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Abstract 

The interaction of tritium with aluminum, copper, stainless steel, and gold plated 

substrates was studied using a low-pressure, argon plasma, as well as thermal desorption 

spectroscopy. These experimental methods allowed the influence of modifying metal 

surfaces on the absorption and adsorption of tritium to be measured. Stainless steel 

surfaces were modified by mechanical polishing, electropolishing, selective oxidation 

pre-treatments, and gold plating. The only surface modification performed on aluminum 

and copper samples was gold plating.  

Use of the low-pressure plasma constitutes a novel approach to studying tritium 

migration and to measuring the quantity of adsorbed tritium. The migration of tritium was 

inferred from experiments, where a metal sample was exposed to a pulsed plasma. In 

such a method, tritium migration to the surface in between each pulse influences the 

quantity of tritium removed during subsequent plasma pulses. The results of these 

measurements indicated that the mechanism for tritium migration to the surface was 

limited by diffusion out of the underlying metal lattice. The measured rate of tritium 

migration to the surface does not appear to depend strongly on the metal type or surface 

modification. 

Thermal desorption experiments were used to measure the influence of modifying 

metal surfaces on the total absorption of tritium. Thermal desorption involves heating 

samples to high temperatures for protracted periods of time, in order to remove all tritium 

contained within the metal lattice. These measurements indicated that modifying a metal 

surface significantly influences the total absorption of tritium during room temperature 

(25°C) exposures.  
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Finally, a quantitative tritium migration model (QTRIMM) was developed in this 

work to describe the transport of the isotope through metal lattices. Additionally, 

QTRIMM includes a condition that relates the tritium concentrations adsorbed to the 

surface to the concentrations within the metal lattice. This model represents a major step 

forward in describing the migration of tritium through metal substrates, as many previous 

transport models have not included a condition for tritium adsorption. As demonstrated in 

this study, QTRIMM describes the measured data reasonably well.  
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Chapter 1: Introduction 

The interaction of gases and liquids with solid surfaces has been both studied 

extensively, as well as broadly utilized in a vast number of industries. Solid surfaces, 

particularly those of the transition metals, have found applications in the biomedical field, 

the creation of thin film solar cells, and as catalysts for a variety of chemical reactions. 

The versatile role of solid surfaces has prompted extensive research into the modification 

of these surfaces at the atomic and molecular scale. In the past several decades, this 

research has been aided tremendously by advances in diagnostic and measurement 

devices, which are capable of probing the mechanisms occurring at the nanometer scale.  

In general, atoms and molecules in a liquid or a gaseous state can bind to the 

surfaces of solids. This process, called “adsorption”, occurs in various degrees on all 

solid surfaces. The atomic or molecular species adsorbing onto a solid surface depends on 

the surface composition and temperature. The surface composition affects the adsorption 

of particles that form chemical bonds with the surface. This process, called 

“chemisorption”, depends on the surface composition because the adsorbing particles 

preferentially form chemical bonds with particular surface atoms. Chemisorption is 

therefore “site selective”, meaning that adsorbing particles will only bind to particular 

locations on the solid surface. The temperature of the substrate is important during 

chemisorption, as it determines the number of particles that can be adsorbed. Lower 

temperatures typically allow a greater number of particles to adsorb; upon adsorption, the 

particles will have less kinetic energy. Particles with less thermal energy will not leave 

the surface, or “desorb”, easily, because chemisorption is an activated process. 

Adsorption of some particles onto a solid surface is less affected by the surface 
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composition and temperature. In these cases, the adsorbing particle does not form a 

chemical bond with the surface. Instead, it binds to the surface with the weaker, physical 

van der Waals forces in a process called “physisorption”. Lower temperatures still 

correspond to greater adsorption. For physisorption, less thermal energy lowers the 

mobility of the adsorbing particles. Therefore, a colder surface can retain the particles 

longer.  

If a sufficient quantity of the adsorbing species is present, one or more layers of 

the species may adsorb and cover the entire surface of the substrate. Because the 

adsorbed particles act as an interface between the environment and the solid substrate, 

formation of adsorbed layers may alter the properties of the surface. Additionally, the 

thin films formed on solid surfaces can mimic or replace the larger bulk versions. This 

idea has been used successfully in the creation of thin film solar cells
1
, as well as thin-

film electronic devices
2
. The resulting thin films can replace the older and larger 

versions, thereby reducing the cost, size, and limited applicability of the larger devices. In 

other applications, forming thin films limits the reactivity of the surface. In these cases, 

adsorption ends after the formation of one complete layer, or monolayer, on the surface. 

