops the
water via a solenoid valve. A GUI alarm will also arise so users may know that an emergency
shutdown situation raise. Additionally, it details of the emergency shutdown are written to
the output log file.
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Category Input Output Limit Comments

Safety
Sample thermocouple 1
(below)

Data collection trigger
Beam on/off
Alarm

300 °C Low threshold for alarm:
200 °C

Safety
Sample thermocouple 2
(beside)

Data collection trigger
Beam on/off
Alarm

300 °C Low threshold for alarm:
200 °C

Beam stop inlet water
thermocouple

For the records only

Safety
Beam stop outlet water
thermocouple

Data collection trigger
Beam on/off
Alarm

60 °C Low threshold for alarm:
30 °C

Safety
Wedge thermocouple 1
(base)

Data collection trigger
Beam on/off
Alarm

60 °C Low threshold for alarm:
30 °C

Safety
Wedge thermocouple 2
(holder)

Data collection trigger
Beam on/off
Alarm

60 °C Low threshold for alarm:
30 °C

Safety Motor thermocouple 1
Data collection trigger
Beam on/off
Alarm

100 °C Low threshold for alarm:
50 °C

Safety Motor thermocouple 2
Data collection trigger
Beam on/off
Alarm

100 °C Low threshold for alarm:
50 °C

Operational
Micro switch 1
(wedge 1)

Zero First filter at position

Operational
Micro switch 2
(wedge 2)

Zero First filter at position

Operational
Micro switch 3
(wedge 3)

Zero First filter at position

Operational
Micro switch 4
(wedge 4)

Zero First filter at position

Operational/safety Encoder 1 Controls motor 1 position 2 sec In case of 2 sec stall - shut down
Operational/safety Encoder 2 Controls motor 2 position 2 sec In case of 2 sec stall - shut down
Operational/safety Encoder 3 Controls motor 3 position 2 sec In case of 2 sec stall - shut down
Operational/safety Encoder 4 Controls motor 4 position 2 sec In case of 2 sec stall - shut down

Safety
Flow meter 1
(wedge system)

Water shut down
Data collection trigger
Beam on/off
Alarm

5LPM > FR > 10
Low = overheat
High = water leak

Safety
Flow meter 2
(motors system)

Water shut down
Data collection trigger
Beam on/off
Alarm

5LPM > FR > 10
Low = overheat
High = water leak

Table 4.8: Complete list of inputs and outputs of the software, as well as corresponding limits warranting a warning
alarm and/or emergency shutdown.
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4.3.5.3 Experiment Parameters

The LabVIEW software writes the data to a delimited file so the experimental parameters
are recorded. It is important that details of the experiment be written to a file for post-
experiment analysis. The log file is also accessible in real time, so that it can be checked
during the experiment.

4.3.5.4 Graphical User Interface

A live view of the experiment parameters is displayed via a GUI. The GUI includes a motors
on/off button, alarm on/off button, and a motors emergency stop button. Additionally,
it should display all thermocouple readouts, water flow rate meter readouts, and motor
positions, so that the temperatures, cooling water, and motors can be readily monitored.

4.3.6 Conclusions and Future Work on the Degrader

A novel He ion beam degrader has been designed for future nuclear materials experiments
at the 88-Inch Cyclotron. This degrader enables uniform He implantation in up to 5 SS-J
geometry HT-9 tensile test specimens in a single beam run. The degrader configuration takes
a monoenergetic beam and produces 100’s of discrete energy steps, providing a homogeneous
He distribution throughout the implanted material. The system has four water loops to
sufficiently cool the collimator, degrader, motors, and samples. Additionally, component
temperatures and water flow rates are monitored.

An initial safety review of the design was completed with LBL. For the subsequent review,
an ex-situ heating experiment should be performed. In such an experiment, the collimator,
“worst case” (thickest) degrader filter, and the beam stop should be heated while cooling
systems operate and temperature response is measured. This should accompany a thermal
numerical simulation. Upon this experimental validation of the simulation, the code should
be ran with a “worst case” high beam energy and current scenario. This will help ensure
the degrader filters do not overheat and the HT-9 samples do not go above the defined
temperature limits. The thermal experiment and simulations should be presented to LBL in
a follow-on safety review.

Once the degrader system is ready to be used in-beam, an experiment should be con-
ducted to validate the degrader’s ability to uniformly implant materials. Instead of a single
layer of 100 µm thin HT-9, this should use a stack of thin (20 of µm) HT-9 foils. After 29
MeV He implantation with the degrader system running, the dose rate of each individual
foil shall be measured. If the dose rates of each foil are the same, it can be presumed the
implantation was uniform throughout the foil stack. Alternatively, a TEM investigation of
each foil may be conducted, allowing for verification of uniform implantation by quantifying
the radiation defects.
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Chapter 5

Summary and Future Work

Current and future nuclear technologies present a number of materials research challenges.
This thesis addresses He degradation in materials and sample size limitations in materials
research irradiation campaigns. In nuclear technologies, He largely occurs from high energy
(n,α) reactions and α-decay. He is insoluble in solids, and precipitates into bubbles. At
high doses, He bubbles agglomerate, eventually leading to surface blistering. In small vol-
ume materials, He-induced swelling, hardening, and enhanced ductility has been previously
reported. Meanwhile, He embrittlement and spall strength reduction has been reported in
large-volume materials.

Surface effects resulting from low-energy (25-60 keV) He implantation in Ti and Cu
were investigated. In Ti(0001), a HIM with a nm-size beam was used to rapidly produce
local He implantations. AFM, nanoindentation, and TEM characterization revealed a linear
increase in surface swelling with respect to dose, an inverse relationship between He dose
and hardening, and inter-bubble fracture as the mechanism for surface blistering in Ti(0001).
Additionally, the presence of He bubbles was observed to enhance “pop-in” behavior during
nanoindentation. In order to definitively investigate if the He bubbles enhance dislocation
nucleation in Ti(0001), in-situ TEM indentations should be performed in the future.

