Single-Walled Carbon Nanotube Response to Neutron and Gamma Irradiation
Erik Monroe Dahl

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in
partial fulfillment of the requirements for the degree of
Master of Science
In
Mechanical Engineering

Mark A. Pierson, Chair
Scott T. Huxtable
Marwan Al-Haik

May 8, 2013
Blacksburg, VA

Keywords: Carbon Nanotubes, Neutron Irradiation, Gamma Irradiation, Raman Spectroscopy

Copyright © 2013 by Erik M. Dahl

Single-Walled Carbon Nanotube Response to Neutron and Gamma Irradiation
Erik Monroe Dahl
ABSTRACT

The unique electronic properties of single-walled carbon nanotubes (SWNTs) have
sparked interest for using such nanomaterials in the nuclear industry and within radiation
detection devices. To explore the application of SWNTs in the nuclear industry, it was first
deemed necessary to study how SWNTs respond to the two main types of radiation occurring in
nuclear environments, neutrons and gamma rays.
SWNT samples were irradiated in the High Flux Isotope Reactor (HFIR) at Oak Ridge
National Laboratory with neutrons and gamma rays at incremented lengths of time allowing for
multiple fluence intensities to be received by the samples. After irradiation, Raman spectroscopy
was used to monitor the damage incurred from neutron and gamma irradiation. It was found that
disorder within the SWNT lattice network increased with increasing irradiation intensity. The
results indicated that the gamma irradiation was causing the majority of the damage with little to
no damage caused by the neutron irradiation. Further investigation showed that the non-linearity
of the disorder increase with increasing irradiation intensity was typical of sample doping instead
of the expected particle impacts. It was concluded that the gamma irradiation was generating
dopants within the SWNTs by the process of water radiolysis. Water vapor trapped between the
SWNT film layer and the substrate that the film layer was placed on was identified as the source
of the sample dopants. Although unexpected, the results from this experiment have provided
insight into a potential gamma radiation detection technique using SWNTs that has never been
considered until now.
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Chapter 1 – Introduction and Background
The following paper will discuss an experiment performed by the Nuclear Engineering
Program at Virginia Polytechnic Institute and State University and the staff at the High Flux
Isotope Reactor and Center for Nanophase Materials Sciences at Oak Ridge National Laboratory.
With the facilities and equipment at Oak Ridge National Laboratory, the effects of neutron and
gamma irradiation on single-walled carbon nanotubes were studied with Raman spectroscopy
analysis. The background motivation, experimental procedures, and results produced from this
research are discussed in this respective order within the following chapters.
1.1 - Discovery of Carbon Nanostructures
The field of carbon science was revolutionized in 1985 when Harry Kroto, of University
of Sussex, and Richard Smalley, of Rice University in Houston, came together to collaboratively
investigate what happens when graphite is vaporized and what types of carbon clusters can be
produced from such experiments [1]. Kroto was interested in the vaporization of graphite as he
hoped it would provide key insight into the process by which chains of carbon molecules form
on the surfaces of stars [1]. Smalley’s previous research dealt with using laser vaporization to
synthesize materials such as silicon and gallium arsenide for use in semiconductor devices. A
schematic of this laser ablation setup can be seen in Figure 1 on the next page. Being relevant to
his experience and an idea that could further his semiconductor research, Smalley was also
interested in what unique structures/properties could be produced when one vaporizes carbon [2].
Using time-of-flight mass spectrometry analysis, Kroto and Smalley’s collaborative carbon
vaporization experiments immediately produced groundbreaking results of dominant open and
closed stable carbon clusters that consisted of 60 carbon atoms, a spherical C60 species later
1

Figure 1. Laser ablation production method used in the discovery of the C60 buckminsterfullerene [3]. Guldi, D.M.
and N. Martin, Carbon nanotubes and related structures : synthesis, characterization, functionalization, and
applications2010, Weinheim: Wiley-VCH. Reproduced with permission from Wiley-VCH Verlag GmbH & Co.
KGaA.

identified as a buckminsterfullerene, which can be seen on the left side of Figure 2 on the
following page [1, 4-6]. Initially, their discovery seemed to not be of any applicable significance,
but the closed C60 structure produced was the real treasure of their experimentation at the time.
The closed C60 structure proved to possess unique structural properties of enhanced stability and
symmetry as each vertex of the spherical structure is occupied by a carbon atom with all of its
valences satisfied by one double carbon-carbon bond and two single carbon-carbon bonds [1].
Recognizing the next step, Kroto and Smalley called for a more efficient means of fullerene
production that could yield higher percentages of C60 structures. With their reports of impressive
aromaticity and predictions that one could potentially be able to place other elements in the
interior of the spheroidal C60 structure, the creation of a more efficient production process was
quickly conceived allowing for further carbon species experimentation and the discovery of a
more novel carbon species called carbon nanotubes.

2

Extensive research related to carbon nanotubes and their potential applications has been a
continuously evolving field of science since the observation of these “needle-like tubes” was first
publicized by Sumio Iijima et al in 1991 [7]. Fascinated by the C60 buckminsterfullerene research
of past scientists, Iijima embarked on a tedious transmission electron microscopy (TEM) study of
the same carbon evaporation process that Kroto and Smalley used to produce clusters of varying
carbon structures [2]. Iijima was determined that there were still undiscovered novel carbon
structures to be found amongst the produced clusters [8, 9]. He found what he was looking for,
carbon nanotubes, which can be seen in Figure 2 below.

Figure 2. Molecular structure of a C60 buckminsterfullerene and a closed single-walled carbon nanotube [3].
Reproduced with permission from Wiley-VCH Verlag GmbH & Co. KGaA.

1.2 - Growth Model of Carbon Nanotubes
Iijima suggested in his preliminary investigations that engineering tubular carbon
nanostructures to produce specific tube lattice structures and sizes could be attainable on a scale
much larger than that of the C60 fullerene production process that was responsible for producing
the discovered carbon nanotubes [7]. With such a unique structure, Iijima hypothesized that
carbon nanotubes (CNTs) could have electronic properties substantially different from those of
typical graphite [10]. To be able to study such material properties, Iijima recognized the
3

importance of conceiving a nanotube growth model and developing a means of precise CNT
production that could generate controlled tubular samples suitable for experimentation [10]. A dc
carbon-arc discharge evaporation method was implemented by Iijima and Yoshinori Ando to
produce controlled CNT samples in pressurized He, Ar, or CH4 gas environments [11]. During
arc discharge production, Iijima and Ando observed the CNTs deposited on the negative
electrode growing perpendicular to the electrode surface so that one end of the nanotube was free
[11]. Roger Bacon concluded in his published work in 1959 that when administering a dc
graphite arc in a pressurized inert gas environment as displayed in Figure 3, graphite “whiskers”
were formed on the negative electrode and followed a growth model that he referred to as the
scroll structure model as seen in Figure 4 on the next page [12]. Bacon proposed that the graphite
whiskers were formed when a thin sheet of graphite coiled itself around a graphite particle in a

Figure 3. DC graphite arc discharge production method schematic used by Bacon and Iijima in their research [3].
Reproduced with permission from Wiley-VCH Verlag GmbH & Co. KGaA.

cylindrical fashion in order to reduce its surface energy [12]. He explained that when
maintaining equilibrium conditions in the arc discharge process, the whiskers would grow larger
4

in cylindrical length and thicken with an increasing number of coiled revolutions [12]. Bacon
was correct in his findings that the whiskers formed were of cylindrical shape and followed his
scroll growth model, but Iijima found that Bacon’s proposed scroll structure growth model was
not correct for carbon nanotube growth [2, 10].

Figure 4. Roger Bacon’s proposed scroll structure growth model. Reprinted with permission. Bacon, R., Growth,
Structure, and Properties of Graphite Whiskers. Journal of applied physics, 1960. 31(2): p. 283. Copyright 1960,
American Institute of Physics.

Iijima used TEM and electron diffraction techniques to show that the carbon nanotubes
he was observing had equal amounts of lattice layers when observed from both ends of the
tubular structure [7]. He was able to prove that carbon nanotubes have a seamless and concentric
cylindrical structure that provides for a mirrored coaxial arrangement of multiple layers, contrary
to Bacon’s proposed scroll structure model involving one continuous coiled carbon sheet [7].
Iijima concluded that carbon nanotubes follow an open-end growth model, which can be seen in
Figure 5 on the following page. When growing carbon nanotubes with the carbon arc discharge
technique, tube growth occurs at the open tube ends. While maintaining a stable carbon arc
plasma, the tube ends remain open and carbon atoms continue to be deposited onto the tube ends
increasing tube length [10]. Once the arc discharge environment experiences moments of
instability, the end of the growing tube is closed quickly and growth of that tube is terminated
5

[10]. As the tube end closes, growth will then begin to occur on the outer wall of the closed tube
creating a new seamless tube shell that will follow the same growth process as the tube before it
and increase the total thickness of the carbon nanotube structure [10].

Figure 5. Sumio Iijima’s proposed open-end growth model for carbon nanotubes growing upwards from the
negative electrode of the carbon arc discharge apparatus [10]. (a) One open-ended nanotube with tube growth
occurring at the tube end. (b) One closed nanotube as a result of unstable arc conditions with a new seamless openended tube shell forming on the outer wall of the closed nanotube. (c) Two closed nanotubes with a new seamless
open-ended tube shell forming on the outer wall of the most recently closed nanotube. Illustration created by the
author.

A carbon nanotube is simply a graphene sheet, a single atom layer of sp2-bonded carbon
atoms, rolled up so that two of the edges are joined together to create a tubular nanostructure.
The cylindrical structures contain C60 fullerene fragments as the axial length of a closed carbon
nanotube is ended with a fullerene hemisphere, as seen previously in Figure 2 on page 3. Two
types of carbon nanotubes exist, multi-walled nanotubes (MWNTs) and single-walled nanotubes
(SWNTs). The first carbon nanotubes observed by Iijima were of multi-walled type. The
difference between MWNTs and SWNTs is that MWNTs have single nanotubes fitted into one
another in a concentric cylinder orientation whereas SWNTs consist of just one tube layer. After
modifying the conditions of the arc discharge production environment, Iijima was able to
consistently produce the rare SWNTs for his research [13].
6

1.3 - Structure and Chirality of CNTs
With consistent production, researchers noticed that carbon nanotubes exhibit a
phenomenon called allotropy where the nanotubes are identical in chemical composition, but
differ in crystalline lattice structure from nanotube to nanotube. The different crystalline lattice
structures result in varying stability and distinct properties for each type of nanotube lattice
orientation [13]. The dominating influence of these altered nanotube properties is the way in
which the graphene sheet layers are rolled into a tube. Using the International Union of Pure and
Applied Chemistry’s (IUPAC) material nomenclature system to appropriately name the multiple
variations of carbon nanotubes proved to be inadequate leading to an entirely new system of
classification for carbon nanotubes [13]. The structure of an individual nanotube is specified in
. The equation for this vector
terms of a circumferential vector along the graphene lattice called C
can be seen below in Equation 1 where a and a are the unit cell vectors for a graphene sheet
and n and m are paired integer descriptors that are used to tell how many steps one must travel
within the nanotube hexagonal pattern in the respective directions of a and a to arrive at the

C = a +

a

(1)

exact circumferential vector orientation desired [13]. The circumferential vector 
C and how it is
applied to the hexagonal lattice structure of a graphene sheet before it is rolled into a carbon
nanotube can be seen in Figure 6 on the next page. Each (n, m) pair inherently defines the carbon
nanotube diameter and what type of rolled graphene sheet orientation, or chirality, it possesses.
Three types of chirality exist among the carbon nanotube species. The three
classifications are called zig-zag, armchair, and chiral carbon nanotubes. Zig-zag carbon
nanotubes are named for the zig-zag edge that is created at the open nanotube end when the

7

Figure 6. Circumferential lattice vector notation used to name specific chirality types of carbon nanotubes [13].
With kind permission from Springer Science+Business Media: Carbon Materials and Nanotechnology, Carbon
Nanotubes, Volume 1, 2010, page 127, Anke Krueger, Figure 3.2(b), Copyright 2010 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

graphene sheet layer is rolled parallel to the unit cell vector a or a , producing a tube axis that is
perpendicular to the circumferential vector of the graphene lattice space as seen in Figure 6
above. For the case of zig-zag nanotubes, the n or m integer will have a value of zero depending
on what unit cell vector the graphene sheet is rolled parallel to. Armchair carbon nanotubes are
formed from rolling the graphene sheet layer at an angle of 30° to the unit cell vectors a and a
so that the paired n and m integers are equal to each other. Chiral nanotubes are the product of
the rolling direction angle of the graphene sheet being between 0° and 30° from unit cell vector
a or a where the paired n and m integers are not equal to each other [13].
Several characteristics can be obtained from the circumferential vector notation of a
 vector from Equation 1, a nanotube’s
carbon nanotube. Using the parameters of the C
circumference and diameter can be calculated with Equations 2 and 3 respectively where unit

 = a ∙ √ + 
C
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+



(2)

d=







=  ∙ √ + 


+



(3)

vectors a and a are both represented by unit vector a with a set value of 0.246 nm [13]. Along
with a nanotube’s circumference and diameter, the angle at which the graphene sheet was rolled
to form the nanotube, called the chirality angle, can be calculated with Equation 4 [13].

θ° = sin 

√

√  

!

(4)

1.4 - Conductive Behavior of CNTs
With several chirality orientations producing different bonding orbital symmetries,
carbon nanotubes have been shown to exhibit both metallic and semiconducting properties.
Whether a carbon nanotube follows a metallic or semiconducting behavior is directly influenced
by the linear combination of atomic orbitals (LCAO) coefficients, or orbital signs (+ or -), of
encountering carbon atoms during the graphene rolling procedure. A depiction of the LCAO
coefficients and whether the graphene rolling process produces a metallic or semiconducting
nanotube can be seen in Figure 7 on the next page. If carbon atoms encountering each other
during the graphene rolling process have equal LCAO coefficients, such as + and +, the orbitals
will maintain periodicity throughout the nanotube leading to permitted states on the Fermi level
and a zero band gap, as seen on the next page in Figure 8(a), resulting in metallic behavior.
When carbon atoms encountering each other during the graphene rolling process do not have
matching LCAO coefficients, the orbital periodicity and symmetry is not maintained. According
to the orbital symmetry conservation law, the orbitals formed from mismatching LCAO
coefficients are not allowed which produces zero permitted states on the Fermi level allowing a
band gap to arise as seen in Figure 8(b). With this band gap, the carbon nanotubes exhibit a
9

Figure 7. Two scenarios of the graphene sheet rolling process. (a) metallic nanotube with matching LCAO
coefficients and no band gap or (b) semiconducting nanotube with different LCAO coefficients and an arising band
gap [13]. Illustration created by the author.