After formation of the monolayer, the substrate’s surface will cease to adsorb additional 

particles. For some applications, cessation of adsorption might be desirable, as only one 

monolayer is necessary.
3
 Other applications require the substrate’s surface to be free of 

unreactive species. These applications utilize the substrate’s surface as a catalyst for 

chemical reactions. The substrates, which are typically transition metals, catalyze the 

reactions by stabilizing either the transition states or the final products in the chemical 

reaction.  
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Adsorbed layers on solid surfaces may hinder the permeation of a solute through 

the solid substrate. This occurs when particles adsorbed on the surface form strong bonds 

with the solute prior to the solute’s dissolution in the solid. The strong bonds act as a 

resistive force to permeation. An example of this is the formation of metal oxide layers 

and adsorbed water layers on metal surfaces, which reduce the overall permeation of 

hydrogen atoms through the substrate metal. Metal oxides are formed spontaneously 

when either water or oxygen molecules adsorb onto the metal surface. After adsorption, 

these molecules undergo a chemical reaction with the metal surface, oxidizing the metal 

atoms. In some cases of water adsorption, oxidation of the metal is accompanied by 

desorption of a hydrogen molecule.
4
 Forming thick metal oxides on the surface has 

proven an effective means of reducing the permeating flux of hydrogen atoms through 

metals exposed to hydrogen atoms or its isotopes.
5,6

 Even for thin metal oxide layers, the 

layers of adsorbed water on the metal surface may be sufficient to reduce hydrogen 

permeation.  

Water adsorption on various metal surfaces is a particular system long studied 

because of its importance in a variety of different applications. Water adsorption on metal 

surfaces is particularly problematic in high vacuum systems and dry gas process lines, 

due to the long time required to pump water out of the system.
7
 Dry gas process lines can 

also be contaminated by the presence of water adsorbed onto the interior pipe walls. 

Additionally, as noted previously, water adsorption affects the adsorption and permeation 

of hydrogen isotopes through the metal substrate.  

In order to measure the mechanisms of water adsorption
8
, as well as the influence 

of the adsorbed water layers on hydrogen adsorption and permeation through metals
9,10

, 
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many studies use tritium instead of hydrogen. Tritium, as a radioactive isotope of 

hydrogen, is chemically identical to hydrogen but is far easier to detect. The ease of 

detection stems from the radioactivity of the isotope. During radioactive decay, a neutron 

in the nucleus decays into a proton, an anti-neutrino, and an energetic electron, which is 

called a beta (β) particle. The number of β-particles emitted is proportional to the quantity 

of tritium nuclei within a sample. As an isotope of hydrogen, tritium will behave in a 

manner very similar to hydrogen. These behaviors include both chemical bonding and 

diffusion mechanisms. There are two primary differences in using tritium instead of 

hydrogen. The first is the mass difference. Tritium is three times heavier than hydrogen 

(𝑀𝑡𝑟𝑖𝑡𝑜𝑛 = 3 𝑎𝑚𝑢), which reduces its average speed and mobility. The second primary 

difference is the radioactive decay of a triton nucleus. The β-particle emitted contains 

enough energy to break many chemical bonds, which may alter the tritium migration rate 

and adsorption kinetics on metal surfaces.  

In addition to elucidating the mechanisms of water adsorption on metal surfaces, 

using tritium provides a direct measurement of the interaction of the isotope with various 

metals. This is of particular interest in fusion research, as many fusion reactors use a 

combination of deuterium and tritium as a fuel source. The adsorption and permeation of 

the isotope through metals is of concern in this arena because it represents a potentially 

significant loss of fuel, as well as a radiological hazard. Understanding the mechanisms 

for adsorption and permeation through various metals is vital to mitigating these 

concerns.  

The adsorbed water layers present on all metal surfaces govern the adsorption of 

tritium onto the metal’s surface. Because tritium behaves in a manner very similar to 



5 

 

 

 

hydrogen, this radioactive isotope can replace any proton within the adsorbed water 

layers on the metal’s surface. This leads to a potentially high tritium concentration on the 

metal’s surface, due to the large concentration of hydrogen atoms within the water layers. 

High surface concentrations have been measured by Penzhorn et al. using acid etching to 

dissolve a tritium-loaded metal sample.
11

 They found that tritium concentrations in the 

near surface were ~2,700 times larger than the concentrations within the metal substrate. 