Comparative HIM implantation and blister indentation studies on Cu(100), Ti(101̄0),
and Ti(0001) showed Cu(100) blisters behaved elastically under loading (to a limit). The
bubble structures associated with blistering in Cu(100) were large (∼287 nm diamater) and
faceted. In contrast, He-induced blisters in Ti(101̄0) and Ti(0001) deformed plastically under
loading. Additionally, the bubble structures associated with Ti blistering were small (∼1
nm) and formed nanocracks leading to the inter-bubble fracture blistering mechanism. A
blister in Ti(101̄0) was indented until catastrophic failure. During this in-situ indentation,
a blister adjacent to the indented one also failed, and a crack grew from the adjacent blister
into the sample. A follow-on experiment is needed with a single blister in cross section
in order to investigate its response to loading and verify whether crack growth is observed
from the indented blister. Moreover, these investigations revealed a need for improved He
blistering models as the bubble structures associated with blistering were found to be laregly
material-dependent.
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PAS was used to supplement the TEM and swelling results for near-surface implanta-
tions. Broad beam, 60 keV He implantations for PAS were carried out at the LANL Ion
Beam Materials Laboratory. Using PAS, we were able to quantify the increase in vacancy
concentration and at increasing depths into the sample with respect to He implantation dose
in cp-Ti, thereby validating the swelling and TEM results. An additional sample condition
revealed that shock loading decreased the vacancy concentration in a sample containing He
bubbles. Continued PAS analysis is needed to quantify the vacancy concentration with re-
spect to dose across different materials and crystal structures such as Cu. Additional PAS
work is also needed to further quantify the influence of shock loading on vacancy concentra-
tion in not-implanted and pre-implanted materials.

The majority of ion implantation campaigns use low energy implantations, such as those
described in the beginning half of this thesis. The latter half of this thesis focuses on high
energy ion implantation, which is less widely available. We intend to establish a new implan-
tation capability which highlights the use of the LBL 88-Inch Cyclotron for materials studies.
An initial high energy ion implantation campaign was conducted using high energy (19-25
of MeV) deuterons to irradiate HT-9 tensile test specimens at the LBL 88-Inch Cyclotron.
The tensile test results revealed radiation hardening and agreed well with literature data.
The development of an ion beam degrader for bulk-scale He implantation campaigns at the
88-Inch Cyclotron is also detailed. This tool will help fill significant gaps that currently
exist in extrapolating small-volume properties to bulk-scale. Continued efforts are needed
to validate the ability of this instrument to uniformly implant bulk-scale samples.

This work provides insight into fundamental nuclear materials science challenges of He
degradation and sample size effects. For the future validation of nuclear structural mate-
rials, additional in-service conditions such as temperature, corrosion, time, and mechanical
stresses, as well as accurate radiation dose and dose rates, should be implemented into ion
implantation campaigns.
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Chapter 6

Appendix A

In this appendix, the SOP for Tensile Testing of Radioactive Steels is presented. This SOP
was developed and approved in order safely complete the high energy ion implantation and
tensile testing work described in Chapter 4. The procedures were reviewed by members of
the UC Berkeley EHS Staff as well as members of the Nuclear Materials Laboratory, and
were approved on June 10, 2019.
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6WDQGDUG�2SHUDWLQJ�3URFHGXUH�
�
5HDG�WKH�(+	6�6WDQGDUG�2SHUDWLQJ�3URFHGXUHV�)DFW�6KHHW�EHIRUH�ILOOLQJ�RXW�WKLV�
IRUP��3ULQW�RXW�WKH�FRPSOHWHG�IRUP�DQG�NHHS�D�UHDGLO\�DFFHVVLEOH�KDUG�FRS\�LQ�WKH�
ODE��DOVR�NHHSLQJ�DQ�HOHFWURQLF�FRS\�LV�KLJKO\�UHFRPPHQGHG���
�
'DWH� �����������

623�7LWOH����7HQVLOH�7HVWLQJ�RI�5DGLRDFWLYH�6WHHOV ���>$FWLYDWHG�6WHHO�,VRWRSHV@�

58$�1XPEHU���������

3ULQFLSDO�,QYHVWLJDWRU�� 3HWHU�+RVHPDQQ�

5RRP�DQG�%XLOGLQJ�� (WFKHYHUU\�+DOO������

/DE�3KRQH�1XPEHU� �������������

�
6HFWLRQ���±�3URFHVV�

�
7KH�PDFKLQHV�DQG�PDWHULDOV�LQYROYHG�LQ�WKLV�SURFHVV�DUH�DV�IROORZV��

Ɣ 7HQVLOH�FRPSUHVVLRQ�PRGXOH��
Ɣ 6DPSOH�JULSSHUV�
Ɣ 'HVLJQDWHG�VDPSOH�VSDFHUV�
Ɣ 'HVLJQDWHG�VDPSOH�VFUHZV�DQG�SODWH�
Ɣ 6DPSOH�FDWFK�SODWH�

�
7KLV�623�FRYHUV�KRZ�WR�VDIHO\�SHUIRUP�WHQVLOH�WHVWLQJ�RQ�UDGLRDFWLYH�VWHHO�VDPSOHV��$Q�
LRQ�FKDPEHU�VKRXOG�EH�SUHVHQW�ZKHQ�ILUVW�KDQGOLQJ�VDPSOHV�WR�KDYH�DQ�LGHD�RI�WKH�GRVH�
UDWH�DVVRFLDWHG�ZLWK�HDFK��7KH�EHWD�ZLQGRZ�FDQ�EH�RSHQHG��EXW�FDUH�VKRXOG�EH�WDNHQ�WR�
DYRLG�FRQWDPLQDWLQJ�WKH�LRQ�FKDPEHU��:KHQHYHU�D�VRXUFH�KDV�H[SRVXUH�UDWHV�DERYH���
P5�KU��D�³&DXWLRQ��5DGLDWLRQ�$UHD´�VLJQ�PXVW�EH�SRVWHG��7KH�1XFOHDU�(QJLQHHULQJ�
6DIHW\�&RRUGLQDWLRQ�FDQ�DVVLVW�ZLWK�ORFDWLQJ�D�FDOLEUDWHG�LRQ�FKDPEHU�DQG�&DXWLRQ�
6LJQ��
�
3URFHGXUH�IRU�WKLFNQHVV�PHDVXUHPHQW�

�� 7UDQVIHU�VDPSOHV�LQ�WKHLU�OHDGHG�KROGHUV�IURP�OHDG�FDYH��VDIH��RU�OHDGHG�VRXUFH�
GUDZHUV�WR�DUHD�QHDU�WKH�WKLFNQHVV�JDXJH��7KH\�VKDOO�EH�SODFHG�LQ�VXFK�D�OHDG�
VKLHOGHG�ORFDWLRQ��DQG�VXFK�WKDW�WKH\�DUH�QRW�QHDU�DQ\�RWKHU�ZRUNVSDFHV�RU�
LPPHGLDWHO\�DGMDFHQW�WR�WKH�ZRUNVSDFH�IRU�WKLV�SURFHVV��

�� 5HPRYH�RQH�VWDLQOHVV�VWHHO�VDPSOH�IURP�LWV�OHDGHG�KROGHU��2QO\�RQH�VDPSOH�
VKRXOG�EH�UHPRYHG�DW�DQ\�JLYHQ�WLPH��
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�� 8VLQJ�WZHH]HUV��SODFH�VDPSOH�LQ�WKH�WKLFNQHVV�JDXJH��0HDVXUH�WKH�WKLFNQHVV�RI�
WKUHH�GLIIHUHQW�UHJLRQV�RI�WKH�VDPSOH���

�� 5HWXUQ�WKH�VDPSOH�WR�LWV�OHDGHG�KROGHU��DQG�WKHQ�WR�WKH�OHDG�VKLHOGHG�ORFDWLRQ��
�� 3HUIRUP�D�VHOI�VXUYH\�DQG�WKHQ�PHWHU�VXUYH\�WKH�PDWHULDOV�LQYROYHG�LQ�WKH�

WKLFNQHVV�PHDVXUHPHQW�SURFHVV���
�
3URFHGXUH�IRU�WHQVLOH�WHVWLQJ�

�� &KDQJH�WKH�ORDG�FHOO�LI�QHHGHG��&KDQJH�WKH�WHQVLOH�PRGXOH�JULSSHUV�WR�WKH�
GHVLJQDWHG�JULSSHUV�IRU�WHQVLOH�WHVWLQJ�RI�UDGLRDFWLYH�VWHHOV��(QVXUH�WKH�ORDG�FHOO�
DQG�JULSSHUV�DUH�ULJLG�DQG�DOLJQHG��)RU�VDPSOHV�OHVV�WKDQ�����ȝP�WKLFN��SODFH�
ERWWRP�VSDFHUV�LQ�JULSSHUV��3ODFH�WKH�VDPSOH�FDWFK�SODWH�XQGHU�WKH�WHQVLOH�WHVW�
DUHD���

�� 2SHQ�H[SHULPHQWDO�VRIWZDUH�DQG�HQWHU�GHVLUHG�SDUDPHWHUV��3RVLWLRQ�FDPHUD�RYHU�
WHVW�DUHD��

�� 7UDQVIHU�VDPSOHV�LQ�WKHLU�OHDGHG�KROGHUV�IURP�OHDG�FDYH��VDIH��RU�OHDGHG�VRXUFH�
GUDZHUV�WR�DUHD�QHDU�WKH�WHQVLOH�WH[W�PRGXOH��7KH\�VKDOO�EH�SODFHG�LQ�VXFK�D�OHDG�
VKLHOGHG�ORFDWLRQ��DQG�VXFK�WKDW�WKH\�DUH�QRW�QHDU�DQ\�RWKHU�ZRUNVSDFHV�RU�
LPPHGLDWHO\�DGMDFHQW�WR�WKH�ZRUNVSDFH�IRU�WKLV�SURFHVV��

�� 5HPRYH�RQH�VWDLQOHVV�VWHHO�VDPSOH�IURP�LWV�OHDGHG�KROGHU��2QO\�RQH�VDPSOH�
VKRXOG�EH�UHPRYHG�DW�DQ\�JLYHQ�WLPH��

�� 8VLQJ�WZHH]HUV��SODFH�VDPSOH�LQ�WKH�WHQVLOH�WHVW�JULSSHUV��)RU�VDPSOHV�OHVV�WKDQ�
����ȝP�WKLFN��WRS�ZLWK�DGGLWLRQDO�VSDFHUV��7LJKWHQ�VDPSOH�LQ�SODFH�ZLWK�WKH�
GHVLJQDWHG�VDPSOH�VFUHZV�DQG�SODWH��

�� 3HUIRUP�WHQVLOH�WHVW��,I�WKH�VDPSOH�IUDFWXUHV��VWRS�WKH�WHVW�DQG�IROORZ�WKH�
SURWRFRO�RXWOLQHG�LQ�6HFWLRQ�����3RWHQWLDO�+D]DUGV��,I�WKH�VDPSOH�GRHV�QRW�
IUDFWXUH��PRYH�WKH�JULSSHUV�EDFN�WR�WKHLU�RULJLQDO�SRVLWLRQ���

�� 5HPRYH�VDPSOH�VFUHZ�SODWH�DQG�VSDFHU��5HPRYH�VDPSOH�IURP�WKH�JULSSHUV�DQG�
UHWXUQ�WR�VWRUDJH���

�� &OHDQ�XS�ZRUN�VWDWLRQ�DQG�IXPH�KRRG�IROORZLQJ�SURSHU�UDGLRDFWLYH�ZRUN�
SURWRFROV��

�� 3HUIRUP�D�VHOI�VXUYH\�DQG�WKHQ�PHWHU�VXUYH\�WKH�PDFKLQHV�DQG�PDWHULDOV�
LQYROYHG�LQ�WKH�WHQVLOH�WHVW�SURFHVV���

�
�
� �
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,PDJHV�RI�HTXLSPHQW�XVHG�FDQ�EH�IRXQG�EHORZ��
�
6DPSOH�
GUDZLQJ�ZLWK�
GLPHQVLRQV�

7KLFNQHVV�
JDXJH�

�
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7HQVLOH�FRPSUH
VVLRQ�PRGXOH�
�

6DPSOH�VSDFHUV�

�
6DPSOH�VFUHZV�
DQG�VHW�SODWHV�

�

�
6HFWLRQ���±�+D]DUGRXV�&KHPLFDOV��
1R�KD]DUGRXV�FKHPLFDOV�DUH�H[SHFWHG�DV�SDUW�RI�WKLV�SURFHGXUH��

�
6HFWLRQ���±�3RWHQWLDO�+D]DUGV�

6DPSOH�IUDFWXUH�
,I�WKH�VDPSOH�IUDFWXUHV��WKHUH�LV�SRWHQWLDO�IRU�KLJK�ORFDOL]HG�GRHV�IURP�WKHVH�IUDJPHQWV�LI�WKH\�
ZHUH�WR�EH�HPEHGGHG�LQ�WKH�VNLQ��)RU�WKLV�UHDVRQ�LW�LV�LPSRUWDQW�WR�HQVXUH�WKDW�VXUYH\V�DUH�
SHUIRUPHG���
�
$�FRYHU�ZLOO�EH�SODFHG�RYHU�WKH�V\VWHP�GXULQJ�WKH�WHVW��WR�SUHYHQW�DQ\�IUDFWXUHG�SLHFHV�IURP�
OHDYLQJ�WKH�ZRUN�DUHD��$�FDWFK�SODWH�ZLOO�EH�SODFHG�XQGHU�WKH�V\VWHP��WR�FROOHFW�DQ\�SRVVLEOH�
VDPSOH�SLHFHV���
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�
$IWHU�D�VDPSOH�IUDFWXUHV��WKH�FDWFK�SODWH�DQG�ORFDO�DUHD�ZLOO�EH�VXUYH\HG��$Q\�SLHFHV�WKDW�DUH�
ODUJH�HQRXJK�WR�EH�FROOHFWHG�ZLOO�EH�UHPRYHG��$�WKRURXJK�VXUYH\�RI�WKH�WHVW�DUHD�ZLOO�
GHWHUPLQH�LI�DQ\�VPDOOHU�SLHFHV�DUH�VWLOO�SUHVHQW��7KHVH�VPDOO�SLHFHV�ZLOO�EH�UHPRYHG�ZLWK�D�
SDSHU�WRZHO�GDPSHQHG�ZLWK�GHLRQL]HG�ZDWHU���

�
5DGLDWLRQ�H[SRVXUH�

3ULPDU\�KD]DUGV�DVVRFLDWHG�ZLWK�VDPSOHV�ZLOO�EH�UDGLDWLRQ�GRVH��7KLV�ZRUN�LQYROYHV�KDQGOLQJ�
VPDOO�LUUDGLDWHG�VDPSOHV��0RVW�RIWHQ�WKHVH�DUH�VWHHO�DOOR\V�WKDW�ZLOO�KDYH�D�PL[HG�LVRWRSLF�
PDNHXS�RI�EHWD�DQG�JDPPD�HPLWWLQJ�QXFOLGHV��+DOI�OLYHV�DVVRFLDWHG�ZLWK�WKHVH�LVRWRSHV�DUH�
JHQHUDOO\�PHGLXP�WR�ORQJ�OLYHG��RUGHU�RI�GD\V�WR�D�IHZ�\HDUV��ZLWK�WKH�WRWDO�DFWLYLW\�RI�DOO�WKH�
VDPSOHV�EHLQJ�DSSUR[LPDWHO\�RQ�WKH�RUGHU�RI����P&L��7KH�H[SRVXUH�UDWH�RI�DOO�WKH�VDPSOHV�
WRJHWKHU�WDNHQ�DV�D�SRLQW�VRXUFH�WKHRUHWLFDOO\�FRXOG�EH�DV�KLJK�DV������UHP�KU�RQ�FRQWDFW���
�
+DQGOLQJ�RQO\�RQH�VDPSOH�DW�D�WLPH��XVLQJ�WZHH]HUV�WR�SODFH�WKH�VDPSOH��DQG�DYRLGLQJ�GLUHFW�
FRQWDFW�ZLWK�WKH�VDPSOH�ZLOO�JUHDWO\�UHGXFH�WKH�H[SRVXUH�UDWH��$GGLWLRQDOO\��XVHUV�VKDOO�EH�
ZHOO�WUDLQHG�RQ�WKH�SURFHGXUH�XVLQJ�QRQ�UDGLRDFWLYH�VDPSOHV��VR�WKDW�WKH�WLPH�VSHQW�DURXQG�
WKH�VDPSOHV�LV�PLQLPL]HG��ZKLFK�ZLOO�DOVR�JUHDWO\�UHGXFH�WKH�RYHUDOO�GRVH���
�
8VLQJ�D�KLJK�H[SRVXUH�UDWH�VFHQDULR�±����P&L�RI� ����&R�±�WKH�DSSUR[LPDWH�GRVH�UDWHV��EHWD�DQG�
JDPPD��DVVRFLDWHG�ZLWK�WKLV�ZRUN�ZRXOG�EH��

Ɣ ���P&L�DW���FP� �����UHP�KU
�
Ɣ ���P&L�DW���FP��WZHH]HUV�� �����UHP�KU
�
Ɣ ��PLQXWHV�KDQGOLQJ����P&L�DW��� �FP�§������PUHP
�

�
7KH�VDPSOHV�KDQGOHG�XQGHU�WKLV�623�ZLOO�KDYH�D�ORZHU�RYHUDOO�DFWLYLW\�WKDQ�WKH�KLJK�H[SRVXUH�
UDWH�VFHQDULR�DERYH��EHFDXVH�WKH�VFHQDULR�DFFRXQWV�IRU�WKH�DFWLYLW\�RI�PRUH�WKDQ���VDPSOHV�
FRPELQHG��DQG�LQ�UHDOLW\�HDFK�VDPSOH�ZLOO�EH�KDQGOHG�LQGLYLGXDOO\�� ����&R�LV�D�SRVLWURQ�HPLWWHU�
DQG�WKHUHIRUH�KDV�D�VLJQLILFDQW�GRVH�UDWH�IURP�DQQLKLODWLRQ�JDPPD�UD\V�ZLWK�HQHUJLHV�RI�����
NH9��
�
,I�QHZ�PDWHULDOV�DUH�XVHG�LQ�IXWXUH�ZRUN��LW�LV�LPSRUWDQW�WR�ORRN�DW�HDFK�VDPSOH�RQ�D�
FDVH�E\�FDVH�EDVLV�WR�FRQVLGHU�WKH�LVRWRSHV�LQYROYHG��(DFK�VDPSOH�ZLOO�EH�YHULILHG�WR�KDYH�D�
ORZHU�GRVH�UDWH�WKDQ�WKH�DERYH�KLJK�H[SRVXUH�VFHQDULR�XVLQJ�WKH�,UUDGLDWHG�6DPSOH�:RUNVKHHW�
��5'������,I�WKH�VDPSOH�KDV�D�KLJKHU�GRVH�UDWH��WKHQ�WKLV�623�PXVW�EH�PRGLILHG�WR�WDNH�IXUWKHU�
GRVH�SUHFDXWLRQV��
�

%DVHG�RQ�5'����FDOFXODWRU�XVLQJ�FRPELQHG�JDPPD�GRVH�DQG�EHWD�VNLQ�GRVH�

�
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�
6HFWLRQ���±�$SSURYDOV�5HTXLUHG�
$OO�8VHUV�PXVW�JR�WKURXJK�UDGLDWLRQ�VDIHW\�WUDLQLQJ��EH�OLVWHG�RQ�WKH ���ODE�58$��DQG�EH�LVVXHG�
GRVLPHWU\��7KH�ILUVW�WLPH� �DQ\��UHVHDUFKHU�SHUIRUPV�WKLV�SURFHGXUH��5DGLDWLRQ�6DIHW\�PXVW�EH�
SUHVHQW�WR�KHOS�HQVXUH�GRVHV�DUH�NHSW�$V�/RZ�$V�5HDVRQDEO\�$FKLHYDEOH��$/$5$���
�
1HZ�XVHUV�ZLOO�EH�WUDLQHG�LQ�WKLV�SURFHGXUH�E\�H[SHULHQFHG�SHUVRQQHO��*LYHQ�WKH�SRWHQWLDOO\�
VLJQLILFDQW�GRVHV�DVVRFLDWHG�ZLWK�WKLV�SURFHGXUH��5DGLDWLRQ�6DIHW\�SHUVRQQHO�PXVW�EH�SUHVHQW�
ZKHQ�DQ\�QHZ�XVHU�SHUIRUPV�WKLV�SURFHGXUH�IRU�WKH�ILUVW�WLPH��
�

�
6HFWLRQ���±�'HVLJQDWHG�$UHD�
7KH�VDPSOHV�ZLOO�EH�UHPRYHG�IURP�HLWKHU�WKH�VRXUFH�GUDZHUV�WR�WKH�OHIW�RI�WKH�IXPH�KRRG�RU�
OHDG�VKLHOGHG�FRQWDLQHUV�LQ�WKH�IXPH�KRRG�LQ�WKH�QRUWKZHVW�FRUQHU�RII������(WFKHYHUU\�+DOO��
7KLV�IXPH�KRRG�KDV�EHHQ�SUHYLRXVO\�GHVLJQDWHG�IRU�UDGLRDFWLYH�ZRUN��

�
6HFWLRQ���±�6SHFLDO�+DQGOLQJ�3URFHGXUHV�DQG�6WRUDJH�
5HTXLUHPHQWV�
:KLOH�EHLQJ�XVHG��VDPSOHV�ZLOO�EH�KDQGOHG�ZLWK�WZHH]HUV�DQG�RWKHU�WRROV�WR�DYRLG�GLUHFWO\�
JUDEELQJ�WKHP���
�
:KLOH�QRW�EHLQJ�XVHG��WKH�VDPSOHV�ZLOO�EH�VWRUHG�LQ�WKH�VRXUFH�GUDZHUV�RU�OHDGHG�FRQWDLQHUV��
7KH�OHDGHG�FRQWDLQHUV�ZLOO�WKHQ�EH�VWRUHG�HLWKHU�D�ORFNDEOH�OHDG�FDYH�DORQJ�WKH�QRUWK�ZDOO�RI�
�����RU�LQ�D�ORFNDEOH��OHDGHG�VDIH�LQ�WKH�QRUWKHDVW�FRUQHU�RI�������
�
'RVLPHWU\�±�7/'�ILQJHU�ULQJ�IRU�ERWK�KDQGV�DQG�ZKROH�ERG\�EDGJH�±�LV�UHTXLUHG�IRU�DOO�ZRUN�
XQGHU�WKLV�623�

�
6HFWLRQ���±�3HUVRQDO�3URWHFWLYH�(TXLSPHQW�

Ɣ $�FOHDQ��IXOO�OHQJWK��ORQJ�VOHHYHG�ODE�FRDW�
Ɣ 6DIHW\�JODVVHV�
Ɣ 'LVSRVDEOH�JORYHV��
Ɣ &ORWKLQJ�WKDW�IXOO\�FRYHUV�WKH�OHJV�
Ɣ &ORVH�WRHG�VKRHV�
Ɣ 'RVLPHWU\�±�DOO�GRVLPHWU\�VKRXOG�EH�VWRUHG�DZD\�IURP�VRXUFHV�RI�UDGLDWLRQ�

�
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�
6HFWLRQ���±�(QJLQHHULQJ�9HQWLODWLRQ�&RQWUROV�
/HDG�VKLHOGLQJ�ZLOO�EH�SODFHG�DURXQG�WKH�ZRUN�DUHD�WR�OLPLW�UDGLDWLRQ�H[SRVXUH�WR�XVHUV���
�
$Q�LRQ�FKDPEHU�ZLOO�EH�DYDLODEOH�WR�GHWHUPLQH�DPELHQW�H[SRVXUH�OHYHOV�ZKLOH�VRXUFHV�DUH�
SUHVHQW��

�
6HFWLRQ���±�6SLOO�DQG�$FFLGHQW�3URFHGXUHV�
5DGLDWLRQ�6DIHW\�ZLOO�EH�SUHVHQW�DQG�SURYLGH�LQVWUXFWLRQ�LQ�WKH�IROORZLQJ�VLWXDWLRQV��

Ɣ �$�UDGLRDFWLYH�PDWHULDO�VSLOO�
Ɣ �6NLQ�FRQWDPLQDWLRQ�
Ɣ �,QJHVWLRQ�RI�UDGLRDFWLYH�PDWHULDO�
Ɣ �8QH[SHFWHG�SHUVRQQHO�H[SRVXUH�
Ɣ �$LUERUQH�UDGLRDFWLYLW\�
Ɣ �/RVV�RU�WKHIW�RI�UDGLRDFWLYH�PDWHULDOV�

�
,Q�WKH�HYHQW�RI�FRQWDPLQDWLRQ�DIWHU�D�WHQVLOH�WHVW��

Ɣ �6WRS�ZRUN�DQG�DYRLG�VSUHDGLQJ�FRQWDPLQDWLRQ��
Ɣ �&RQWDFW�(+	6�5DGLDWLRQ�6DIHW\�RQ�KRZ�WR�SURFHHG��

�
,Q�WKH�HYHQW�RI�VNLQ�FRQWDPLQDWLRQ��

Ɣ 5HPRYH�FRQWDPLQDWHG�FORWKLQJ�DQG�ZDVK�WKH�FRQWDPLQDWHG�VNLQ�DUHD�JHQWO\�ZLWK�PLOG�
VRDS�DQG�OXNHZDUP�ZDWHU��QHYHU�KRW�ZDWHU���'R�QRW�DEUDGH�WKH�VNLQ�ZLWK�URXJK�
VFUXEELQJ�RU�H[FHVVLYH�ZDVKLQJ��DQG�GR�QRW�XVH�VROYHQWV��)ROORZ�DOO�LQVWUXFWLRQV�IURP�
5DGLDWLRQ�6DIHW\��
�

,I�WKH�VSLOO�LV�VLJQLILFDQW��WKH�562�ZLOO�KHOS�SODQ�FRRUGLQDWH�WKH�FOHDQXS��

�
6HFWLRQ����±�:DVWH�'LVSRVDO�
'U\�:DVWH�� �&ROOHFW�WKH�GU\�ZDVWH�LQ�GRXEOH�FOHDU�SODVWLF�EDJV��%H�VXUH�WR�XVH�VWURQJ�SODVWLF�
EDJV�WKDW�ZRQ¶W�ULS� ���/DEHO�WKH�ZDVWH�FRQWDLQHU�ZLWK�D�FDXWLRQ�UDGLRDFWLYH�PDWHULDOV�ODEHO�DQG�
LQGLFDWH�WKH�UDGLRQXFOLGH��'XH�WR�WKH�SRWHQWLDO�KLJK�DFWLYLW\�LQ�WKH�ZDVWH��D�VKLHOGHG�ZDVWH�
FRQWDLQHU�VKRXOG�EH�XWLOL]HG�WR�PLQLPL]H�UDGLDWLRQ�OHYHOV�LQ�WKH�DUHD��,I�WKH�ZDVWH�LV�UHDGLQJ�
PRUH�WKDQ���P5�KU�RQ�FRQWDFW��2QFH�\RXU�ZDVWH�EDJ�LV�IXOO��ORJ�RQWR�56,6�WR�LQLWLDWH�LWV�
GLVSRVDO�DQG�WR�SULQW�RXW�WKH�ZDVWH�ODEHO�DQG�DIIL[�LW�WR�\RXU�ZDVWH�FRQWDLQHU��<RX�VKRXOG�
UHTXHVW�DQ�³(+	6�SLFN�XS´�IURP�56,6�IRU�WKH�GLVSRVDO�RI�\RXU�ZDVWH��/HDYH�WKH�ZDVWH�LQVLGH�
RI�WKH�VKLHOGHG�FRQWDLQHU�LQ�VKLHOGHG�ORFDWLRQ�XQWLO�LW�JHWV�SLFNHG�XS�E\�(+	6��
�
7KLV�ZRUN�ZLOO�QRW�JHQHUDWH�DQ\�PL[HG�ZDVWH�QRU�OLTXLG�ZDVWH��
�
6DPSOHV�WKDW�DUH�QRW�XVHIXO�ZLOO�EH�WUDQVIHUUHG�WR�5DGLDWLRQ�6DIHW\�IRU�UHPRYDO�IURP�FDPSXV��
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�
6HFWLRQ������'HFRQWDPLQDWLRQ�
&OHDUO\�ODEHO�FRQWDPLQDWHG�HTXLSPHQW�XQWLO�LW�KDV�EHHQ�GHFRQWDPLQDWHG��
�
6XUIDFH�RI�FRQWDPLQDWLRQ�FDQ�EH�FOHDQHG�ZLWK�SDSHU�WRZHOV�DQG�D�GHFRQWDPLQDWLRQ�VROXWLRQ��
6WDUW�E\�ZHWWLQJ�D�SDSHU�WRZHO�ZLWK�\RXU�GHFRQWDPLQDWLRQ�VROXWLRQ�DQG��ZRUNLQJ�IURP�WKH�
RXWHU�HGJH�RI�WKH�FRQWDPLQDWHG�DUHD��ZLSH�WKH�VXUIDFH�LQZDUG�WRZDUG�WKH�FHQWHU�RI�WKH�
FRQWDPLQDWHG�DUHD��'LVFDUG�WKH�WRZHOV�LQWR�D�UDGLRDFWLYH�ZDVWH�FRQWDLQHU�DIWHU�HDFK�SDVV��'R�
QRW�UH�XVH�WKH�SDSHU�WRZHOV�RU�ZLSH�WKH�FRQWDPLQDWHG�DUHD�LQ�D�FLUFXODU�IDVKLRQ��5HSHDW�WKLV�
XQWLO�WKH�SDSHU�WRZHOV�DUH�QR�ORQJHU�SLFNLQJ�XS�UHPRYDEOH�FRQWDPLQDWLRQ��7KLV�SURFHVV�VKRXOG�
SLFN�XS�VPDOO�VROLG�PHWDO�SLHFHV�WKDW�DUH�XQDEOH�WR�EH�UHPRYHG�E\�WZHH]HUV��EXW�FDUH�PXVW�EH�
WDNHQ�WR�HQVXUH�WKHVH�PLFUR�VKDUGV�DUH�GHSRVLWHG�LQ�WKH�ZDVWH��)UHTXHQW�VXUYH\V�DIWHU�
H[SHULPHQWDO�ZRUN�XQWLO�WKH�HTXLSPHQW�LV�IRXQG�WR�EH�DW�EDFNJURXQG�OHYHOV�ZLOO�HQVXUH�WKDW�QR�
UDGLRDFWLYH�PDWHULDO�LV�XQDFFRXQWHG�IRU��

�
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Chapter 7

Appendix B

The ion beam degrader wedge position table is given in this appendix. There are four wedges.
Each wedge has four different filter thicknesses, and thus four different possible positions.
In the table, the positions are numbered 0, 1, 2, and 3. The table (without headings) is
uploaded as a .csv file in the degrader controls software, which reads each line and moves
the wedges to the calibrated position accordingly. After the specified dwell time on each
position, the software automatically reads the next line. Once it reaches the end of the
table, it begins reading from the beginning without delay. The table is optimized such that
no position occurs twice in a row, therefore providing maximum cooling between positions.
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Table 7.1: Ion beam degrader wedge position table. There are 165 combinations presented, which allow for 165
levels of degradation.