Figure 8. Density of states and van Hove singularities for two conducting types of CNTs. (a) A metallic carbon
nanotube with permitted states at the Fermi Level and no band gap and (b) a semiconducting carbon nanotube with
no permitted states at the Fermi level and an existing band gap [13]. Illustration created by the author.
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semiconducting behavior. The band gap is the distance between the valence and conduction
band. This distance is represented by the energy difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The HOMO
and LUMO correspond to the first van Hove singularities on both sides of the Fermi level in
Figure 8. For semiconducting nanotubes, there is a difference in the HOMO and LUMO, but for
metallic nanotubes, the HOMO and LUMO are both located on the Fermi level and cannot be
distinguished. To determine if a carbon nanotube is going to be metallic or semiconducting, the n
and m circumferential vector parameters can be used in Equations 5 and 6 below where q is an
integer [13]. From Figure 7, one can see how the positive and negative LCAO coefficient pattern
repeats every three orbitals along both unit vectors a and a of the graphene sheet. This pattern
establishes that in order to have identical LCAO coefficients and a resulting metallic behavior,
the difference of the circumferential vector parameters n and m must be divisible by three. If the
difference is not divisible by three, the nanotube is a semiconductor [13]. Equations 5 and 6
Metallic nanotubes:

−

= 3q

(5)

Semiconducting nanotubes:

−

≠ 3q

(6)

came about soon after Iijima’s exposure of carbon nanotubes in 1991 when Noriaki Hamada was
able to conclude in 1993 that the electronic properties and band structure of individual carbon
nanotubes are a direct function of tube chirality and diameter [14]. Further geometry dependence
was concluded when Jean-Marc Bonard et al were able to approximate that the band gap for a
semiconducting carbon nanotube scales with the inverse of nanotube diameter. For example,
semiconducting SWNTs with diameters of 0.6 and 1.6 nm can be expected to have respective
band gaps of 1.0 and 0.4 eV [15].
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With such a unique and customizable conducting behavior, using carbon nanotubes as
electrical nano-wires has gained significant attention. Electrical resistance in a macroscopic wire
typically depends on length, material resistivity, and cross-sectional area of the wire, but a
carbon nanotube’s resistance is independent of length as the means of charge transport in the
wire occurs through an abundance of conduction channels [13]. Experiments performed by W.
de Heer et al showed that when applying a voltage to a carbon nanotube, the variation of
conductance that is seen with standard conductors was not present, but instead a stepwise
increase of conductivity was observed. Another atypical characteristic of applying voltage to a
carbon nanotube is that they have exhibited a large robustness towards high voltages and the
heating damage that usually occurs with conventional conductors under high potentials. This
type of long distance electron transport and low electron free path resistance is known as ballistic
transport and is the reason that carbon nanotubes experience low heating under conduction. The
electrons do not interact with phonons in the lattice structure which provides for minimal
increase in lattice vibration and little structural heating damage. The electron free path for a
single carbon nanotube has been experimentally determined to be as large as 100 nm whereas
standard conductors such as lithium, copper, and silver have electron free paths of 110 Å, 430 Å,
and 560 Å respectively (1 Å=1x10-10m) [13]. It is important to note that using calculations, the
electron free path in a defect-free carbon nanotube has been calculated to be up to 1µm. The
difference in the calculated and experimentally determined electron free path is directly
attributed to the fact that a carbon nanotube’s conductivity is largely dependent on the percentage
of structural defects in the nanotube. Defects include sample impurities, axial strains, StoneWales defects, and other imperfections, all of which alter the band structure and diminish
electrical conductivity within the nanotube. Despite occurring defects, a standard conductor’s
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limited current density capacity has rendered the carbon nanotube’s conductive properties
superior and generated research into their many potential electronic applications [3].
1.5 - Field Emission and Field Effect Applications of CNTs
Being a conductor, carbon nanotubes possess the gift known as field emission which is
defined as the ability of a material to emit electrons from its surface when an electric field is
applied [15]. Both types of carbon nanotubes possess a lower work function than conventional
types of field emitting materials, but SWNTs exhibit a lower field emission work function than
MWNTs meaning less energy is required to extract an electron from the material surface.
MWNTs are better than SWNTs at supporting continuous use as they are more stress resistant to
electric fields. Although less robust to continuous use, SWNTs prove to be the most suitable
material for field emission with their low work function and higher field amplification factor [13,
16]. With an attractive conductive and field emitting behavior, multiple electronic applications of
carbon nanotubes have been developed since the discovery of the nanostructures. The tips of
atomic force microscopes have characteristically been made from silicon or silicon nitride, but
with such brittle mechanical properties, silicon-based tips are not capable of correctly imaging
samples with trench-like surface grooves and are prone to mechanical failure. All of these issues
with silicon-based tips lead to a decrease in image resolution and accuracy over continual use
[13]. Carbon nanotubes exhibit large mechanical stress resilience and a large length to diameter
ratio. Consequently, the application of carbon nanotubes for use in atomic force microscope tips
has allowed for accurate surface imaging, extension of the microscope tip’s operational lifetime,
and better surface resolution when sample imaging. Similar improvements were seen when
carbon nanotubes were used in cathode fabrication for field emission displays. The resulting
display technology is much brighter and much more energy efficient because of the carbon
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nanotubes’ low field emission work function and enhanced stability at high electric field
intensities [13]. Gas discharge tube devices used for overvoltage protection have been created so
that once the voltage between a carbon nanotube cathode and electrode reaches the controlled
value for field emission, the current emitted will cause a discharge through the noble gas filled
electrode gap [15]. A carbon nanotube’s low emission work function is attributed to the localized
states that occur at the tips of the nanotubes. The localized states occurring in the tube caps offer
a density of states comparatively different from those of the nanotube body. Higher carrier
densities at the Fermi level are found in these localized states leading scientists to conclude that
the majority of emitted electrons during field emission are supplied by the localized states
present in the carbon nanotube tips [15].
The electric conductivity of a semiconducting nanotube can be altered when
administering an external field as the electric induction of the applied field acts to influence the
number of charge carriers in the respective regions of the material. This phenomenon is known
as field effect and allows for the use of semiconducting carbon nanotubes in the construction of
field effect transistors, the fundamental component in modern electronic devices [13]. Applying
a negative gate voltage will concentrate the charge carriers within the semiconducting carbon
nanotubes and lead to an increase in electrical conductivity. With this characteristic, the
resistance of a semiconducting carbon nanotube can be modified over several orders of
magnitude and tweaked to desired operational values for electronic devices [13].
1.6 - Molecular Detection Capabilities of CNTs
The property of carbon nanotubes most pertinent to this area of research is their chemical
sensing ability to detect the type and concentration of a substance in an environment down to the
parts per trillion (ppt) range [13]. When a particle is absorbed by a carbon nanotube, a partial
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charge transfer will occur during the interaction altering the charge carrier concentration. From
such an alteration, changes in the carbon nanotube’s conductivity, resonance frequency, or
electrical resistivity can be measured and attributed to the particle concentration present. Carbon
nanotubes owe their sensitive chemical detecting nature to the fact that all of their atoms are
located on the surface of the tubular nanostructure. The degree of a carbon nanotube’s sensitivity
to particle interaction is dependent on the subject particle’s ability to act as a prominent electron
donor/acceptor [13]. For particles that exhibit adequate electron donor/acceptor behavior,
standard carbon nanotubes alone are a sufficient electrode tool for sensitive detection. To
sensitively detect particles that do not exhibit adequate electron donor/acceptor behavior, surface
modifications such as chemical deposition or chemical functionalization can be performed to
engineer specific particle sensing carbon nanotubes [13].
1.6.1 - Current detection device applications of CNTs. With such customizable
detection capabilities, a sensitive response to electric field alterations, and unique electronic
properties, several applications of carbon nanotubes have been conceived for use in sensitive
molecular detection devices. As previously mentioned, carbon nanotubes are ideal structures for
use in microscope tip applications and the same ideality has been realized for gas ionization
detectors. By establishing the ionization characteristics of certain gases (every gas has its own
distinct breakdown characteristics [17]), ionization detectors are able to detect charged particles
passing through the gas medium of the detector chamber as the charged foreign particles will
create an electrical signal from the ionization current generated [18]. The application of standard
ionization chamber detection devices are limited by their cumbersome, large power consuming
designs and their dependence on the time consuming gas adsorption/desorption technique, but
the use of carbon nanotubes for electrode tips in ionization chamber detection devices has
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overcome these typical device limitations. With a heightened sensitivity towards electric field
changes and a lower, more precise electrode breakdown voltage, the application of carbon
nanotube electrode tips within gas ionization chambers has proven to produce a more compact,
lower operations cost design that offers a more precise and informative gaseous fingerprinting
feature with a faster sensor response time compared to conventional ionization detection devices
[17, 19, 20]. Nanotube tipped ionization detectors have been found especially useful when
integrated into gas chromatography sensors as their small size and increased selectivity has
broadened the industrial portability and gaseous particle detection range of gas chromatographs
[17].
1.6.2 - Current research performed on CNTs undergoing particle irradiation. Within
the field of molecular detection lies the application of such chemical sensing and dosimetry
devices for monitoring environmental radiation conditions or quantifying the amount of
personnel radiation dosage received. In order to successfully implement the use of carbon
nanotubes for radiation detection purposes, it is first necessary to understand what irradiation
induced defects arise in the carbon lattice network from such particle intrusion. Both real-time
irradiations and atomistic simulations have been performed for several particles of interest.
Studies using classical molecular dynamics have been performed to model the production of
defects in SWNTs undergoing argon ion irradiation [21]. The simulation had suspended SWNTs
being irradiated with argon ions ranging in energy from 100 to 2000 eV. The study found that
single and multi-atom vacancies in the carbon lattice network were the most predominant defect
caused by argon ion impact [21, 22]. A visual of the knock-on atom displacements created
between the collision of argon ions and carbon atoms can be seen in Figure 9 on the following
page. The defect near the center of the figure is a double atom vacancy and the defect in the
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upper right-hand of the figure is a single atom vacancy. It was found that the number of defects
increased with the ion energy up to 600 eV where the damage then remained relatively constant
because of the decrease in nuclear collision cross-section at increased ion energies.

Figure 9. Damaged SWNT sidewall just after argon ion impact [21]. Reprinted figure with permission from
Krasheninnikov, A.V., K. Nordlund, and J. Keinonen, Physical Review B, Vol. 65(16): p. 165423. Copyright 2002
by the American Physical Society. http://prb.aps.org/abstract/PRB/v65/i16/e165423

Similar studies of SWNTs undergoing electron irradiation have been performed where it
was found that the nanotubes displayed a similar knock-on atom defect production seen with ion
irradiation, but the majority of defects observed were single atom vacancies [21]. Studying how
carbon nanotubes respond to electron irradiation is of significant importance as one of the main
methods for providing images of defect production in carbon nanotubes is transmission electron
microscopy. With a TEM, dispersed SWNTs were irradiated with 80, 100, 200, 300, and 400
keV electrons at differing lengths of time in order to expose the nanotube samples to a range of
electron fluence [23]. When irradiated for 136 minutes with 80 keV electrons and a total fluence
of 1.9 x 1023 electrons/cm2, the TEM images showed that the SWNTs maintained their rigidity
and parallel tube wall structure meaning no significant irradiation induced defects were
produced. When administering an 80 minute irradiation time with 100 keV electrons and a total
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fluence of 1.1 x 1023 electrons/cm2, the TEM images showed that the SWNT walls were distorted
and no longer resembling their pristine parallel walled structure with constant diameter along the
tube axis. It was clear that the 100 keV electron irradiation had damaged the SWNT carbon
network with elastic knock-on displacements creating vacancies throughout the rigid structure.
At 200, 300, and 400 keV electron energies with lower fluence times, irradiation resulted in
almost complete graphitization of the SWNT structure where the TEM images showed a
majority of amorphous carbon present. The electron irradiation study revealed that the threshold
energy for causing elastic knock-on impact damage in SWNTs with electrons is 86 keV. It is
important to note that for TEM imaging analysis, it was recommended after this electron
irradiation study to use an accelerating voltage ranging from 80 to 100 kV for optimal imaging of
SWNTs because this voltage offers low sample damage rates and heightened image contrast
[23].
Two SWNT samples were irradiated with 1 MeV protons supplied by a Van der Graaff
particle accelerator at fluences of 5.5 x 1014 and 9.6 x 1014 protons/cm2. An important analysis
that will be discussed later in the methodology section of this dissertation called Raman
spectroscopy was used for pre and post-irradiation analysis of these SWNT samples. Postirradiation Raman spectra measurements showed that upon induced proton irradiation, the Gband and D-band Raman spectra peaks experienced increases/decreases in band peak intensity
indicating the creation of defects with proton bombardment similar to what has been seen with
ion and electron irradiation [24].
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Chapter 2 - Experimental Setup and Procedure
The High Flux Isotope Reactor (HFIR) facilities used as the source of neutron and
gamma irradiation during this experiment, how the SWNT samples were irradiated in those
facilities, and what quantities of irradiation the samples received are discussed in the following
sections below. Before the SWNT samples were irradiated, a de-bundling and substrate
transferring process was performed to ensure that the samples could both handle the HFIR
irradiation environment and provide a means for repeatable and accurate pre- and post-irradiation
Raman spectroscopy damage analysis. Detailed depictions of every experimental step taken in
this experiment can be found in the following chapter’s contents.
2.1 - The High Flux Isotope Reactor (HFIR)
The HFIR is located on the campus of ORNL and operates at 85 MW offering the highest
reactor-based steady-state neutron flux of any research reactor in the United States with an
average thermal neutron flux of 2.3 x 1015 neutrons/cm2-second. It has been operating since
September 1966 and has a fuel cycle that lasts 22 to 26 days [25]. The experiments for this
research were performed during the 442nd and 443rd fuel cycle. The HFIR is a light water flux
trap style reactor that uses highly enriched uranium-235 fuel. The term flux trap is used to depict
the design of the fuel assemblies used in the HFIR. The HFIR uses one annular fuel assembly
that has several different concentric cylinder sections. There are two concentric fuel element
regions in a fuel assembly, an inner and outer annulus, surrounding one un-fueled moderating
region in the center of the assembly that allows the high-energy fast neutrons produced from the
U-235 fuel undergoing fission to be moderated (reduced to a lower kinetic energy) creating a
trapped region of very high thermal neutron flux. The described HFIR fuel assembly can be seen
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in Figure 10 below. Surrounding the outer annulus fuel region is a concentric ring of beryllium
reflector that acts to redirect neutrons emanating out of the fuel assembly during fission back
towards the assembly centerline for use in the ongoing fission chain reaction [26].

Figure 10. Top view of a HFIR fuel assembly. Notice the target rods located in the center high thermal neutron flux
region. Photo by the author.