The authors contributed the high surface concentrations to tritium dissolved in the 

adsorbed water layers. Because tritium is bound within the thin film of adsorbed water, 

the isotope is typically released from the metal surface in the form of tritiated water, or 

HTO.
12-16

 Additionally, the presence of water vapor in the environment surrounding the 

metal substrate increases the rate of tritium removal from a sample.
13,15,16

 These increased 

removal rates occur on a short time scale. At longer time scales (>1-2 hours), tritium 

diffusion through the substrate metal limits the release of tritium from the substrate.
5,12,16-

19
 This limitation occurs even in the presence of increased water vapor 

concentrations.
15,16

  

The concentration of adsorbed water on metal’s surfaces can vary depending on 

the surface composition and finish, which affects the concentration of tritium on the 

surface. Several studies have found that polishing the metal surface or enhancing the 

metal oxide on the surface can reduce the quantity of adsorbed tritium, as well as reduce 

the rate of tritium desorbing from the metal.
5,6,20,21

 Another study has found that plating a 

substrate metal with either nickel or gold reduced the adsorption of tritium.
22

 The results 

obtained from each of these studies suggest that altering a metal surface not only affects 

the adsorption of tritium, but also the migration of tritium from the surface to the 
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substrate metal. Migration across the surface-substrate metal interface has not been 

measured or treated in any quantitative models of tritium release. 

There have been several attempts to describe the release of tritium from metal 

substrates using quantitative models.
8,17,18,23

 Each of these attempts assumes that tritium 

diffusion through the metal substrate limits the release from the substrate. While these 

attempts have achieved moderate success, one key element is missing from all of the 

proposed models: the thin film of adsorbed water present on all metal surfaces. Because 

of this omission, these models cannot describe the observed increase in tritium outgassing 

rates with increased partial pressures of water in the gas phase. Successful inclusion of 

the thin film of adsorbed water in a quantitative model would provide a greater 

understanding of the underlying transport mechanisms at work.  

The goals of the present work are to measure the influence of the metal’s surface 

on the total absorption of tritium and quantitatively characterize the migration of tritium 

across the thin film of adsorbed water. As noted previously, altering the surfaces of 

metals can significantly affect the adsorption of water on the surface and can influence 

the rate of tritium migration across this film of water. The current work shows the effect 

of altering the metal’s surface on the total quantity of absorbed tritium by using various 

surface pre-treatments.  

To complement the measured data, a quantitative model developed in this study 

predicts the migration of tritium through a metal substrate. This model includes the 

surface film of adsorbed water and relates the concentrations of tritium within the thin 

film of adsorbed water to the tritium concentrations within the substrate metal. 

Additionally, the tritium concentrations throughout the metal sample are output from the 
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model calculation. Currently, this information is only attained through acid etching or 

other destructive techniques. These measurements offer experimental evidence, which 

can be used to test the validity of the developed model. The model developed in this work 

provides two major advantages, which may become possible after further 

experimentation and model development. First, inclusion of the thin film of adsorbed 

water in the model provides the first step towards a global model, capable of describing 

all experimental conditions. Second, because the tritium concentration profiles 

throughout the sample are calculated, the model has the potential to predict the location 

of tritium within a metal using only the loading and storage conditions. This avoids the 

necessity of destructive techniques to determine the tritium concentration profiles.  

Two experimental techniques were used in this study, each capable of probing a 

different aspect of tritium absorption or adsorption into metal samples. The first 

technique was temperature programmed desorption (TPD). During a TPD experiment, the 

temperature of the substrate is raised in a controlled fashion, while the rate of tritium 

removed from the sample is monitored. Because the temperature of the sample is 

increased significantly, this technique is capable of measuring the total quantity of tritium 

dissolved within the substrate metal. Prolonged exposure to high temperatures allows all 

tritium to diffuse out of the substrate metal. Increasing the temperature in a controlled 

fashion allows for the determination of the activation energy for the adsorption of 

different species onto the metal’s surface.  

The second technique used in this study was plasma stimulated desorption. This 

tool allowed for the measurement of the quantity of surface-bound tritium and indirectly 

measured the rate of tritium migration to the surface. The plasma was capable of 
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removing only the layers of adsorbed water from the metal surfaces. Since the majority of 

tritium in the near surface is bound within these layers, this method provided a means for 

measuring the total quantity of tritium bound to the surface. Indirect measurement of 

tritium migration to the surface from the substrate metal can be accomplished using 

successive short plasma exposures. Successive short plasma exposures repeatedly 

removed a fraction of the tritium within the film of adsorbed water. Between each of 

these exposures, the metal-adsorbed water system equilibrated by replenishing the 

surface layers with tritium. Because of this, the plasma system was capable of indirectly 

measuring the regrowth rate of the surface concentrations. 