Wedge 1 Wedge 2 Wedge 3 Wedge 4
0 0 2 3
1 1 3 2
0 2 1 3
3 0 0 2
2 3 3 0
3 1 0 1
1 2 2 2
0 3 3 0
2 2 1 3
0 3 2 1
2 1 3 2
3 2 0 3
2 1 2 2
1 3 3 0
2 0 1 2
0 2 2 3
1 1 1 2
2 3 3 1
1 1 0 3
0 3 1 2
3 1 3 1
1 3 0 3
3 1 2 1
0 3 0 2
1 0 1 3
0 2 3 1
2 1 1 3
0 3 2 0
3 0 0 3
1 2 2 1
2 1 0 2
3 0 1 1
1 3 2 2
3 0 1 3
1 1 3 1
3 0 2 0
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1 3 1 2
2 1 0 3
3 3 1 1
0 2 3 2
2 1 2 1
1 2 3 2
3 3 2 1
0 1 1 3
2 3 2 1
3 0 3 0
1 3 1 3
3 1 3 2
2 2 2 1
0 1 3 3
2 3 1 0
0 2 0 3
3 0 1 2
2 3 0 3
3 1 1 2
1 2 3 0
0 3 0 3
3 2 1 2
1 0 2 3
2 2 1 0
0 3 3 1
3 2 2 0
1 3 3 1
2 0 0 3
3 3 1 2
2 0 3 1
0 1 2 3
2 2 1 1
1 1 2 2
0 0 3 3
2 3 1 1
0 1 2 2
2 2 3 0
3 3 0 3
2 1 2 0
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1 0 3 3
3 3 0 0
2 0 1 3
3 2 0 1
0 0 3 2
1 2 0 3
0 3 3 2
1 1 2 3
3 2 3 1
1 3 1 0
3 0 2 3
0 2 1 2
1 1 2 1
3 2 3 0
1 3 0 1
0 2 3 3
2 3 0 2
3 2 1 3
1 3 0 2
2 1 1 1
1 0 3 2
2 1 2 3
3 3 1 0
2 0 2 1
1 1 3 0
3 2 2 1
2 1 3 0
3 3 0 1
2 0 2 2
1 1 1 3
2 2 0 1
0 0 1 3
1 2 3 1
3 0 2 2
0 3 1 1
3 1 3 0
0 2 2 1
3 3 3 0
1 2 1 3
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2 3 2 2
3 1 1 3
2 2 2 0
0 1 3 1
2 3 2 0
1 2 0 2
3 1 2 0
1 2 1 2
2 1 3 1
1 3 2 0
2 0 3 3
3 2 0 2
1 0 3 1
3 1 2 2
0 2 3 0
3 1 0 3
2 2 1 2
0 3 2 3
2 2 3 2
3 1 1 1
1 2 2 3
2 0 3 0
1 3 2 1
0 1 3 2
2 0 2 3
3 1 0 2
1 2 2 0
2 1 1 2
3 3 2 0
2 2 0 3
3 0 2 1
2 3 1 2
1 1 3 3
0 2 2 2
3 1 1 0
2 2 2 2
0 3 1 3
3 2 2 2
2 3 0 1
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3 0 3 2
1 2 1 1
3 3 0 2
2 2 3 1
1 0 2 2
3 2 1 0
2 0 3 2
3 2 1 1
0 3 2 2
3 0 3 1
2 2 0 2
1 3 1 1
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[72] Fabian Pöhl. “Pop-in behavior and elastic-to-plastic transition of polycrystalline pure
iron during sharp nanoindentation”. In: Scientific Reports 9.1 (2019), pp. 1–12. issn:
20452322. doi: 10.1038/s41598-019-51644-5.

[73] Claudio Zambaldi et al. “Orientation informed nanoindentation of α-titanium: Inden-
tation pileup in hexagonal metals deforming by prismatic slip”. In: Journal of Materi-
als Research 27.1 (2012), pp. 356–367. issn: 08842914. doi: 10.1557/jmr.2011.334.

[74] Wei Li, Kevin G. Field, and Dane Morgan. “Automated defect analysis in electron mi-
croscopic images”. In: npj Computational Materials 4.1 (Dec. 2018). issn: 20573960.
doi: 10.1038/s41524-018-0093-8.

[75] J. H. Evans. “THE ROLE OF IMPLANTED GAS AND LATERAL STRESS IN
BLISTER FORMATiON MECHANISMS”. In: Journal of Nuclear Materials 76 & 77
(1978), pp. 228–234.

[76] G. T. Gray. “Influence of Shock-Wave Deformation on the Structure/Property Be-
havior of Materials”. In: High-Pressure Shock Compression of Solids (1993), pp. 187–
215. doi: 10.1007/978-1-4612-0911-9{\_}6.

[77] M. O. Liedke et al. “Open volume defects and magnetic phase transition in Fe
¡sub¿60¡/sub¿ Al ¡sub¿40¡/sub¿ transition metal aluminide”. In: Journal of Applied
Physics 117.16 (Apr. 2015), p. 163908. issn: 0021-8979. doi: 10.1063/1.4919014.

[78] Wolfgang Anwand et al. “Design and Construction of a Slow Positron Beam for Solid
and Surface Investigations”. In: Defect and Diffusion Forum 331 (Sept. 2012), pp. 25–
40. issn: 1662-9507. doi: 10.4028/www.scientific.net/DDF.331.25.

[79] M. Clement et al. “Analysis of positron beam data by the combined use of the shape-
and wing-parameters”. In: Journal of Applied Physics 79.12 (June 1996), pp. 9029–
9036. issn: 0021-8979. doi: 10.1063/1.362635.

[80] Andreas Wagner et al. “Positron annihilation lifetime and Doppler broadening spec-
troscopy at the ELBE facility”. In: 2018, p. 040003. doi: 10.1063/1.5040215. url:
http://aip.scitation.org/doi/abs/10.1063/1.5040215.



BIBLIOGRAPHY 118

[81] E. Hirschmann et al. “A new system for real-time data acquisition and pulse parame-
terization for digital positron annihilation lifetime spectrometers with high repetition
rates”. In: Journal of Instrumentation 16.08 (Aug. 2021), P08001. issn: 1748-0221.
doi: 10.1088/1748-0221/16/08/P08001. url: https://iopscience.iop.org/
article/10.1088/1748-0221/16/08/P08001.

[82] J. V. Olsen et al. “PALSfit: A new program for the evaluation of positron lifetime
spectra”. In: physica status solidi c 4.10 (Sept. 2007), pp. 4004–4006. issn: 1862-6351.
doi: 10.1002/pssc.200675868. url: https://onlinelibrary.wiley.com/doi/
10.1002/pssc.200675868.

[83] F.A. Selim. “Positron annihilation spectroscopy of defects in nuclear and irradiated
materials- a review”. In: Materials Characterization 174 (Apr. 2021), p. 110952. issn:
10445803. doi: 10.1016/j.matchar.2021.110952. url: https://linkinghub.
elsevier.com/retrieve/pii/S1044580321000826.
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