The in-vessel irradiation capability of the HFIR was the leading factor in choosing the
research reactor for this material irradiation experiment. The HFIR has multiple irradiation
positions located throughout the regions of the reactor core where samples can be placed to
receive differing levels of thermal and fast neutron flux. Because of the nature of the fission
process occurring within the HFIR fuel, samples being irradiated are also exposed to levels of
gamma radiation that are taken into consideration during this sample damage analysis. There are
thirty target positions located in the center high flux trap region, one hydraulic tube facility in the
high flux region of the flux trap allowing for the insertion and removal of samples while the
reactor is operating, six peripheral target positions located at the outer edge of the flux trap,
multiple vertical irradiation facilities throughout the beryllium reflector region, two slant access
facilities located at the outer edge of the beryllium reflector, and two pneumatic tube facilities in
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the beryllium reflector region that also allow for the insertion and removal of samples during
reactor operation for neutron activation analysis (NAA).

Figure 11. Irradiation positions located in the HFIR core [27]. ORNL, High Flux Isotope Reactor (HFIR) User
Guide: A guide to in-vessel irradiations and experiments, DOE, Editor 2011, National Scientific User Facility. Used
under fairuse, 2013.

The two most valuable in-vessel irradiation locations for this SWNT irradiation
experiment are the hydraulic tube and pneumatic tube facilities because their sample insertion
and removal during reactor operation capabilities allow for a range of fluence exposure times to
be administered whereas the other in-vessel irradiation locations are strictly limited to full cycle
length (22 to 26 days) fluence times. The driving difference between the hydraulic tube facility
and the pneumatic tube facilities is their location in regards to the reactor centerline, which can
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be seen in Figure 11 highlighted in blue and green, respectively. Being located in the high flux
region of the flux trap (close to reactor centerline), the hydraulic tube facility offers an average
thermal neutron flux of 2 x 1015 neutrons/cm2-sec and an average fast neutron flux of 1 x 1015
neutrons/cm2-sec. With the pneumatic tube facilities (PT-1 and PT-2) being located in the
beryllium reflector region of the core, the average fluxes are an order of magnitude lower than
the hydraulic tube facility with average thermal neutron fluxes of 4.32 x 1014 and 4.00 x 1013
neutrons/cm2-sec for PT-1 and PT-2, respectively. For this irradiation experiment, the pneumatic
tube facilities were chosen because their lower thermal flux and insignificant fast flux will allow
for a more broad fluence range than the hydraulic tube facility can provide [25, 28].
2.1.1 - The PT-1 pneumatic tube irradiation facility. The pneumatic tube facilities
operate by using air supply and exhaust lines to send sample containers, called “rabbits,” through

Figure 12. Pneumatic flight tube PT-1 from the reactor to the NAA loading station. ORNL, High Flux Isotope
Reactor (HFIR) User Guide: A guide to in-vessel irradiations and experiments, DOE, Editor 2011, National
Scientific User Facility. Used under fairuse, 2013.
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flight tubes from loading stations located outside of the HFIR. A schematic of this setup can be
seen in Figure 12 on the previous page. The inner diameter of the flight tube is 0.62 inches
(15.88 mm) and the outer and inner diameter of the cylindrical rabbit sample containers are 0.56
inches (14.48 mm) and 0.35 inches (9 mm), respectively. The right cylinder height of the rabbits
is 0.71 in (18 mm). The rabbits can be made out of high density polyethylene (HDPE) or
graphite depending on the type of material being irradiated. Due to the nature of this experiment
and the different types of materials and material impurities that will be irradiated, our samples
will need time to radioactively decay before they can be released or “green tagged” for postirradiation analysis and safe handling at ORNL facilities. Even though PT-2 has a lower thermal
flux, the use of PT-1 was chosen over PT-2 for this experiment because of its in-pool decay
station, its direct access to the NAA facility where trace impurities in our samples can be
determined, and its minimum irradiation time of 5 seconds [25, 26, 28].
2.1.2 - Gamma irradiation facility at the HFIR. Another experimental facility at the
HFIR that is of significant importance for this experiment is the gamma irradiation facility.
Using the spent HFIR fuel assemblies stored in the reactor pool, the gamma irradiation facility is
designed to irradiate materials with gamma dose rates up to 1.8 x 108 rads/hr. With an arsenal of
spent fuel assemblies that vary in age, a multitude of dose rates are available for administering
exact desired gamma irradiation fluences. The chambers used to house the sample material in the
spent fuel assemblies (as seen in Figure 13 on the next page) have an inner diameter of 3.25 in
(82.55 mm) with a chamber length of 25 in (635 mm). Samples are irradiated in the gamma
facility by manually lowering them into the spent fuel assembly irradiation chambers from the
surface of the reactor pool. For the spent fuel assembly irradiation chamber, there are two
chamber plug attachment options for a gamma irradiation experiment. The uninstrumented
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Figure 13. Spent fuel assembly chamber used for uninstrumented irradiations in the HFIR gamma irradiation
facility. ORNL, High Flux Isotope Reactor (HFIR) User Guide: A guide to in-vessel irradiations and experiments,
DOE, Editor 2011, National Scientific User Facility. Used under fairuse, 2013.
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assembly plug houses the entry point of the sample loading tube and supports inert gas lines that
pressurize the gamma irradiation chamber to 15 psig providing for a water-free sample
environment in case of seal failure. The instrumented assembly chamber plug has a more
advanced line support system that supports the inert gas lines and electrical instrumentation
cables needed for experimental monitoring equipment. The most commonly supported inert
gases are Argon and Helium. A piping and instrumentation drawing of the gas line system can be
seen in Figure 14 below. The gamma irradiation facility of the HFIR must be used for this
experiment because the materials irradiated in the HFIR pneumatic tube irradiation facility
receive not only neutron irradiation, but also receive a portion of gamma irradiation during the
process. The additional portion of gamma flux is produced from the same uranium fuel fission

Figure 14. The pressurized inert gas piping system used during the gamma irradiation of materials in the chamber of
the HFIR spent fuel assemblies. ORNL, High Flux Isotope Reactor (HFIR) User Guide: A guide to in-vessel
irradiations and experiments, DOE, Editor 2011, National Scientific User Facility. Used under fairuse, 2013.
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process responsible for the abundance of neutrons that occur in the HFIR. By irradiating samples
in both the pneumatic tube irradiation facility (neutron and gamma flux) and the gamma
irradiation facility (gamma flux only) of the HFIR, equal gamma fluences are able to be
administered to the samples so that the damage incurred solely from neutron irradiation can be
decoupled from the damage incurred solely from gamma irradiation. With this process, the
experiment results will yield how SWNTs respond to a range of both neutron and gamma
fluences.
The portion of gamma flux received by the SWNT samples during the HFIR pneumatic
tube facility irradiations was calculated by staff members of the HFIR facilities using a Monte
Carlo N-Particle (MCNP) transport code to simulate the nuclear fission process. With the
quantified gamma flux, the portion of gamma fluence seen by each SWNT sample during the
HFIR pneumatic tube facility irradiations can be calculated by taking the product of the
quantified HFIR gamma flux and the duration that each SWNT sample spent in the pneumatic
tube irradiation facility of the HFIR. Using the calculated gamma fluence seen by each SWNT
sample in the HFIR pneumatic tube irradiation facility, an adequate spent fuel assembly in the
gamma irradiation facility of the HFIR was chosen to replicate equal gamma-only fluences
necessary for the neutron and gamma irradiation damage decoupling process. If similar particle
fluxes seen in the HFIR could be simply replicated by using spent fuel assemblies, then there
would be no reason for building such a reactor. As suggested, the gamma dose rates produced by
the available spent fuel assemblies of the gamma irradiation facility are not capable of meeting
the higher gamma dose rate seen in the HFIR pneumatic tube facility. Along with inadequate
gamma dose rate levels able to match the gamma flux levels of the HFIR pneumatic tube
irradiation facility, some of the higher dose rate spent fuel assemblies produce more heat and the
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sample irradiation chambers are at a significantly greater equilibrium temperature than the
pneumatic tube irradiation facility chamber of the HFIR. In order to maintain as much equality as
possible between the HFIR pneumatic tube irradiation facility environment and the gamma
irradiation facility environment, a spent fuel assembly with lower gamma dose and therefore
lower irradiation chamber temperature was chosen. This means that equal gamma fluences seen
by the SWNT samples in the HFIR pneumatic tube irradiation facility were achieved by
increasing the duration that the other SWNT samples spent in the chosen spent fuel assembly
chamber of the gamma irradiation facility.
2.2 – SWNT Sample Specifications and Preparation
The SWNTs used for this experimentation were purchased from Sigma-Aldrich’s
nanomaterials product line of carbon nanotubes produced using their trademark CoMoCAT
catalytic fluidized bed reactor process. With their trademark CoMoCAT fluidized bed reactor
process, Sigma-Aldrich is able to selectively produce smaller diameter SWNTs with less
variability in the (n, m) and chirality structures of the nanotubes produced compared to other
synthesis techniques. The Sigma-Aldrich CoMoCAT SWNTs used for this experiment are of
high-purity (6,5) chirality with a SWNT content of >77% and diameter range of 0.7-0.9 nm.
Using the (6,5) n and m integers in Equation 6 on page 11, these chiral structured SWNTs are
semiconducting and reported by Sigma-Aldrich to contain over 90% semiconducting
nanotubes[29].
2.2.1 - Using surfactants and mechanical methods for CNT de-bundling. Issues with
all types of research involving CNTs arise because of the strong van der Waals forces causing
the CNTs to form bundles after synthesis, which do not disperse well in aqueous solutions. To
improve the dispersive nature of the CNTs in aqueous solutions, surfactants such as sodium
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dodecyl sulfate (SDS) are used to provoke hydrophobic/hydrophilic interactions between the
bundled CNT surface and water. When creating an aqueous solution of distilled water and
bundled CNTs with a percent concentration of SDS, the hydrophobic portion of the SDS
molecule will adsorb onto the surface of the bundled CNTs while the hydrophilic portion of the
SDS molecule will associate itself with the water molecules allowing for the SDS to dissolve in
the water. Three milestones exist when using SDS surfactant to disperse CNTs in an aqueous
solution. The bundle state comes first when the CNTs are still bundled and dominated by tubetube van der Waals interactions as mentioned above. Once the CNTs have been combined with
the SDS-water solution, the micelle state has been reached where the SDS molecules coat the
individual CNTs and begin to overcome the tube-tube van der Waals interactions responsible for
bundling. In the micelle stage, the SDS molecules position themselves on the surface of the
CNTs in gaps between the walls of adjacent tubes. The final stage of CNT dispersion is known
as the unzipping stage and is attained by the use of ultra-sonication equipment similar to what
can be seen in Figure 15. By using the mechanical method of ultra-sonication, the number and

Figure 15. Bath ultra-sonication of SWNT-SDS-water solution. Photos by the author.
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size of the gaps between adjacent CNTs are increased enabling the SDS molecules to further
adsorb on the CNT’s surface and progress along the length of the CNTs. With the Brownian
motion of randomly drifting particles and the application of ultra-sonication, the SDS molecules
penetrate deep into the gaps of the CNT bundle until complete separation occurs. To assure that
the CNTs being analyzed are indeed de-bundled after ultra-sonication, it is necessary to place the
aqueous solution in a centrifuge as seen in Figure 16 in order to separate the remaining moredense bundled CNTs from the less-dense de-bundled CNTs. The more-dense bundled CNTs will
precipitate out of the solution and settle on the bottom of the centrifuge container tube in the
form of black soot while the less-dense de-bundled CNTs will remain in the gray SDS-water
solution called the supernate [30, 31].

Figure 16. Centrifugation of SWNT-SDS-water solution. Photos by the author.

For this experiment, a 1% SDS, 250 ml distilled water solution was mixed with 25 mg of
Sigma-Aldrich (6,5) SWNTs. A round bottom flask filled with the mixed solution was then
suspended in an ultrasonic bath operating at a frequency of 170 kHz for a duration of two hours.
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The sonicated solution was then placed in centrifuge canisters and loaded into a centrifuge and
spun at 10,000 rpm in a set room temperature environment of 22°C for two hours.
2.2.2 - Filtering SWNTs with membrane filter paper. The next step after
centrifugation of the aqueous SWNT solution is to extract the de-bundled SWNT supernatant out
of the aqueous solution. With 1 µm thick, 47 mm diameter Millipore membrane filter paper, a
filtering system was setup as seen in Figure 17 below. After wetting the membrane filter paper
with distilled water and placing it over a porous flask plug, that flask plug is then clamped down
attached to a flask that has a connected vacuum suction line drawing in air downwards through
the porous flask plug. Using a Pasteur pipette, several portions of the gray supernatant SWNT
solution were withdrawn from the centrifuge canisters without disturbing the bottom precipitate
and introduced gently onto the filter paper surface. The suction pulled the supernatant solution
downwards through the membrane filter paper leaving a film layer of the de-bundled SWNTs on
the surface of the filter paper. To fully rid the SWNT film layer of any trace amounts of SDS
surfactant, several short rinses with distilled water were administered to the filter paper surface.
After rinsing, the suction line valve was closed and the SWNT covered membrane filter paper
was allowed to dry.