The contents of this thesis are arranged as follows. First, an introduction to water 

adsorption on metal surfaces and tritium dissolution and diffusion in metal substrates is 

presented. Following this is a discussion of the sample specifications, pre-treatments, and 

tritium loading conditions. The next two chapters include the theory, experimental setups, 

and measured data collected using each of the two measurement techniques mentioned 

above. The final chapters include some measured data, which are common to both 

experiments, followed by a summary and the conclusions that can be drawn from this 

work.  
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Chapter 2: Interaction of hydrogen isotopes with metals 

Hydrogen isotopes interact with metal substrates by adsorbing onto the metal 

surface and permeating through the metal lattice. Under most conditions, hydrogen atoms 

or molecules do not adsorb directly onto the metal’s surface. Instead, hydrogen atoms and 

their isotopes adsorb in the form of water (H2O). In the case of tritium, this is in the form 

of tritiated water, or HTO. Water binds to the surfaces of all metals to various degrees; 

some surfaces hold larger quantities of water than other surfaces. After adsorption onto 

the surface, hydrogen atoms can migrate from the metal surface into the bulk metal 

lattice. This migration occurs for atomic hydrogen only, as hydrogen molecules and water 

molecules are too large. The atoms occupy interstitial locations and defect sites within the 

metal’s crystal lattice and diffuse through the lattice by migrating between the various 

sites. The mechanisms for water adsorption, as well as hydrogen atom dissolution and 

diffusion within the metal lattice will be discussed in this chapter.  

 

Chapter 2.1: Water adsorption onto metal surfaces 

Water will adsorb onto all metal surfaces, forming a multilayer structure 

resembling the hexagonal crystal structure of Ih ice. While this multilayer structure is not 

expected to change significantly from metal to metal, the interaction of the water 

molecule with clean metal surfaces can be different for various metals. Most notably, a 

water molecule may be bound to the metal surface as an intact molecule, or it may 

dissociate. Dissociation of the water molecule can be partial or complete. Finally, the 

presence of the multilayer structure on the metal surface provides a potentially large 

reservoir for tritium, as each proton represents a potential binding location for a triton. 
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For a more extensive discussion of water adsorption on metal surfaces, the reader is 

referred to the reviews written by Thiel and Madey
4
 or by Henderson

24
. While these 

reviews are dated, they still accurately describe the fundamentals of water adsorption 

onto metal surfaces. 

A water molecule adsorbing onto a clean metal surface may adsorb as an intact 

molecule, or the molecule may dissociate. In order for dissociation to occur, an intact 

water molecule must first be adsorbed onto the surface. If dissociation occurs, it may be 

partial or complete. Partial dissociation results in the formation of a hydroxyl (OH) and a 

hydrogen atom adsorbed onto the metal. The products of a complete dissociation are two 

hydrogen atoms and an oxygen atom bound separately to the surface. The probability for 

dissociation to occur depends on the metal substrate. Some substrates can lower the 

energy of the transition state during dissociation, as well as bind strongly to the 

dissociation products. If the transition state energy is not lowered, or if the final state is 

not thermodynamically more stable, dissociation will not occur.  

Using a simple thermodynamic argument, Thiel and Madey
4
 developed a method 

for predicting whether water dissociates on various metal surfaces. In this method, Thiel 

and Madey accounted for both partial and complete dissociation of the water molecule on 

the metal surface. Their method uses the known formation enthalpies for water 

(ΔHf[H2O] = -243 kJ/mol), metal oxides (ΔHf[M-O]), metal hydroxides (ΔHf[M-OH]), 

and metal hydrides (ΔHf[M-H]) to compare the stability of the dissociation products to 

that of an adsorbed water molecule. The first step in the method is to calculate the overall 

change in enthalpy for the adsorption of the dissociation products. This is accomplished 

by starting with water vapor, and then summing the appropriate enthalpies of formation. 
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An illustration of the process is shown in Figure 2.1.1. The change in enthalpy associated 

with partial (ΔHd(partial)) and complete (ΔHd(complete)) dissociation are calculated 

using the following equations: 

 

𝛥𝐻𝑑(𝑝𝑎𝑟𝑡𝑖𝑎𝑙) = 𝛥𝐻𝑓[𝑀 − 𝑂] + 𝛥𝐻𝑓[𝑀 − 𝑂𝐻] − 𝛥𝐻𝑓[𝐻2𝑂(𝑔)]                 (2.1.1a) 

𝛥𝐻𝑑(𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒) = 𝛥𝐻𝑓[𝑀 − 𝑂] + 2 ∗ 𝛥𝐻𝑓[𝑀 − 𝐻] − 𝛥𝐻𝑓[𝐻2𝑂(𝑔)]         (2.1.1b) 

 

 

Figure 2.1.1; Illustration of the enthalpy changes associated with a water molecule 

dissociating on a metal surface. The above illustration shows both the partial and the 

complete dissociation pathways. The change in enthalpy for adsorbing the dissociation 

products changes depending on the pathway. Both equations for the enthalpy change are 

shown on the right side of the illustration. 

 

The second step in Thiel and Madey’s method is to compare the calculated 

dissociation enthalpies (Eq. 2.1.1) to the estimated change in enthalpy for molecular 
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adsorption of water (ΔHm). If the computed dissociation enthalpy was negative and larger 

in magnitude than the enthalpy for molecular water adsorption, they concluded that 

dissociation would occur. In their model, Thiel and Madey assume the same value of 

ΔHm = -50 kJ/mol for all metals, which they justified based on actual data for most 

metals. Thiel and Madey found that this method for predicting whether water dissociates 

on metal surfaces was accurate to within ±70 kJ/mol; calculated dissociation enthalpies 

within 70 kJ/mol of the enthalpy for molecular adsorption were considered borderline 

cases. In these cases, dissociation may, or may not, occur. This argument is purely 

thermodynamic and ignores any kinetic considerations, such as large energy barriers for 

dissociation. Kinetic effects, which in this theory are assumed to be minimal, and will be 

discussed later in this chapter.  

A summary of the various enthalpies of formation, along with the calculated 

enthalpies for partial and complete dissociation, are shown in Table 2.1.1. Using this 

information, dissociation of water molecules is expected to occur on aluminum, 

chromium, and iron surfaces. Chromium and iron were included, as stainless steel 

surfaces are comprised of these two metals. Therefore, by extension, water molecules are 

expected to dissociate on clean stainless steel surfaces. Water molecules will not 

dissociate on gold surfaces, which is possibly due to the lack of a metal oxide layer on 

gold. Finally, water dissociation on copper surfaces is a borderline case. Dissociation 

may, or may not, occur on copper surfaces. In addition, a mixed dissociative/associative 

layer may form on the surface.
25

 This layer is comprised of both intact water molecules 

(H2O) and hydroxyl radicals (OH). For the present study, it will be assumed that water 

dissociates completely on copper surfaces.   
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Table 2.1.1; Summary of bond enthalpies for metal oxides (M-O), metal hydrides (M-H), 

metal hydroxides (M-OH), along with the calculated dissociation enthalpies for partial 

and complete dissociation. The final column shows the estimated adsorption enthalpy for 

molecular water. The colors included in this table indicate if (1) dissociation is expected 

to occur (green), (2) dissociation will not occur (red), (3) or if the metal is on the border 

(orange). Values taken from Thiel and Madey’s review. The bond enthalpies for 

aluminum were not reported (NR) in Thiel and Madey’s review. 

Metal ΔHf[M-O] ΔHf[M-H] ΔHf[M-OH] ΔHd 

(partial) 

ΔHd 

(complete) 

ΔHm 

(molecular) 

Al (NR) (NR) (NR) -198 -343 -50 

Cr -383 -92 -356 -324 -205 -50 

Fe -272 -67 -235 -163 -59 -50 

Cu -157 -21 -212 -44 10 -50 

Au 27 -50 -142 170 51 -50 

 

Water dissociation can occur on select metal surfaces because to reach the 

transition state for dissociation on the metal surface requires less energy than needed by a 

molecule in the gas state. The stabilization caused by the metal surface significantly 

reduces the kinetic barrier from the 498 kJ/mol required to break the first O-H bond in 

free water to ~40 – 110 kJ/mol for water adsorbed to the metal surface. While the exact 

dissociation mechanism for adsorbed water is unknown, dissociation may occur either by 

a strengthening of the metal-oxygen bond or by partial formation of a metal-hydrogen 

bond. Illustrations of the possible transition states are shown in Figure 2.1.2 for an 
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atomically smooth surface. On an atomically rougher surface, the dissociation barrier 

may be lowered further. For these surfaces, the transition state can be further stabilized 

by the presence of more surface atoms surrounding the water molecule.  