Figure 17. Filtering de-bundled SWNTs with membrane filter paper. Photos by the author.
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2.2.3 - Transfer process to TEM grids. The last step in preparing the SWNT samples
for neutron irradiation in the HFIR is to transfer the SWNT film layer on the membrane filter
papers to the surface of TEM compatible grids. Once the film layer on the membrane filter paper
has dried, the filter paper was then torn into smaller pieces. Each of those pieces was then
submerged in a Petri dish filled with acetone dissolving the membrane filter paper leaving just
the SWNT film layer floating in the acetone-filled Petri dish as displayed in the center image of
Figure 18 below. Preliminary irradiations were performed on both copper lacey carbon and

Figure 18. Using acetone to dissolve the membrane filter paper and transfer the SWNT film layer to a TEM grid.
Photos by the author.

silicon nitride TEM grids to determine what grids would be better suited for the neutron and
gamma radiation bombardment. It was found that the silicon nitride TEM grids were less
radioactive after neutron and gamma irradiation and therefore would require the least amount of
time needed for the samples to radioactively decay in the HFIR decay pool station. Once deemed
safe to transport and given green tag access by the HFIR facility, the samples were free for postirradiation analysis. 3 mm diameter silicon nitride TEM window grids were chosen for this
experiment because of their compatibility with spectroscopy equipment, their ability to withstand
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the environmental conditions of the HFIR, and their reduced decaying time provided for more
prompt post-irradiation analysis. To transfer the SWNT film and lay the film across the
membrane of the silicon nitride TEM grids as seen in the rightward image of Figure 18, tweezers
were used to hold the grids and gently scoop the film out of the acetone-filled Petri dish with the
grids so as to position the film over the center of the silicon nitride grid’s square membrane. The
TEM grids now had a film layer of de-bundled SWNTs on their surface and were allowed to dry
before pre-irradiation analyses were commenced.
2.2.4 - Sample storage and irradiation containment. Once the SWNT film layers have
been lifted from the acetone bath and laid over the centered membrane of the silicon nitride
grids, the samples were then placed in a nitrogen-filled sample storage cabinet to prevent
oxidation on the SWNT film surface. Initial irradiation tests showed that the silicon nitride TEM
grids experienced minimal heating when bombarded by neutron and gamma radiation. With
proof of low sample heating, the use of HDPE materials was permitted for this irradiation
experiment instead of the graphite materials that are generally used for samples that experience
more significant heating during neutron bombardment. Knowing that HDPE could withstand the
temperatures of the HFIR and sample heating, HDPE rabbit containers provided by the NAA
laboratory group were chosen for the SWNT irradiation vessels used in the HFIR irradiation
facilities. To minimize sample mobility inside of the rabbit containers during transit to and from
the HFIR, each sample was stored in a small 0.34 inch (8.75 mm) wide diameter, 0.098 inch (2.5
mm) tall cylindrical HDPE container called a “carrot” that fit inside of the rabbit. Both the rabbit
irradiation vessel and the carrot sample container with lid can be seen in Figure 19 on the next
page. For irradiation in the HFIR, the rabbit containers were filled completely with stacked carrot
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sample containers, some with samples and some without, to ensure that the carrot containers
cannot move around in the rabbit during transit to and from the HFIR.

Figure 19. HDPE “rabbit” flight tube vessel and “carrot” sample container with lid used for irradiation in the HFIR.
The silicon nitride grid with SWNT sample can be seen on the right. Photos by the author.

2.3 - Raman Spectroscopy
Raman spectroscopy is an important and sensitive lattice characterization tool that has
been applied to carbon nanostructures since the beginning of their scientific scrutiny. Its
irreplaceable value for carbon nanostructure investigations comes from its simplicity and the
wide user availability of instruments in the research community. To define its simplicity, Raman
spectroscopy can be quickly performed at room temperature, under ambient pressure, and is a
non-destructive probing technique capable of providing insight into a carbon nanostructure’s
crystallite size, sp2 clusters, presence of sp3 hybridization, mass density, nanotube diameter,
nanotube chirality, elastic constraints, C-C bond strain, chemical impurities, defects, doping, and
other types of crystalline disorder [32, 33]. The following section describes the application of
Raman spectroscopy to SWNTs and discusses the technique used in this damage study on how
such nanostructures respond to neutron and gamma irradiation.
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2.3.1 – Background. Light scattering techniques offer a sensitive characterization tool
for carbon materials and have proven to be an even more valuable tool when utilized for sp2
carbons. When shining light onto a material, a portion of the light transmits directly through the
material whereas the other portion of the photons (light) interact with the material lattice
structure by means of light absorption, light scattering, reflection, or photoluminescence. Light
scattering is either elastic (Rayleigh) or inelastic. Raman spectroscopy is performed by using a
tunable laser system to send monochromatic photons at a sample target to initiate a light
scattering event. Raman scattering occurs through the inelastic scattering of light where the
incident and scattered photons have differing frequencies related to the sample’s material
properties. When an inelastic Raman scattering effect occurs, an electron in the valence energy
band absorbs an incoming photon and is excited to the conduction energy band. From its excited
state, the electron is scattered by emitting (Stokes scattering process) or absorbing (anti-Stokes
scattering process) phonons, which are molecular vibrations. Upon being scattered by phonons,
the electron will relax back to the valence energy band by emitting a photon. The resultant
scattered photon’s intensity is then measured as a function of frequency and compared with the
incident photon’s frequency. The scattered photon will have a lower energy than the incident
photon and therefore display a shift in its frequency. By measuring this change in frequency
known as the Raman shift, accurate measurements of the phonon frequencies for a specific
material can be taken. With a multitude of one-dimensional properties and structural information
being strongly influenced by phonons, administering Raman spectroscopy to SWNTs reveals a
collection of Raman spectra that represent specific phonon modes and Raman scattering
processes occurring in the SWNT lattice structure [32, 33]. Analyzing these Raman spectra
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offers direct insight into how the lattice structure is being affected by the gamma and neutron
irradiation being administered in this experiment.
2.3.2 – How defects influence the lattice structure of sp2 carbons. The presence of
defects and how that presence can influence the lattice structure of sp2 carbons can be understood
from the local activation model depicted in Figure 20 below. When an impact occurs, an
electron-hole excitation develops in the lattice structure of the sp2 carbon and creates regions of

Figure 20. Local activation model of a single-impact region. Two regions are created in the lattice system during
such an impact called the structurally-disordered (S) region (colored red) and the defect-activated (A) region
(colored green) [33]. Image is not to scale.

disorder and activation within the proximity of the created defect. The structurally disordered Sregion occurs within distance RS of the impact point. Occurring within a distance of RA from the
impact point but greater than RS (RS<di<RA) is the defect activated A-region. As the name of the
S-region suggests, the area within distance RS from the impact point incurs structural lattice
disorder whereas the areas outside of RS remain preserved. Areas within the activated A-region
are structurally preserved from disorder, but experience the activation of specific phonon modes
as a result of the break in momentum conservation caused by the close proximity of the defect. In
regards to the Raman spectroscopy process, the structurally disordered S-region will only be
detected if the electron-hole pair created from Raman scattering (i.e. the laser target spot) is
within the phonon activated A-region of the local activation model. A Raman scattering event
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occurring at a distance smaller than RS will receive little activated phonon contribution as a result
of the defective lattice structure breakdown compared to the A-region phonon contribution. On
the contrary, if the Raman scattering event occurs at a distance greater than RA, the lattice
structure remains pristine and receives no activated phonon influence from the defective impact
point [33]. Because of their differing contributions to phonon modes in the Raman spectra, the Sand A- region phonon modes can be seen as competing against the established pre-impact
phonon modes of the pristine, well-ordered lattice region. Unless thermally annealed, an Sregion can never become an A-region. If more defects occur in an already defective area, a
portion of the previous A-region may become a part of the S-region [34]. If enough impact point
defects are created in an sp2 sample, the S-regions for all of the defective impact points will
begin to coalesce into one large S-region quickly reducing the phonon contribution of both the
pristine and the activated regions. At this point, the Raman spectra for the sp2 carbon sample will
completely breakdown as the non-phonon contributing S-region takes over. An sp2 carbon
material that undergoes this S-region take-over will no longer have an identifiable Raman
fingerprint as the characteristic phonon modes that made up its Raman spectra will no longer be
detectable [33, 34].
2.3.3 – Raman spectra for SWNTs. A Raman spectrum plot displays the scattered
photon intensity on the y-axis in arbitrary units versus the Raman shift (difference between laser
and scattered photon energy) in inverse centimeters (cm-1) on the x-axis. 1 cm-1 is the energy of a
photon with a wavelength of 2π cm. A key laser property is the wavelength of the light that it
emits, which is usually described in nanometers. However, phonon energies are generally very
small numbers when displayed in nanometers. Thus, 1 cm-1 is equivalent to 10-7 nm-1.
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The Raman spectra for a material will show peaks at phonon energies + the excitation
energy (aka Raman shift) generated from the Raman effect. There are different numerical orders
of Raman scattering processes that occur in the Raman spectra for SWNTs. A first-order Raman
scattering process (single resonance) is the lowest order Raman scattering process and involves
the emission of a single phonon during inelastic scattering. Two peaks (the RBM and the G
band) are generated in the Raman spectra of SWNTs from first-order Raman scattering. A
second-order Raman scattering process (double resonance) involves either the inelastic scattering
of two phonons or the inelastic scattering of one phonon and the elastic scattering of a second

Figure 21. A Raman spectra plot for bundled SWNTs. Plot by the author.

phonon. The latter split scattering case is responsible for the disorder-induced D band. When two
phonons are inelastically scattered, same or different phonon modes are involved. Same phonon
modes will produce the D band overtone mode such as the 2D band in the Raman spectra for
SWNTs. Different phonon modes will produce combination modes in the SWNT Raman spectra.
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It is not yet clear what drives the different and random combination modes to appear throughout
the Raman spectra [32, 33]. All of the aforementioned SWNT Raman spectra and phonon modes
can be seen in Figure 21 on the previous page.
2.3.4 – The radial breathing mode (RBM). As mentioned earlier, the RBMs occur by a
first-order Raman scattering process and are specific only to SWNTs. The appearance of the low
frequency phonon mode in a sample’s Raman spectra offers direct evidence that a sample
contains carbon nanotubes. The RBMs correspond to the in-phase vibrations (i.e. phonons) of the
C atoms in the radial direction perpendicular to the nanotube axis in a “breathing” motion, hence
the name radial breathing mode. The RBMs generally occur within the 120 to 350 cm-1
frequency range and are the first of three main Raman-active bands that occur in the Raman
spectra of SWNTs [32, 33, 35, 36].
From the RBMs of a SWNT Raman spectrum, the tube diameter or the distribution of
tube diameter can be determined. The tube diameter (dt) has a simple proportional relationship
with the RBM frequency (ωRbm) as seen in Equation 7 below. The constants C1 and C2 range
from 220 to 260 cm-1-nm and 0 to 20 cm-1, respectively. Several references have used different
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combinations of the C1 and C2 values and stated differing reasons as to why [32, 33, 35, 37]. For
the following work, we have chosen to use values of 227 cm-1-nm and 0 cm-1 for C1 and C2,
respectively. SWNTs with diameters smaller/larger than the stated 120 to 350 cm-1 RBM
frequency range still exist, but are not able to be sensed by the Raman scattering process. When
analyzing one, isolated SWNT, applying Equation 7 above will result in the tube diameter of the
one, isolated SWNT and will only have one RBM in the Raman spectra. When using bundles of
SWNTs instead of isolated SWNTs, a distribution of tube diameters will be present with multiple
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RBMs occurring in the Raman spectra. Knowing the diameter of the SWNTs is important
because both structural and electronic properties are dependent on tube diameter size and
affected by the changes that arise when spectral upshifts or downshifts occur.
2.3.5 – The disorder-induced D band. As a highly crystalline material, sp2 carbons are
very sensitive to disorder and symmetry defects. Distinct resonant peaks occur in the Raman
spectra when sp2 carbons undergo disorder or incur defects. This behavior makes Raman
spectroscopy the most sensitive and informative method for monitoring disorder in SWNTs and
other sp2 nanocarbon structures [33]. The D band, found to range from 1250-1400 cm-1 in the
SWNT Raman spectra, is activated by disorder and generated from a double resonance Raman
scattering process involving one phonon [33]. In regards to Figure 20 on page 35 and the local
activation model, the disorder-induced D band is enhanced by the activated A-region’s phonon
contribution. When disorder or defects are introduced to the sp2 graphene lattice system, the
disorder representative D band will arise in the Raman spectra. First-order Raman scattering
maintains the conservation of momentum (vibration) in the sp2 carbon network, but upon secondorder Raman scattering and the introduction of inelastic scattering of phonons, a break in
momentum conservation occurs. Any defective alteration to the C atoms in the periodic sp2
graphene lattice system leads to the reduction of crystal symmetry and activates phonons
contributing to the D band appearance and breakdown of momentum conservation [33]. As the
disorder and defect concentration increases, the scattering cross-section of the D band phonon
mode will increase and display a resultant growth in peak intensity and linewidth (full-width,
half-maximum) of the Raman spectral band. Since carbon nanotubes are simply an sp2 graphene
lattice system bonded to itself to form a cylindrical shape, the Raman spectra for all types of
nanotubes already naturally display a disorder-induced D band because of their geometric nature
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and reduction in periodic lattice symmetry. By monitoring the change in linewidth and peak
intensity relative to other bands occurring in the same Raman spectra, the increase or decrease in
system disorder can be tracked [33, 37]. The disorder-induced D band vibrational mode is the
second of the three main Raman-active bands occurring in the Raman spectra of SWNTs [36].
2.3.6 – The G band and its strain induced G- and G+ modes. The high frequency
tangential mode, also known at the G band, is the signature Raman band for sp2 carbons and
occurs by single resonance Raman scattering [33]. The G band generally occurs around 1585
cm-1 in sp2 carbons, which is related to the vibrational phonon mode seen in graphite at 1582
cm-1, hence the “G” band name [32, 38]. The G band arises from the in-plane C-C bond
stretching mode that occurs in graphite. Sp2 carbons have a very strong, high frequency G band
signal because of the minimal mass of C atoms involved in their lattice and the strong C-C bonds
holding the structure together. The robust signal is also attributed to the fact that the G band is a
strong indicator of long-range ordering, an abundant property found in all sp2 carbons. The
indication of long-range ordering is also the reason the peak intensity of the G band is the largest
relative to all the other peaks occurring in the Raman spectra of sp2 carbons. Speaking in terms
of the local activation model displayed in Figure 20 on page 35, the G band phonon mode
receives contribution from lattice areas with pristine and ordered sp2 carbon systems found
outside of the radial boundary of the disorder-activated A-region [33].
Strain is introduced into the sp2 lattice system when curling up a graphene sheet to make
a cylindrical carbon nanotube. This added curvature and inherent strain causes two previously
degenerate phonon modes, the longitudinal (LO) and in-plane transverse (iTO) optical phonon
modes, to mix and become active in the Raman spectra. The two mixed phonon modes are split
into two peaks and the split will continue to increase as more strain is introduced into the lattice
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system (i.e. diameter decrease, axial tension/compression/torsion). For SWNTs, the G band is
observed as multiple peaks because the hexagonal symmetry of the graphene sheet is broken
causing the phonon mode split. The main G band peak will occur around 1585 cm-1 but have
shoulder peaks on both sides of the main band at around 1545 cm-1 (G- band) and 1675 cm-1 (G+
band). Longitudinal strain, the G- band phonon mode, is defined as atomic motion along the
nanotube axis whereas in-plane transverse, the G+ band phonon mode, is defined as atomic
motion that is perpendicular to the nanotube axis. After creation of the carbon nanotube,
additional defects/strains to the lattice system will cause even more symmetry upset to the C-C
bond stretching mode inducing an intensity increase and further splitting of the LO (G-) and iTO
(G+) phonon modes leading to the decrease in the main G band intensity [32, 33, 37]. The
relationship and application of this drop in the G band intensity relative to the drop in the
disorder-induced D band intensity will be discussed further on in Section 2.3.8. The high
frequency tangential G mode is the third and final of the three main Raman-active bands that
occurs in the Raman spectra of SWNTs [36].
2.3.7 – The 2D band: harmonic overtone of the D band. The 2D band, also referred to
in some literature as the G’ band, is the last spectral peak of any significance and can be found at
a high frequency in the range of 2600 to 2700 cm-1 in the Raman spectra of SWNTs. Origination
of the 2D band issues from a double resonance Raman scattering process involving two phonons.
The double resonance scattering mechanism is occurring in a region of the lattice unit cell where
the strongest electron-phonon coupling is present, hence the high frequency location of the 2D
peak in the Raman spectra. The 2D band is not a disorder-induced peak like the D band, but it
can still be used to monitor changes in the vibrational and electronic structure of SWNTs that are
attributed to system disorder. In particular, the D band is best for identifying the occurrence of
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any type of system disorder whereas the 2D band is best used for studying and quantifying the
amount of lattice disorder incurred specifically from sample doping [33, 37].
2.3.8 – Evaluating structural lattice disorder with the G/D intensity ratio. Analyzing
a spectral peak’s intensity and its changes with Raman spectroscopy is not a proper disorder
indicator because the peak intensity is dependent on the incident Raman scattering photons. A
peak’s intensity can vary measurement to measurement even when dealing with the same
sample, location, and Raman laser settings. A quick fix to this intensity variability is to
normalize a peak’s intensity by using an intensity ratio associated with another peak occurring in
the same Raman spectra as ratios are robust to the effects causing variation [33]. Taking the
intensity ratio of the disorder-induced D band and the high frequency vibrational G band is the
fundamental representation within the nanoscience field of increasing/decreasing disorder
occurring in an sp2 carbon lattice system. For graphene, the G/D intensity ratio can be used to
calculate the nanographite crystallite size La. The beginning/end of a nanographite crystallite is
essentially where the perfect two-dimensional graphene lattice has a defect. The carbon nanotube
geometry, a rolled up graphene sheet, imposes a defect on the perfect graphene lattice system,
which is seen as a nanographite crystallite boundary. Therefore, the nanographite crystallite size
La cannot be used with the G/D intensity ratio of SWNTs to produce any quantifiable and
meaningful information as it would simply identify the boundaries of carbon nanotubes and not
the distance between defects. Although the G/D intensity ratio cannot be used to produce any
quantifiable information for SWNTs, the increase/decrease in the G/D intensity ratio when
exposed to neutron and gamma irradiation is still a valuable indicator of the increasing or
decreasing disorder trend occurring in the SWNT lattice system. As mentioned previously, the G
band is related to the strong C-C bond stretching mode of sp2 carbons (outside of the A-region of
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the local activation model) while the D band is directly linked to the presence of defects in the
measured area (inside of the A-region of the local activation model). As described in Section
2.3.2 on page 35, the D band increases as a function of increasing defects as the coverage of Aregions in the sp2 carbon lattice is expanded. With the abundance of pristine, well ordered areas
(outside of the A-region), the G band will continue to receive phonon contribution as long as
defect concentration has not yet fully saturated the sp2 lattice. Therefore the G band peak
intensity is considered to be roughly constant relative to the changing of the D band peak
intensity during increasing defect concentration. This translates to the G/D intensity ratio
experiencing a decrease during increasing defect concentrations and an increase during
decreasing defect concentrations [33]. Once the lattice becomes saturated with structurally
disordered S-regions from large defect concentrations, both the A-regions and pristine, wellordered regions will have little to no phonon influence leading to a breakdown and vanishing of
the D and G band Raman spectra for SWNTs. This type of lattice annihilation leaves behind
amorphous carbon material with no detectable trace of the once existing carbon nanotubes.
2.3.9 – The Raman spectroscopy equipment and technique used for this experiment.
The tunable micro-Raman laser equipment used for this experiment was manufactured by
Renishaw. The Raman spectroscopy machine uses a 1.2 mW maximum power laser to induce
Raman scattering within a sample and collect the material’s Raman spectra information. That
information is then delivered to a desktop computer running a Renishaw-provided spectroscopy
software called WiRE 3.4 that plots the spectra and controls the Raman machine and its settings.
The Raman machine was set up with 5x, 50x, and 100x microscope objectives. For every SWNT
sample analyzed with Raman spectroscopy in this experiment, a laser power of 25% (0.3 mW)
was used to ensure sample heating from the laser could be prevented. The laser was operated at a
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633 nm wavelength (1.96 eV) using a 10 second integration time when taking each Raman
measurement.
The Raman spectroscopy machine used for this experiment was setup so that it would
perform what is called image mapping of the samples. This means that multiple Raman spectra
measurements could be taken across a defined rectangular surface area of the SWNT sample.
The user defines the x-y dimensions of the desired surface area coverage and sets the desired x
and y step-size for each measurement within the defined area. For this experiment, a 20x20 µm
target surface area of the SWNT sample was defined with a measurement x-y step-size of 3 µm.
This choice of surface area dimensions with the set x-y step-size results in a total of 64 Raman
measurements being taken on multiple SWNTs in the 20x20 µm area coverage for each sample
target location. To expand the depth and enhance the resilience of the experimental data, a total
of three different locations were analyzed on each sample. That amounts to a total of 192 SWNT
Raman spectra plots for each SWNT grid sample being analyzed in this experiment (192 preand 192 post-irradiation). This allows not only the pre- and post- irradiation comparison of same
location Raman spectra, but it provides better insight towards the expanse/concentration of
defect creation in the SWNT lattice structure from neutron and gamma irradiation.
Before each day’s first use of the Raman spectroscopy machine and before any SWNT
Raman measurements were taken, a calibration check was performed with a silicon wafer. The
purpose of the calibration check was to confirm that the measured resonant peak of silicon
detected by the Raman machine was within 1 cm-1 of the scientifically established 520.5 cm-1
Raman peak position for silicon. A calibration Raman plot of the silicon wafer can be seen in
Figure 22 on the next page. If the associated silicon peak was not within 1 cm-1 of 520.5 cm-1 in
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the resultant Raman spectra plot, the solution ranged from simply air dusting around the laser
target area to more tedious tasks such as realigning the Raman laser’s mirror positions.