 

  

Figure 2.1.2; Illustration of the possible transition states for water dissociation on metal 

surfaces (image copied from Thiel and Madey). 

  

In all cases of water dissociation on metal surfaces, the resulting hydroxyl 

fragment binds to the metal surface through the oxygen atom. In the bonding process, the 

hydroxyl radical acts as a Lewis acid and the metal surface acts as the Lewis base. The 

oxygen atom accepts an electron from the metal to fill the partially vacant 1π orbital left 

after the dissociation. Because the oxygen atom accepts an electron, the hydroxyl radical 

preferentially binds to the electron rich hollow or bridge sites on the metal surface. These 

binding locations are illustrated in Figure 2.1.3.  
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Figure 2.1.3; Illustration of the various binding locations for hydroxyl radicals (electron 

rich sites) and water molecules (electron poor sites). The illustration on the right depicts 

the orientation of hydroxyl radicals and water molecules bound to the metal surface. 

  

When an intact water molecule adsorbs onto a clean metal surface, the preferred 

binding locations are different from the locations where hydroxyl radicals bind. Intact 

water molecules act as Lewis bases during adsorption onto metal surfaces, while the 

metal atoms act as Lewis acids. Because of this fact, water molecules will bind through 

the electron-rich oxygen atom to electron-poor sites on metal surfaces. On atomically 

smooth surfaces, the “on top” site is the most acidic, with the bridge sites being the next 

most favorable site (Fig. 2.1.3). Bonding occurs through overlap of the metal’s d-orbitals 

and oxygen’s lone electron pairs. This results in the water molecule having a tilted 

orientation with respect to the metal surface (Fig. 2.1.3).  

After the initial layer of water is adsorbed onto the metal surface, additional water 

molecules can adsorb onto the first layer, forming a multilayer structure. This multilayer 

structure can extend up to ~100 monolayers, depending on the metal substrate and the 
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environmental conditions.
26

 Each water molecule adsorbs onto a previous layer by 

hydrogen bonding to the underlying water molecules. The resulting structure transitions 

from an Ih ice-like structure, which is constrained by the underlying metal substrate, to an 

amorphous liquid water-like structure. In this ice/water structure, the different 

monolayers of adsorbed water are separated by an average distance of ~3Å, which is the 

oxygen-oxygen distance in ice.   

The total quantity of water adsorbed onto a metal’s surface is determined by the 

flux balance of water molecules adsorbing and desorbing from the surface. An adsorbing 

water molecule has a finite residence time (τ) on the surface, which is determined by the 

temperature of the molecule (T) and the strength of the adsorbing bond (Ead) (Eq. 2.1.2). 

In this equation, τ0 is a frequency factor (~10
-12

 sec) and R is the gas constant (8.31 

J/mol/K). 

 

𝜏 = 𝜏0 ∗ exp (−
𝐸𝑎𝑑
𝑅 ∗ 𝑇

)                                        (Eq. 2.1.2) 

 

Decreasing the temperature of the system, or increasing the adsorption bond energy, will 

increase the residence time of molecules on the surface. An increase in the residence time 

will increase the total quantity of adsorbed water on a metal’s surface. Additionally, 

increasing the partial water vapor pressure increases the total quantity of adsorbed water, 

due to a greater flux of water molecules to the metal surface.  

Nishikawa et al. differentiated between the various binding states of adsorbed 

water in a paper on water isotherms.
13

 In their paper, the authors identified three different 

states of adsorbed water present on metal surfaces: structural, chemisorbed, and 
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physisorbed. Structural water corresponds to the initial molecules bound directly to the 

metal surfaces. As stated previously, this initial layer is comprised of hydroxyls and 

protons, as the dissociation of molecular water is favorable on metal surfaces. These 

atoms and molecules may only be removed with very high temperatures. Chemisorbed 

water molecules adsorb to the surface onto the structural water layers. These molecules 

form the ice-like layer mentioned previously. Chemisorbed molecules are bound to the 

surface more tightly, and therefore can only be removed by high temperatures (>150°C). 

Finally, physically adsorbed water forms the topmost water layers. These layers are not 

strongly bound to the metal surface and can be easily added or removed by changing the 

partial pressure of water above the metal surface.  