Figure 22. Silicon Raman spectra used for Raman machine calibration before each daily use. Plot by author.

After calibration, several methods were used in this experiment to selectively orient the
SWNT samples in a way that the same area being analyzed pre-irradiation could be found again
for post-irradiation Raman measurements. The Renishaw Raman machine has a coordinate
system that allows the user to set an origin and enter the x-y coordinates for a specific location
relative to that origin in order to set the laser target point (i.e. the desired location of the Raman
measurement on the sample). The sample orientation process began with the use of a marker pen
and a simple rectangular glass slide. Axis lines were drawn perpendicular and parallel to the long
sides of the glass slide, as seen in Figure 23 on the following page. For each SWNT sample, a
small dot was placed on the underside of the sample grid in the area of one of the four corners of
the TEM grid window with the sharpie. This small dot was used as the first step in the start of the
sample orientation process. The glass slide was always placed in the microscope area of the
Raman machine with the arrow seen Figure 23 pointing to back area of the sample loading area.
The small dot on the underside of the sample grid was always positioned closest to the
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Figure 23. Glass slide with SWNT sample method used for sample orientation during Raman measurements. Photo
by author.

intersection of the perpendicular marker-drawn lines. This positioned the square window of the
SWNT sample grid so that the window’s sides were roughly parallel to the sharpie-drawn lines.
Using this initial and primitive technique allowed us to start each post-damage Raman
measurement with the confidence of knowing that the sample was positioned in the general same
orientation as when the pre-damage Raman measurement was taken. Once loaded into the
Raman machine, the in-system x-y coordinate tracking tool was put in use to make more fine
location adjustments and record valuable sample location information to be used for a guaranteed
accurate return to the same sample location for post-damage analysis.
With the corner of the square sample window grid tucked into the corner of the two
sharpie-drawn lines on the glass slide, the 5x and 50x objectives of the Raman machine
microscope were used to find and set an origin for the relative coordinate system to be based off
of. The 5x objective was first used to locate the window area of the TEM grid with the SWNT
layer laid across it and position it in the view of the microscope camera. From here the bottom
left, top left, and top right corners of the window grid were each located using the 50x objective.
These three corners are important as each corner represents the site of where the three different
origins are set for the three Raman measurements taken per SWNT sample. Figure 24 shows the
top left corner of the square window area set as the origin for one of the three Raman

46

measurements taken on a SWNT sample. Notice the black SWNT layer laid over the window
corner seen in the bottom right quadrant of Figure 24. Upon switching to the 50x objective, the
corner window edges were aligned parallel with the grid lines seen in Figure 24. Once the sides
of the grid window were parallel with the grid lines of the Raman machine camera view, the 90
degree corner of the grid window was set as the origin for the following Raman measurement

Figure 24. Top left corner origin location. One of three origins set for each SWNT sample analyzed with Raman
spectroscopy. Photo by author.

coordinate location about to be analyzed. The size of the grid window is 700x700 µm so there
was enough space to confirm that Raman mapping measurement locations were not overlapping
each other when taking multiple location measurements on a sample. With the 700x700 µm
square window size in mind, measurements at each of the three locations were taken at
approximately 250 µm in both the x and y axis directions from the corner origin set for each
associated Raman measurement. The coordinates and surface image of each pre-damage
measurement taken were recorded so that the post-damage Raman measurement location could
be accurately reproduced from the coordinate system and visual comparison. Using the 5x and
50x objectives to orient and align the SWNT samples for Raman measurement provided a means
to guarantee the same measurement locations could be found again for post-damage Raman
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analysis. Figure 25 below shows a pre-damage Raman measurement location next to that same
location found for the post-damage Raman analysis.

Figure 25. Pre-damage vs. post-damage Raman analysis location images captured by the Raman microscope camera
with the 50x objective. The white boxes symbolize the 20x20 µm Raman mapping area. Notice how similar features
seen in the SWNT layer can be used to visually verify the correct location has been found for post-damage Raman
measurement. Photos by author.

2.3.10 – Raman spectra curve-fitting and linear regression processing. Information
on the peak linewidth, position, and intensity of several SWNT Raman spectra was acquired
from every Raman measurement taken using the curve fitting feature included in the WiRE 3.4
spectroscopy software. The curve fitting feature allows the user to identify regions of the Raman
spectra where peaks are expected to consistently occur. An initialized spectra peak is set by
centering the peak position directly under the x-axis location where the peak intensity for the
peak occurs. The curve fit linewidth and intensity is then adjusted so that the peak fitting line is
on or underneath the actual Raman spectra line. After visual curve fitting, the range of acceptable
peak position, linewidth, and intensity values for each identified peak is established. Using the
curve fitting feature, a single curve fit was generated to collect the peak position, linewidth, and
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intensity information for the RBM, D, G, and 2D bands of all of the SWNT samples in this
experiment.
The curve fit generated for this experiment was applied with a maximum fit iteration
count of 1000. When fitting the SWNT Raman spectra, the curve fit used a mixed percentage of
Lorentzian and Gaussian functions for each peak. Upon running the specific curve fit created for
the SWNT Raman spectra, the spectra of interest and the characteristic information can be
retrieved. Post-curve fit text files can be created for each of the three sample locations per
SWNT sample. Each text file created includes the peak position, linewidth, and intensity of all
64 measured mapping step-size locations for each of the three sample locations per sample. An
image of the D band post-curve fit can be seen below in Figure 26. Once all peak position,
linewidth, and intensity information was retrieved from the pre- and post-damage Raman
spectroscopy analyses for the RBM, D, G, and 2D bands of interest, the text file information was
imported into a statistical analysis software, called Origin 6.0 Professional, for pre- and postdamage comparison and trend-monitoring.

Figure 26. Resultant peak fit of the D band from the curve fitting feature of the WiRE 3.4 software. A single curve
fit model was applied to each sample location’s data and produced a list of spectra that one could choose from in
order to obtain the linewidth, position, and intensity data. Note that even though the blue fit line displayed under the
actual red Raman spectra line is shown as under-fitting the spectrum, it was proven quantitatively that the blue line
was indeed fitting the spectra correctly. Plot by author.
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Importing the peak position, linewidth, and intensity information associated with the
RBM, D, G, and 2D bands into Origin 6.0 provided a means for analyzing and modeling the
change in the SWNT Raman spectra features with increasing damage. Once imported, the mean
and variance for each text file’s 64 data values was calculated and used for trend plots. This
means each text file contributes a single data point in the associated plots for peak position and
peak linewidth changes. Arithmetic functions in the software were used to process the G and D
band intensity values and RBM position values into G/D intensity ratios for monitoring disorder
and changes in tube diameter of the SWNT samples during increasing damage, respectively.
Included linear regression functions in the Origin 6.0 statistical software allowed for trend plots
to be created for each data metric analyzed in this experiment. Each linear fit of the imported
data produced a linear fit line, upper and lower 95% prediction intervals, and upper and lower
95% confidence intervals for the data metric being analyzed. With each linear fit, values for the
A and B constants of the fit line equation (y = A + Bx) and the coefficient of determination (R2)
are provided. The coefficient of determination is used as a representation of how well a line is
fitting a collection of plotted data. An R2 value of 1.0 is defined as a perfect fit whereas a value
of zero represents an inadequate fit. With the performed linear regression, the trends seen in the
plots of the RBM position (i.e. tube diameter), D band position, D band linewidth, G band
position, G/D intensity ratio, 2D band position, and 2D band linewidth were compared with
field-observed trends from recent scientific literature. Using such comparisons provided a means
of interpreting the trends seen in the SWNT Raman spectra and depicting how neutron and
gamma irradiation exposure affected the physical lattice structure, covalent bonding, and phonon
modes of the SWNT samples.
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2.4 – HFIR Irradiation of SWNT samples
Multiple irradiations and sample resilience tests were initially performed to guarantee no
unexpected issues occur during the final facility irradiations of the experiment and ensure
genuine Raman spectra results. Several groups of SWNT samples were used for decoupling
processes needed for distinguishing between types of irradiation-induced damage and isolating
heating and oxidation effects. The performed decoupling processes include separate irradiations
in different HFIR facilities to separate neutron and gamma irradiation effects, a sample heating
simulation to prove minimal heating effects occur during the irradiations, and a control sample
test to determine if any effects are occurring because of sample handling and nitrogen storage
during irradiations. The experimental details of each of the decoupling processes are discussed in
the following sections.
2.4.1- Preliminary irradiations of SWNT samples in the HFIR PT-1 facility. After
the HFIR facilities were chosen for the neutron and gamma irradiation of the SWNT samples for
this experiment, it was necessary to perform a round of test irradiations to determine the
resilience of the samples to the nuclear reactor environment. Several types of TEM grids and
SWNT processing steps were tested to narrow the adequate sample designs. It was a top priority
to have samples that could withstand the HFIR environment and also provide a means for
repeatable and accurate Raman measurement pre- and post-irradiation. The preliminary
irradiation test also provided a means of practicing the sample processing (de-bundling, TEM
grid transfer, etc.) and Raman measurement steps so that our final irradiation runs would be
flawless. During the preliminary tests, the silicon nitride TEM grids were chosen for the final
irradiations over the copper lacey carbon TEM grids because the copper grids became too
radioactive when irradiated in the PT-1 tube facility for up to 120 seconds and would not be
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adequate for the longer irradiation times desired for this experiment. The HDPE “rabbit” and
“carrot” containers discussed in Section 2.2.4 on page 32 were tested to determine if they could
handle the temperature levels seen during the neutron and gamma irradiation process and provide
adequate sample protection during a sample’s passage to the irradiation chambers. The
preliminary irradiations proved to be most helpful in bringing about the realization that the
Raman mapping technique (i.e. 20x20 µm with a 3 µm step-size) needed to be used for the
Raman spectroscopy process in order to measure a more broad area of the SWNT samples and
gain a more complete idea on how the majority of SWNTs responded to the irradiations.
2.4.2 – Final irradiation of SWNTs in the HFIR PT-1 facility. The preliminary
irradiation tests revealed that even though the silicon nitride grid SWNT samples were less
radioactive than the copper lacey carbon grid samples, the trace amounts of impurities from
SWNT synthesis would still require a long and unacceptable radioactive decay time when
irradiated for more than ~300 seconds in the HFIR PT-1 pneumatic tube irradiation facility.
Therefore, a 300 second irradiation time in the HFIR PT-1 facility was the top irradiation
allowed for this experiment. It is important to note that irradiating SWNTs in this manner was a
first for the HFIR staff at ORNL and therefore a conservative approach was taken throughout the
experiment as a precautionary learning measure. The goal for our chosen irradiation times was to
ensure that enough samples would be returned for post-irradiation Raman analysis and still get as
close as possible to the 300 second maximum irradiation time. By using a 238 group Monte
Carlo particle simulation model across a 1 x 10-11 MeV to 8.19 MeV energy range, it was
determined by the HFIR staff that the average neutron flux being seen by the SWNT samples in
the HFIR PT-1 irradiation facility was 5.44 x 1014 n/cm2-sec [39]. With the average neutron flux,
irradiation times were chosen within the 5 second irradiation minimum and 300 second
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irradiation maximum and can be seen in Table 1 below. To account for any potential unexpected
issues, two SWNT samples were irradiated at every irradiation time allowing for double the
Raman spectroscopy data.
Sample
Label

Avg. Neutron Flux
(n/cm2-sec)

Irradiation Time
(sec)

Fluence Received
(n/cm2)

FS-K
FS-L
FS-M
FS-N
FS-O
FS-P
FS-Q
FS-R
FS-S
FS-T

5.44 x 1014
5.44 x 1014
5.44 x 1014
5.44 x 1014
5.44 x 1014
5.44 x 1014
5.44 x 1014
5.44 x 1014
5.44 x 1014
5.44 x 1014

5
5
15
15
25
25
128
128
235
235

2.72 x 1015
2.72 x 1015
8.16 x 1015
8.16 x 1015
1.36 x 1016
1.36 x 1016
6.97 x 1016
6.97 x 1016
1.28 x 1017
1.28 x 1017

Table 1. Irradiation times of SWNT samples in the HFIR PT-1 facility and resultant neutron fluences. Note fluence
is calculated by multiplying the average neutron flux (n/cm2-sec) by the irradiation time in seconds.

Sample
Label

Avg. Gamma Flux
(ph/cm2-sec)

Irradiation Time
(sec)

Fluence Received
(ph/cm2)

FS-K
FS-L
FS-M
FS-N
FS-O
FS-P
FS-Q
FS-R
FS-S
FS-T

6.56 x 1014
6.56 x 1014
6.56 x 1014
6.56 x 1014
6.56 x 1014
6.56 x 1014
6.56 x 1014
6.56 x 1014
6.56 x 1014
6.56 x 1014

5
5
15
15
25
25
128
128
235
235

3.28 x 1015
3.28 x 1015
9.84 x 1015
9.84 x 1015
1.64 x 1016
1.64 x 1016
8.40 x 1016
8.40 x 1016
1.54 x 1017
1.54 x 1017

Table 2. Irradiation times of SWNT samples in the HFIR PT-1 facility and resultant gamma fluences. Note fluence
is calculated by multiplying the average gamma flux (ph/cm2-sec) by the irradiation time in seconds.

The irradiation received in the HFIR PT-1 facility is a mixture of neutron and gamma
radiation because of the nature of the uranium fission process. Therefore, the SWNT samples see
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an average gamma flux of 6.56 x 1014 ph/cm2-sec, which was also calculated by the Monte Carlo
particle simulation model provided by the HFIR staff at ORNL [39]. Table 2 on the previous
page lists the gamma fluence received during the PT-1 irradiation process.
2.4.3 – Final irradiation of SWNTs in the gamma irradiation facility of the HFIR.
As was previously discussed in Section 2.1.2 on page 23, the available higher average gamma
flux spent fuel assemblies have a higher chamber temperature than the HFIR PT-1 irradiation
chamber and were avoided to keep the environmental temperatures of the two irradiation
experiments as close as possible. With the gamma flux limitations of the spent fuel assemblies in
the HFIR gamma irradiation facility, a lower average gamma flux was delivered to ten
undamaged SWNT samples. The reduced 1.21 x 1013 ph/cm2-sec average gamma flux spent fuel
assembly chosen for irradiation is accounted for by simply increasing the irradiation time of the
ten SWNT samples. Table 3 below reflects the larger irradiation times incurred from the lower
average gamma flux spent fuel assembly.
Sample
Label

Avg. Gamma Flux
(ph/cm2-sec)

Irradiation Time
(sec [min:sec])

Fluence Received
(ph/cm2)

G-1
G-2
G-3
G-4
G-5
G-6
G-7
G-8
G-9
G-10

1.21 x 1013
1.21 x 1013
1.21 x 1013
1.21 x 1013
1.21 x 1013
1.21 x 1013
1.21 x 1013
1.21 x 1013
1.21 x 1013
1.21 x 1013

271 [4:31]
271 [4:31]
813 [13:33]
813 [13:33]
1356 [22:36]
1356 [22:36]
6,945 [115:45]
6,945 [115:45]
12,751 [212:31]
12,751 [212:31]

3.28 x 1015
3.28 x 1015
9.84 x 1015
9.84 x 1015
1.64 x 1016
1.64 x 1016
8.40 x 1016
8.40 x 1016
1.54 x 1017
1.54 x 1017

Table 3. Irradiation times of SWNT samples in the HFIR gamma irradiation facility and resultant gamma fluences.
Note fluence is calculated by multiplying the average gamma flux (ph/cm2-sec) by the irradiation time in seconds. A
lower average gamma flux was used to mitigate the heating effects of the spent fuel assemblies used.
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2.4.4 – Control samples and radioactive decay time. Even with the cleanliness
precautions taken and the preliminary irradiation tests performed, some radioactive decay time
was still needed for the samples irradiated in the HFIR facilities due to very trace amounts of
impurities. During radioactive decay, the samples were stored under nitrogen to prevent further
oxidation from occurring while waiting for the radioactivity to drop to a safe releasable level.
Some oxidation may still have occurred during the irradiation process when the SWNT samples
were not being stored under nitrogen such as while performing Raman spectroscopy
measurements. To monitor any oxidation or handling damage incurred during the irradiation
process and any unexpected effects from storing under nitrogen, control samples were created.
The control samples were treated just as the irradiated samples and taken out of nitrogen storage
any time the irradiated samples were. The longest irradiated samples had to wait 110 days stored
under nitrogen to reach releasable radioactivity levels. The control samples spent an equal
amount of time in air and stored under nitrogen (110 days) as all the other irradiated SWNT
samples. Raman spectroscopy measurements were performed on two control samples throughout
the experiment. The Raman results for these two control samples were useful for distinguishing
damage incurred during the experiment from handling/storage versus damage incurred from the
neutron and gamma irradiations in the HFIR.
2.5 - Sample Heating Simulation
A concern brought forth at the beginning of this experiment was if the effects of sample
heating in the HFIR pneumatic tube and gamma irradiation facilities would cause oxidation of
the SWNT samples and how that oxidation would contribute to sample damage. In order to
determine what damage, if any, was caused by heating from the irradiation environments, it was
necessary to create a technique to replicate the sample heating experienced in the HFIR
55

pneumatic tube and gamma irradiation facility environments. Testing of the materials used in this
experimentation with preliminary irradiations performed in the HFIR PT-1 pneumatic tube
facility provided evidence that the HDPE sample container material resilience began to reduce
significantly around 5 minutes (300 seconds) and soften. The occurrence of this softening,
proved to be a valuable observation for establishing the degree of sample heating occurring
during irradiations in the HFIR PT-1 pneumatic tube irradiation facility. Because the HDPE
carrot sample containers did not show signs of melting deformation at the longest preliminary
irradiation time of 10 minutes (600 sec), but was only softened, it was concluded that the highest
temperature experienced by the SWNT samples during HFIR irradiation was approximately the
temperature at which HDPE softens. This softening is known as the Vicat softening point and
applies to materials, such as plastics, that do not have a definitive melting point temperature. The
Vicat softening point of a material is taken at the temperature where a 1 mm2 cross-section rod
under a 10 N load penetrates the surface of that material a depth of 1 mm. According to the
manufacturer of the HDPE sample containers used for this experiment, Posthumus Plastics, their
product is made of a very pure HDPE that is known to have a Vicat softening point at 120 °C
(248 °F) [40].
With its good temperature uniformity and adequate temperature range, a simple air
circulating furnace was chosen for the sample heating simulation. Set at a constant temperature
of 120 °C (248 °F), five SWNT samples were placed in the heated air furnace for incremented
durations that matched those of the SWNT samples irradiated in the HFIR pneumatic tube
irradiation facility. The heating durations can be seen in Table 4 on the next page. Consistent
with the procedure previously described in Section 2.3, Raman spectroscopy measurements were
taken on each sample before and after the heating simulation to determine the potential damage
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effects of such heating on the SWNT samples. With these sample heating Raman spectroscopy
measurements, the amount of sample damage produced from heating, if any, in the HFIR could
be distinguished from the amount of damage incurred solely from neutron and gamma irradiation
in the HFIR.
Sample
Label
SH-1
SH-2
SH-3
SH-4
SH-5

Furnace
Temperature
(°C [°F])
120 [248]
120 [248]
120 [248]
120 [248]
120 [248]

Duration in
Furnace (sec)
5
15
25
128
235

Table 4. Heating simulation temperature and duration times of SWNT samples in an air circulating furnace.
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Chapter 3 –Results and Discussion
Comparisons of the SWNT Raman spectra gathered before and after the irradiation and
the decoupling experiments are discussed in the following chapter. The trends of the Raman
spectra peaks occurring with increasing neutron and gamma irradiation are presented and
discussed in this chapter in order from smallest to largest occurring Raman shift frequency. All
of the following results can be found in Appendix A on page 84. Multiple samples that were
irradiated, especially the samples irradiated for the longest time at 235 seconds, had multiple
issues occur when trying to take post-irradiation Raman measurements. Some SWNT layers
were peeled upwards after irradiation while others became stuck to the HDPE carrot containers
so that the pre-irradiation measurement location no longer existed under the Raman microscope.
As such, post-irradiation measurements were useless and therefore some sample data, most
importantly being the 235 second irradiation, is missing from the results presented below.
3.1 – Radial Breathing Mode (RBM) and Tube Diameter
One of the most valuable insights gathered from the RBMs of the SWNT samples used in
this experiment is being able to identify the diameter of the nanotubes being analyzed and any
diameter changes that occur with irradiation, sample heating, and storage/handling. The three
RBMs labeled on the following page in Figure 27 are the modes that were monitored during this
experiment. These three peaks were chosen as they were the most distinct among the established
120 to 350 cm-1 RBM range. Using the diameter dependence relation discussed in Section 2.3.4,
the three RBM peaks labeled R3, R4, and R7 identified the SWNT samples used in this
experiment as having diameters of 0.9, 0.8, and 0.7 nm for R3, R4, and R7, respectively. These
calculated diameters are important because they match perfectly with the 0.7-0.9 nm diameter
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Figure 27. RBM peaks monitored during the neutron and gamma irradiations. The three peaks at 256 cm-1 (R3), 282
cm-1 (R4), and 334 cm-1 (R7) indicate the presence of 0.9, 0.8, and 0.7 nm diameter SWNTs when using the ωRBM
diameter-dependent relation and constant values discussed previously in Section 2.3.4. Plot by author.

range listed by the manufacturer for the SWNTs.
Since the RBMs arise from the radial displacement of the carbon atoms in the SWNT
lattice, they are not very sensitive to the small defects that might be occurring and their intensity
and linewidth are not as important metrics to monitor [37]. In regards to irradiation damage, past
experiments have shown that smaller diameter tubes in SWNT bundles are affected first and the
most out of all diameter tubes in a bundle [33]. For this experiment, the 0.7 nm diameter (R7)
RBM peak will be the main focus. The actual diameter results for the other two RBM peaks (R3
and R4) can be found in Appendix A. The main focus of the RBM analysis is to determine if any
significant peak position shifts are occurring leading to a significant increase or decrease in
diameter. The results from the HFIR PT-1 facility (neutrons and gammas), seen in Figure 28 on
the next page, showed slight changes in the 0.7 nm tube diameter with a predominantly
increasing diameter. The results are shown plotted separately with the associated neutron and
gamma fluence received during the irradiation. The associated linear fit line equations and
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Figure 28. Change in SWNT diameter for irradiations in the HFIR PT-1 facility. Plots by author.

coefficient of determination values shown at the top of the plots can be found for all of the
following plots presented in this report. The irradiations in the HFIR gamma facility showed an
increase in tube diameter for all gamma irradiation fluences and can be seen in Figure 29 below.

Figure 29. Change in SWNT diameter for irradiations in the HFIR gamma facility. Plot by author.