Nishikawa et al. fit their measured water isotherms on aluminum, copper, and 

stainless steel using a set of equations describing the three states of water adsorption.
13

 

Figure 2.1.4 shows the results of these equations for each metal. The figure displays the 

surface concentration of water as a function of relative humidity. The abscissa range only 

extends to 1% relative humidity, because the samples used in this study were primarily 

kept in dry conditions (RH ~ 0.02%). In general, as the relative humidity increases, a 

greater quantity of water is adsorbed. The isotherms show that stainless steel and 

aluminum surfaces contain similar quantities of water, while copper surfaces contain less 

water. Nishikawa et al. also report a number of surface condition factors for stainless 

steel. These factors are the authors’ attempt to account for the observed variability in 

surface water concentrations on modified stainless steel surfaces. The reported factors 

range from 0.21 to 5. A surface condition factor of unity was used to plot the isotherm 
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shown in Figure 2.1.4. This factor corresponds to water adsorption on a stainless steel 

(type 316) plate.  

 

 

Figure 2.1.4; Reported water isotherms on aluminum, copper, and stainless steel. In 

general, the quantity of water adsorbed onto a metal’s surface increases with increasing 

water vapor concentration. A monolayer of water is approximately 16 μmol/m
2
. 

 

Several studies have measured the total quantity of water adsorbed onto gold 

surfaces.
26-28

 Gold is a unique case for water adsorption. In addition to water molecules 

remaining intact after adsorption (Table 2.1.1), less water is expected to adsorb onto gold 

surfaces. This expectation arises from the fact that gold does not readily form a metal-

oxide. Figure 2.1.5 shows the results of these studies. As observed in Figure 2.1.5, the 

quantity of water adsorbing onto gold surfaces increases with increasing relative 
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humidity. The large difference between each of these studies is likely due to the samples 

used in each measurement having a different surface roughness. Guo et al. noted that 

increasing the surface roughness increases the quantity of adsorbed water. The roughness 

reported by Guo et al. was 1.57 nm, while Lee et al. reported a peak to valley differences 

in the range of 200 – 600 nm. Dante et al. did not report a surface roughness, as their 

study was not dedicated to measuring water adsorption. Comparing the isotherms 

reported for the various metal surfaces reveals that aluminum and stainless steel surfaces 

have the highest quantities of adsorbed water, while gold and copper surfaces have the 

lowest. Because of the spread in the reported isotherms for gold substrates, it is 

impossible to know whether gold or copper surfaces contain the least amount of adsorbed 

water.  

 

 

Figure 2.1.5; Measured water isotherms for gold surfaces.  
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The total quantity of water adsorbed onto a metal surface depends on the surface 

conditions. This difference in total quantity may arise from various causes, including a 

difference in water-metal bond strength, concentration of adsorbing hydroxyl radicals, or 

even surface roughness. As seen from Eq. 2.1.2, altering the adsorption bond energy will 

directly affect the residence time and therefore, the total adsorbing quantity. Some 

authors have noticed a reduction in the quantity of adsorbed tritium for modified metal 

surfaces, indicating a reduction in the total quantity of adsorbed water.
5,6,20

 These authors 

attribute the change to a reduction in the hydroxyl radical concentration at the water-

metal interface. Finally, increasing the surface roughness increases the surface area, as 

well as possibly lowering the water dissociation barrier on the metal surface. An increase 

in surface area offers more potential locations for water to bind. Lowering the water 

dissociation barrier may lead to more hydroxyls forming on the surface, which may lead 

to increased water concentrations. 

The large number of adsorbed water molecules on metal surfaces offers a 

potentially large reservoir for tritium, as each proton in water can be substituted with a 

triton. The maximum concentration of tritium that a monolayer of water can hold can be 

determined by counting the number of protons within the monolayer. Using the average 

distance between water molecules (3 Å), the estimated surface concentration of water is 

~10
15

 molecules/cm
2
. Doubling this concentration yields the maximum surface 

concentration of tritium, as each water molecule can hold two tritons. To determine the 

tritium concentration per unit volume, the surface concentration must be divided by the 

thickness of a monolayer (3 Å). This maximum concentration represents a potential 

activity of 107 μCi/cm
2
, or 4x10

9
 μCi/cm

3
. These extremely large concentrations are 
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unlikely to occur on real surfaces. However, this simple estimation demonstrates the 

capability of the adsorbed water layers to contain the large concentrations of tritium 

observed by some authors.
11,13

 

 