The control samples, represented by the red data points at zero fluence in Figures 28 and 29,
showed a decrease in tube diameter ranging from 0.001 to 0.002 nm. Results from the sample
heating simulation showed no heating effects on tube diameter.
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It is important to note that during any type of irradiation exposure, structural impact
effects of the neutron and gamma radiation should not affect the radial displacement of the
carbon atoms and therefore should have no effect on the RBMs [33]. As the results show
however, the neutron and gamma irradiation experiments caused a predominant increase in tube
diameter. The HFIR PT-1 facility irradiations (neutrons and gammas) showed a less significant
increase in tube diameter with half of the positive linear fit line slope that the HFIR gamma
facility irradiation results showed. This growth in SWNT diameter is very important as it
supplies evidence that some type of doping mechanism is occurring during the irradiations. With
this experiment and the controlled environment involved, the only explanation for a growth in
tube diameter is that foreign atoms generated by the irradiations are being implanted in the
carbon lattice structure of the SWNTs. When comparing the HFIR PT-1 facility results with the
HFIR gamma facility results, it suggests that the root cause of this diameter increase could be
solely due to the gamma irradiation.
3.2 – D Band
Being a disorder-induced phonon mode, the D band is the best general indicator of
increasing or decreasing defects in a system. The three factors responsible for disorder in the
SWNT lattice system are carbon atoms missing from the lattice network, doping of the nanotube
sidewalls, and adding functionalized groups within the nanotube cylinders [41]. These three
factors indicate their presence by causing increases in the D band intensity, positive or negative
shifts in the D band position, and broadening of the D band linewidth. The position shift and
linewidth broadening of the D band seen during this experiment and the associated neutron and
gamma irradiations are presented below. Alterations to the D band intensity relative to the G
band intensity are discussed in Section 3.4.
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Position shifts of the D band can occur in the negative (leftwards) direction or the
positive (rightwards) direction along the Raman shift frequency x-axis. The actual Raman shift
positions of the D band during the experiments can be found in Figure A-13 of Appendix A on
page 84. Figure 30 below displays the change in the D band position instead of the actual
position values. The change in D band position is a better representation of trend for this

Figure 30. Change in SWNT D band position for irradiations in the HFIR PT-1 facility. Plots by author.

experiment because it removes any of the differences between Raman measurement locations
from the data. Some measurement locations will differ slightly in their D band position from
others, but using the change in position y-axis eliminates those differences from the results so
that the direct effects of increasing irradiation can be visualized more efficiently. The band
position shift y-axis is simply the post-irradiation D band position subtracted from the preirradiation D band position. As you can see from Figure 30, the D band position experienced a
downshift (leftward position shift) ranging between 0.5 and 2.75 cm-1 as the SWNT samples
were exposed to larger fluences of neutron and gamma irradiation in the HFIR PT-1 facility.
Notice how at the largest fluence data point, the green confidence interval lines begin to flair out.
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This is because only one Raman measurement location remained intact when the post-irradiation
measurements were taken. The other two SWNT layer Raman measurement locations were
damaged so heavily during the irradiations that there was no longer a SWNT layer in the same
coordinate region that the pre-irradiation measurements were taken. The gamma-only irradiation
D band position results, which can be seen below in Figure 31, show a similar downshift
behavior as the HFIR PT-1 irradiations. The control sample displayed the opposite response to
the 110 day storage time and handling by displaying an upshift (rightward position

Figure 31. Change in SWNT D band position for irradiations in the HFIR gamma facility. Plot by author.

shift). The sample heating simulation, seen in Figure A-14 of Appendix A on page 84, proved to
have no effect on the D band position and showed no shift. The suggestion that the neutron flux
is contributing little to nothing in regards to the trends seen here is supported by the resemblance
of the HFIR PT-1 facility results to the HFIR gamma facility results. The shifts observed are
very important because normal lattice structure damage from knock-on impacts will not induce a
band shift as seen in the results above. Position shifts are evidence that some degree of sample
doping is occurring during the irradiations.
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The linewidth trends of the D band with increasing neutron and gamma fluence were
monitored as linewidth broadening (widening) of the D band is indicative of increasing
crystalline disorder in the lattice system of SWNTs. As seen in Figure 32 below, the HFIR PT-1
irradiation facility results displayed linewidth de-broadening (shrinking width) for the smallest
and largest irradiation fluences, but then showed insignificant linewidth changes for the two

Figure 32. Change in SWNT D band linewidth for irradiations in the HFIR PT-1 facility. Plots by author.

middle irradiations. This inconsistent de-broadening brings about the question if the neutrons are
in some way counteracting the gamma irradiation linewidth broadening effects because Figure
33 on the following page shows a definitive case of linewidth broadening upon irradiation in the
HFIR gamma facility. The same instance is discussed later on with the 2D band HFIR PT-1
irradiation linewidth results in Section 3.5. The sample heating, seen in Figure A-16 of Appendix
A on page 84, shows a small constricting of the linewidth ranging from 0 to 1.5 cm-1 contrary to
the linewidth broadening seen in the irradiated sample results. Both control samples linewidth
results showed no signs of constriction or broadening.
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Figure 33. Change in SWNT D band linewidth for irradiations in the HFIR gamma facility. Plot by author.

3.3 – G Band
The tangential G band mode that occurs in all sp2 carbon nanostructures can be thought
of as the opposite of the disorder-induced D band. The G band is the Raman indicator of longrange crystalline ordering in the sp2 carbon lattice network. When damage occurs to the lattice
structure of any sp2 carbon, the G band intensity will drop in intensity as the degree of long range
ordering decreases and potentially experience position shift and linewidth broadening [33]. As
explained in Section 2.3.6, there are two combination phonon modes, the G- (LO) and the
G+(iTO), that arise on the left and right side of the G band when a carbon nanotube is created
because of the curvature and strain added to the sp2 carbon lattice system. Because it becomes
difficult to separate the contributions of the two symmetry dependent combination mode
linewidths to the G band linewidth, the G band linewidth is not a reliable pre- and post- metric
for SWNTs [42]. This case applies even more specifically to SWNT bundles because every
different SWNT will have a different orientation and influence from the surrounding tubes.
Therefore, only the position shift and peak intensity trends were plotted. The position shift is
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discussed below and the intensity change with relation to the D band intensity is discussed in
Section 3.4.
Peak position shift directions in the high frequency tangential mode have been shown to
depend explicitly on the chemical charge-transfer reactions that occur with sample doping. The
tangential G band mode for this experiment showed a slight downshift for the irradiations
performed in the mixed neutron and gamma environment of the HFIR PT-1 facility. The slight

Figure 34. Change in SWNT G band position for irradiations in the HFIR PT-1 facility. Plots by author.

downshift of 1 to 2 cm-1 incurred during the HFIR PT-1 irradiations can be seen in Figure 34
above. The shift is not very severe, but we do not expect a severe shift because as the G band is
representative of long-range ordering in the SWNT lattice, a large presence of long-range
ordering is still expected even after irradiation. It seems the neutrons are somehow counteracting
the gamma irradiation position shift results as the irradiations in the HFIR gamma facility shown
in Figure 35 on the following page. The peak position downshift seen for the HFIR gamma-only
irradiation facility ranges from as little as 1 cm-1 to as large as 3.5 cm-1. In Figure A-18 of
Appendix A on page 84, the sample heating simulation results show no significant shift and hug
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Figure 35. Change in SWNT G band position for irradiations in the HFIR gamma facility. Plot by author.

the zero baseline closely. The two control samples (6 sample locations measured) show an
upshift from 0-2 cm-1.
3.4 – G/D Intensity Ratio
This section discusses the main data metric technique created to indicate increasing or
decreasing disorder in the lattice network of sp2 carbons. The intensities of the G and D bands for
each Raman measurement taken on the SWNT samples are combined to create an intensity ratio.
This intensity ratio is used to normalize the intensities with each other. The G band intensity
divided by the D band intensity was used in this experiment to indicate the trend of
increasing/decreasing disorder when the neutron and gamma irradiation fluences introduced to
the SWNT samples were increased. The G/D intensity ratio results are displayed two ways
below. The actual G/D intensity ratio values are plotted and a percent of change is used for
normalization of the sample data and easier visualization.
Figure 36 on the next page displays the actual G/D intensity ratio values as the irradiation
fluences were increased in the HFIR PT-1 facility. The data points at zero fluences represent the
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Figure 36. Change in SWNT G/D intensity ratio for irradiations in the HFIR PT-1 facility. Plots by author.

pre-irradiation sample measurements and control samples. Notice that the G/D ratio decreases
with increasing neutron and gamma irradiation. This decrease occurs as the D band intensity gets
larger with increasing disorder and the G band intensity decreases slightly as the degree of longrange ordering becomes subtly diminished. The gamma-only irradiation in Figure 37 on the next
page is in agreement with the drop in the G/D intensity ratio seen in the HFIR PT-1 irradiation
facility. It is difficult to compare the two, however, because the gamma-only irradiation samples
are from a batch of SWNT samples made at a separate time than the HFIR PT-1 SWNT samples.
Notice how the gamma-only samples G/D intensity ratios start out at 20 or under whereas the
mixed irradiation SWNT samples start out at 10 or below. In order to eliminate the discrepancy
of the two sample batches having predominantly different starting G/D intensity ratios, a
percentage drop in the G/D intensity ratios was calculated and used instead to provide a better
idea of the increasing damage occurring as the irradiation exposure was increased.
With the switch to displaying the G/D intensity ratios as percentage drops, the data is
much more indicative of increasing disorder and not a mix of starting disorder and postirradiation irradiation disorder on one plot. Also, the control samples fall more in line with the
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Figure 37. Change in SWNT G/D intensity ratio for irradiations in the HFIR gamma facility. Plot by author.

Figure 38. Percentage drop in SWNT G/D intensity ratio for irradiations in the HFIR PT-1 facility. Plots by author.

data and are not overshadowed by the other pre-irradiation data points at zero as it was with the
previous G/D intensity ratio plots. From Figure 38 above and Figure 39 on the following page it
is clear that the gamma-only irradiation is the culprit causing increasing disorder in the SWNT
lattice network as the irradiation fluence in the HFIR PT-1 and gamma-only facilities is
increased. Note the distinct saturation behavior of the trends. Disorder is listed in literature as
having a linear relationship with particle irradiation, but these trends divert away from the
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Figure 39. Percentage drop in SWNT G/D intensity ratio for irradiations in the HFIR gamma facility. Plot by
author.

accepted linear trend. The sample heating simulation seen in Figure A-20 of Appendix A on page
84 shows a small percentage G/D intensity ratio drop ranging from 12% to 32% which is 30-40%
lower than the HFIR irradiation results. The control samples follow the same trend showing
percentage G/D intensity ratio drops from 12% to 28%. All three of the HFIR irradiation results
display the saturation behavior discussed above. This saturation behavior is a key indicator of the
damage mechanism that is producing the system disorder during the gamma irradiation of the
SWNT samples and will be discussed in detail in Section 3.6.
3.5 – 2D Band
The 2D band arising from the double resonance Raman scattering process is an overtone
of the D band, but it is not as defect-dependent as the D band and is more dependent on the
change of the C bond strength that can occur when dopants are added to the SWNT lattice
network. Both the position shift and linewidth broadening that can occur in the 2D band are
indicative of sample doping. The position shift that occurs during the HFIR PT-1 facility
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Figure 40. Change in SWNT 2D band position for irradiations in the HFIR PT-1 facility. Plots by author.

irradiations can be seen in Figure 40 above. As is the case with the other Raman spectra
monitored during this experiment, the 2D band position experiences a downshift during the
HFIR PT-1 SWNT sample irradiations with increasing levels of neutrons and gammas. Notice
that the 2D band position results have a significantly larger degree of sample variance occurring
with each data point than the regression plots presented up to this point. When the SWNTs were

Figure 41. Change in SWNT 2D band position for irradiations in the HFIR gamma facility. Plot by author.
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irradiated in the HFIR gamma facility, the SWNT’s 2D band position results seen in Figure 41
on the previous page displayed an almost identical quantity of position shift to that of the SWNT
samples irradiated in the HFIR PT-1 facility. Clearly, the gamma irradiation is the source for the
2D position shifts occurring in the above results. The largest irradiation time showed a less
severe 2D band position shift than the three lower irradiation times further supporting the notion
that the effects from irradiation begin to saturate at higher irradiation fluences. The sample
heating results seen in Figure A-22 of Appendix A on page 84 indicate no 2D position shift
effects under increasing heating durations. The control samples displayed the opposite of the
irradiation results with an upshift ranging from 0.5 to 3 cm-1.
The linewidth of the 2D band showed no significant linewidth broadening when exposed
to increasing irradiation in the HFIR PT-1 mixed irradiation facility. Figure 42 below displays

Figure 42. Change in SWNT 2D band linewidth for irradiations in the HFIR PT-1 facility. Plots by author.

the lack of significant linewidth broadening occurring in the HFIR PT-1 irradiation facility. The
absence of any significant linewidth broadening for the HFIR PT-1 facility irradiations was
alarming. Our concerns were put to rest, however, upon viewing the results of Figure 43 on the
following page. The results for the SWNT sample irradiation in the HFIR gamma facility
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showed that the gamma-only irradiation fluences caused a significant increase in the 2D band
linewidth. The linewidth broadening occurred in a saturating fashion with the broadening
plateauing at 10 cm-1. The control samples in Figures 42 and 43 and the sample heating
simulation data, which can be seen in Figure A-24 of Appendix A on page 84, showed no
significant amount of linewidth broadening for the irradiation fluences received in the HFIR PT1 and gamma facilities.

Figure 43. Change in SWNT 2D band linewidth for irradiations in the HFIR gamma facility. Plot by author.

3.6 – Evidence of N-type Doping
An important characteristic of carbon nanotubes for this experiment is the amphoteric
quality that they possess. An amphoteric material is defined as an ion or molecule that can act as
an acid or a base when doped with electron donors (n-type doping) or electron acceptors (p-type
doping), respectively [13, 33]. For SWNT bundles, dopant species can be intercalated either in
between adjacent SWNTs of a bundle or inside of the cylindrical nanotubes [43]. The neutron
and gamma irradiations in the HFIR facilities produced many changes in the Raman spectra of
the SWNT samples for this experiment, but certain trends were consistently seen in every
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spectral band monitored pre- and post-irradiation. The following section discusses the
experimental evidence that supports the postulation that the SWNT samples used in this
experiment are being doped with predominantly n-type dopants during the HFIR sample
irradiations.
Shifts in the peak positions of the Raman spectra can occur for several reasons, one of
them being doping, but the behavior of the G/D intensity ratio with increasing irradiation fluence
was what lead us to believe that some type of sample doping during irradiation was occurring.
The first indicator of sample doping comes from the fact that the Raman spectra plot is still intact
and not fully broken down, but the G/D intensity ratio does not exhibit a linear relationship with
increasing irradiation fluence as it would if impact-defects were the main cause of the incurred
damage. The G/D intensity ratio and several other linear regression plots from this experiment
display a saturated response to increasing irradiation fluence. In current sample doping research,
the drop in the G/D intensity ratio exhibits the same saturated response as the uptake of the
dopants reaches a plateau and can no longer cause as much lattice disorder as it produced in the
beginning of the sample-doping exposure [36]. The SWNT samples used in the irradiations
performed for our experiment have a striking resemblance of the saturation evidence presented in
the mentioned research study [36]. The resultant linewidth broadening that occurred in the D and
2D Raman spectra bands of the SWNTs and the dominant RBM indication of expanding
nanotube diameter were additional indicators of general sample doping occurring in the SWNT
samples as increasing irradiation was received from the HFIR facilities.
When a SWNT is doped with electron acceptors or p-type dopants, the D, G, and 2D
Raman spectra band will experience an upshift in Raman frequency position. The upshift occurs
as the electron acceptor dopants cause electrons to be transferred from the carbon bonds of the
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nanotubes to the dopant molecules. Doping SWNTs with electron donors or n-type dopants has
the opposite effect on the D, G, and 2D Raman spectra bands by causing a downshift in the
Raman frequency position as electrons are donated from the dopant molecules to the carbon
bonds of the SWNT lattice structure [33, 36, 38, 44, 45]. The results for the performed
irradiations that were just presented and discussed displayed significant Raman frequency
position downshifts for the D band, G band, and 2D band. The 2D band position showed the
most severe downshift, which is important as the 2D band is said to be the most sensitive spectral
band to doping [45]. It is important to note that the position upshifts seen in the control sample
data are indicative of p-type doping where the dopants are stealing electrons from the carbon
atoms of the SWNT lattice network. With evidence that a nonlinear damage mechanism is
causing lattice disorder to the SWNTs and an observed position downshift trend dominating the
SWNT Raman results, the irradiations in this performed research study are indirectly damaging
the SWNTs by spawning n-type, electron-donating dopants that attach themselves to the SWNT
lattice network. Theories for how the n-type dopants are being created during these irradiation
experiments are discussed in the following section.
3.7 – Water Radiolysis with Gamma Irradiation
Cross-sectional calculations for the probability of an interaction occurring between a
carbon atom of the SWNT lattice and neutrons or gamma rays have shown that the chances are
not of high probability [46]. With the low cross-section probability for interaction, the
experimental disorder results for this study were even more indicative of an unexpected damage
mechanism occurring within the SWNT samples being irradiated. The low impact interaction
probability of neutrons and gammas with the SWNT carbon lattice and the unquestionable
Raman spectra trends indicative of sample doping required every step of our experimental
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process to be scrutinized in order to determine where the dopants were being generated. By using
the procedure discussed in Section 2.2.3 to scoop the SWNT films out of an acetone solution and
place the films on silicon nitride TEM grids, it is assumed that a small amount of water
molecules are being trapped between the SWNT film layer and the TEM grid silicon nitride
membrane. As the results for this research study support, the majority, if not all, of the
irradiation-induced disorder is coming from the received gamma irradiation. When exposed to
gamma irradiation, water will undergo radiolysis and produce several potential dopant
byproducts [47]. Water radiolysis is believed to be the main cause of damage and disorder to the
SWNT samples during the HFIR irradiations performed in this research.
During radiolysis of water with high energy gamma irradiation, byproducts such as H-,
OH-, H+, H2O2, H2, and an abundance of electrons (e-) are produced. As the gamma irradiation
fluence is increased, the amount of byproduct production from water radiolysis will increase.
The concentration of what dopant species are produced during water radiolysis with gamma rays
is given by what is called the G factor, which is the number of byproducts produced per 100 eV
of radiation absorbed. The byproduct yields for gamma radiolysis of water are listed below in
Table 5. Notice the larger yield amount of electron donors (n-type dopants). Two of the largest
Byproduct
HOHH+
H2O2
H2
e-

G-factor Yield
0.61
2.86
2.7
0.61
0.43
2.7

Table 5. Byproduct G factor yields for radiolysis of water by gamma irradiation. The G-factor is the number of
byproducts produced per 100 eV of radiation absorbed.

76

three water radiolysis byproduct G-factor yields in Table 5 on the previous page are electron
donors that will transfer electrons to the SWNT carbon lattice network if doped into the material.
As n-type doping dominated the results received from this research study, the above information
further supports the proposed indirect damage mechanism that the gamma irradiation from the
HFIR facilities is causing the SWNT samples to be doped with n-type dopants.
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Chapter 4 – Conclusions and Recommendations

Following irradiation with neutrons and gamma rays in the HFIR PT-1 and gamma
irradiation facilities at ORNL in Oak Ridge, Tennessee, the Raman spectroscopy results showed
multiple signs of disorder being generated within the carbon lattice network of the SWNT
samples. The G/D intensity ratio, a standard metric used for qualitatively determining disorder in
sp2 carbon lattices, displayed a saturated non-linear increasing disorder response as the
irradiation fluences were increased indicating disorder from sample doping and not particle
impact damage. An increase in tube diameter seen from the analysis of the RBM position and the
broadening of the D and 2D band linewidths with increasing irradiation fluence were also used to
determine that an unexpected doping of the SWNT samples was occurring during the HFIR
irradiations.
From the Raman frequency position downshifts seen in the data for the D, G, and 2D
bands of the SWNT Raman spectra, it was determined that the predominant type of dopant
uptake occurring in the SWNT sample was of electron donor or n-type doping. By comparing the
Raman spectra results from the HFIR PT-1 irradiation facility (mixed dose of neutrons and
gamma rays) with the spectra results from the HFIR gamma irradiation facility, it was concluded
that the gamma irradiation was responsible for the disorder occurring in the SWNT lattice and
also likely responsible for the production of n-type dopants in the SWNT samples. Upon
investigation, it was proposed that the radiolysis of water trapped between the SWNT film layer
and the silicon nitride membrane of the TEM grids was the source of the n-type dopants. With
the predominant gamma irradiation-induced n-type doping trends of the monitored Raman
spectra and the likely potential for water radiolysis by gamma irradiation occurring in this
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research study, all of the available literature and experimental results point towards the theory
that the gamma-induced n-type doping from water radiolysis is the main damage mechanism
occurring in this experiment.
4.1 – Recommendations and Future Research
The findings for this research study, although not as expected, have still successfully
provided insight into how SWNTs could be used for radiation detection applications. By
controlling the amount of water vapor/humidity present in between a SWNT layer and substrate,
one would be able to predict the concentration of water radiolysis byproduct dopants introduced
to the SWNT lattice network and the associated Raman spectra position shifts that would occur
with such gamma irradiation-induced doping. Such an application would prove very useful for
small gamma radiation dosimeters. However, the results from this experiment are preliminary in
nature and more experiments must be performed before the entire potential of such radiation
devices can be realized.
First, some alterations and additions need to be made to the experimental process. The
largest issue with our results in this experiment was that more differing irradiation fluence data
points were needed to allow for a legitimate statistical regression analysis to be performed. The
gaps between irradiation fluences were too large in some cases causing the prediction intervals of
the linear regression analysis to be too broad. In general, the more irradiation fluences that can be
added to the collection of data will expand the understanding of such doping effects and simply
fill the gap in knowledge, which was the goal of this experiment in the first place. Because of the
irradiation flux and radioactive decay limitations of the HFIR facilities, I believe performing the
additional suggested irradiations using separate and more isolated neutron beam and gamma
radiation sources is the next step that needs to be taken for this topic. This study has proved that
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the gamma-induced doping caused disorder to SWNTs through n-type doping, but the discovered
disorder trends need to be more isolated from outside variables in order to begin constructing a
more accurate and true damage model. More isolated irradiation sources with a broader range of
irradiation flux is the next step for expanding the collection of data.
The next important step towards narrowing the gamma irradiation effects on individual
SWNTs is to acquire isolated SWNTs and move away from bundled SWNT samples. Raman
measurements for bundled SWNTs, although valuable for this preliminary experiment, are a
convolution of information from multiple SWNTs so that they give a more overall response of
all the SWNTs in a bundle. Individual isolated SWNTs are the newest breakthrough in SWNT
fabrication and are able to offer a more exact behavioral response than bundled SWNTs. Along
with being isolated from other nanotubes, individual SWNTs can be vertically aligned so that
any tension, compression, or torsional effects seen in bundles are mitigated and do not influence
the Raman spectroscopy results. Being able to control the alignment of the SWNTs is extremely
valuable as it allows for the Raman laser measurements to be taken from different angles of
approach so that grain boundaries (i.e. curved nanotube ends) can be avoided as they influence
the spectral Raman bands. Also, individual and aligned tubes allow for more accurate analyses of
changes in tube diameter and linewidth broadening.
Along with changes to the methods of irradiation and fabrication of SWNTs, additional
forms of material composition measurements should be considered for future experiments.
Although we have arrived at a well-supported conclusion that the gamma irradiation is
generating n-type dopants from water radiolysis, confirmation on what exact molecules are
infiltrating the SWNT lattice network and with what concentrations still needs to be explored. To
determine the atomic composition of the SWNTs after gamma irradiation and n-type doping,
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electron energy loss spectroscopy (EELS) and energy-dispersive x-ray spectroscopy (EDX)
should be used. Revealing the concentration of the apparent dopants occurring in the SWNT
lattice network will enhance the disorder model for such gamma-induced doping damage and
open the door towards harnessing the changes in the electronic properties of SWNTs for
radiation device applications.
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Appendix A - Linear Regression Statistical Plots

Figure A - 1. RBM – R3 position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The top two
quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma irradiation
to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma irradiation
facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower left
quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the linear fit line can be seen
at the top of each plot along with its coefficient of determination R2.
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Figure A - 2. RBM – R3 change in position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities.
The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and
gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR
gamma irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in
the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data
used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red
linear fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the linear fit line can be
seen at the top of each plot along with its coefficient of determination R2.
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Figure A - 3. RBM – R3 tube diameter for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The
top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma
irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma
irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower
left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on some of
the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along with its
coefficient of determination R2.
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Figure A - 4. RBM – R3 change in tube diameter for SWNT samples irradiated in the HFIR PT-1 and gamma
facilities. The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron
and gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR
gamma irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in
the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data
used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red
linear fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on
some of the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along
with its coefficient of determination R2.
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Figure A - 5. RBM – R4 position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The top two
quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma irradiation
to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma irradiation
facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower left
quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the linear fit line can be seen
at the top of each plot along with its coefficient of determination R2.
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Figure A - 6. RBM – R4 change in position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities.
The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and
gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR
gamma irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in
the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data
used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red
linear fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on
some of the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along
with its coefficient of determination R2.
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Figure A - 7. RBM – R4 tube diameter for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The
top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma
irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma
irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower
left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on some of
the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along with its
coefficient of determination R2.
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Figure A - 8. RBM – R4 change in tube diameter for SWNT samples irradiated in the HFIR PT-1 and gamma
facilities. The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron
and gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR
gamma irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in
the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data
used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red
linear fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on
some of the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along
with its coefficient of determination R2.
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Figure A - 9. RBM – R7 position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The top two
quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma irradiation
to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma irradiation
facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower left
quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on some of
the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along with its
coefficient of determination R2.
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Figure A - 10. RBM – R7 change in position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities.
The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and
gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR
gamma irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in
the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data
used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red
linear fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on
some of the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along
with its coefficient of determination R2.
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Figure A - 11. RBM – R7 tube diameter for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The
top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma
irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma
irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower
left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on some of
the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along with its
coefficient of determination R2.
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Figure A - 12. RBM – R7 change in tube diameter for SWNT samples irradiated in the HFIR PT-1 and gamma
facilities. The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron
and gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR
gamma irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in
the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data
used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red
linear fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on
some of the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along
with its coefficient of determination R2.
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Figure A - 13. D band position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The top two
quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma irradiation
to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma irradiation
facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower left
quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the linear fit line can be seen
at the top of each plot along with its coefficient of determination R2.
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Figure A - 14. D band change in position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The
top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma
irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma
irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower
left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the linear fit line can be seen
at the top of each plot along with its coefficient of determination R2.
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Figure A - 15. D band linewidth for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The top two
quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma irradiation
to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma irradiation
facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower left
quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the linear fit line can be seen
at the top of each plot along with its coefficient of determination R2.
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Figure A - 16. D band change in linewidth for SWNT samples irradiated in the HFIR PT-1 and gamma facilities.
The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and
gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR
gamma irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in
the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data
used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red
linear fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the linear fit line can be
seen at the top of each plot along with its coefficient of determination R2.
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Figure A - 17. G band position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The top two
quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma irradiation
to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma irradiation
facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower left
quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on some of
the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along with its
coefficient of determination R2.
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Figure A - 18. G band change in position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The
top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma
irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma
irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower
left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on some of
the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along with its
coefficient of determination R2.
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Figure A - 19. G/D intensity ratio for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The top
two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma
irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma
irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower
left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on some of
the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along with its
coefficient of determination R2.
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Figure A - 20. Percentage drop in G/D intensity ratio intensity ratio for SWNT samples irradiated in the HFIR PT-1
and gamma facilities. The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered
mixed neutron and gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations
performed in the HFIR gamma irradiation facility can be seen in the lower right quadrant. Results from the sample
heating can be seen in the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the
control sample data used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence
intervals for the red linear fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the
linear fit line can be seen at the top of each plot along with its coefficient of determination R2.
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Figure A - 21. 2D band position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The top two
quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma irradiation
to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma irradiation
facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower left
quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on some of
the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along with its
coefficient of determination R2.
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Figure A - 22. 2D band change in position for SWNT samples irradiated in the HFIR PT-1 and gamma facilities.
The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and
gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR
gamma irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in
the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data
used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red
linear fit line. Blue lines are the upper and lower 95% prediction intervals, but are outside of the y-axis scale on
some of the plots and cannot be seen. The equation for the linear fit line can be seen at the top of each plot along
with its coefficient of determination R2.
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Figure A - 23. 2D band linewidth for SWNT samples irradiated in the HFIR PT-1 and gamma facilities. The top two
quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and gamma irradiation
to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR gamma irradiation
facility can be seen in the lower right quadrant. Results from the sample heating can be seen in the lower left
quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data used to
decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red linear
fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the linear fit line can be seen
at the top of each plot along with its coefficient of determination R2.

106

Figure A - 24. 2D band change in linewidth for SWNT samples irradiated in the HFIR PT-1 and gamma facilities.
The top two quadrants are the results from the HFIR PT-1 irradiation facility that delivered mixed neutron and
gamma irradiation to the SWNT samples. The results of the isolated gamma irradiations performed in the HFIR
gamma irradiation facility can be seen in the lower right quadrant. Results from the sample heating can be seen in
the lower left quadrant. The red colored data points at zero on the fluence/heating axis are the control sample data
used to decouple handling/storage damage. Green lines are the upper and lower 95% confidence intervals for the red
linear fit line. Blue lines are the upper and lower 95% prediction intervals. The equation for the linear fit line can be
seen at the top of each plot along with its coefficient of determination R2.
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