Chapter 2.2: Solubility and diffusivity of hydrogen isotopes in metals 

After adsorption onto a metal’s surface, hydrogen atoms can migrate into the bulk 

metal lattice. However, hydrogen can only migrate through the bulk lattice in atomic 

form. Therefore, hydrogen atoms contained within hydrogen or water molecules must 

dissociate on the surface prior to absorption into the lattice. Once in the metal lattice, the 

atoms occupy interstitial locations, grain boundaries, vacancies, etc. depending on the 

crystal lattice. At this point, the atoms will diffuse through the bulk metal lattice by 

migrating from one interstitial location to the next. Migration of hydrogen isotopes in 

metal lattices can be described by classical diffusion of a solute in a solvent. The 

following section outlines the characteristics of hydrogen isotopes dissolution and 

migration through metal lattices.  

 

Chapter 2.2.1: Solubility of hydrogen isotopes in metal lattices 

Because of their small size, hydrogen atoms and their isotopes can permeate 

through all metals. In ideal face-centered cubic (FCC) crystal lattices, the atoms 

accomplish this by occupying octahedral locations within the lattice (Fig. 2.2.1) and by 

migrating between these sites within the metal. Under most conditions, not all octahedral 

sites are occupied. The solubility of hydrogen (S) within a metal determines the 

equilibrium density of hydrogen isotopes in the metal for particular conditions.  
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𝑆(𝑝, 𝑇) = 𝑆0√𝑝𝐻 ∗ exp (−
𝐸𝑆
𝑅𝑇
)                             (Eq. 2.2.1) 

 

This solubility depends on the partial pressure of hydrogen (pH) in the gas phase 

surrounding a metal, the activation energy for dissolution (ES), a frequency factor (S0), as 

well as the temperature of the system (T) (Eq. 2.2.1). Inclusion of the partial pressure is 

necessary to describe the dissolution of a gas into a solid. The square root dependence 

arises from the conversion of hydrogen molecules to hydrogen atoms. Hydrogen 

solubility in metals has been measured for ideal, single-crystal lattices. These solubilities 

are referred to as the “lattice solubility” to emphasize the binding locations of the 

hydrogen atoms.  

 

 

Figure 2.2.1; Illustration of possible hydrogen binding to octahedral sites in an FCC 

crystal lattice 

 

Imperfections in the crystal lattice can significantly affect the solubility of 

hydrogen isotopes in metals. These imperfections include vacancies and grain 
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boundaries. A vacancy is a location where a metal atom is missing, leaving a hole in the 

lattice. Grain boundaries occur at the interface of two crystal planes. Misalignment of the 

crystal planes causes a gap to form at the interface, which allows a significant amount of 

hydrogen to concentrate. Each of these defects will increase the quantity of hydrogen 

dissolved inside the metal lattice; more hydrogen can bind in and around defects than in 

an ideal lattice.
30

  

In addition to increasing the quantity of dissolved hydrogen, hydrogen may bind 

more strongly to these sites than to average lattice sites. Defect sites that bind hydrogen 

more strongly are called “traps”, as the atoms are harder to remove from these sites. 

Traps may also be formed by the presence of impurities, like oxygen. Due to this higher 

binding energy, much more energy is necessary to remove an atom from a trap state. 

Figure 2.2.2 illustrates this concept. Interstitial, or lattice, sites have relatively low 

binding energies. The illustration depicts two trap states, both of which have much higher 

binding energies.  
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Figure 2.2.2; Illustration of the variation in the hydrogen binding energies in metal 

lattices. The illustration shows the binding energy of a typical lattice site (Em), as well as 

two different trap states (Ed
1
 & Ed

2
). Typical lattice binding energies are ~10kT, and trap 

state binding energies can be ≥30kT. Figure adapted from Young & Scully.
31

  

  

The influence of defects in the crystal lattice is more pronounced in low-solubility 

metals, like copper. Because higher concentrations of hydrogen may evolve at defect 

sites, the effective mean solubility of the metal for hydrogen may be much higher than 

the regular lattice solubility for hydrogen. The influence of defect sites on the effective 

hydrogen solubility is particularly important for an extrapolation of that solubility from 

high-temperature data. At high temperatures (T ≥ 150°C), the influence of the different 

defect sites on hydrogen solubility is less pronounced, as enough thermal energy is 

present to remove hydrogen from all trap states. This behavior hides the presence of these 
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defects, leading to an under-prediction of hydrogen solubility when extrapolating high 

temperature data to lower temperatures.  

Many authors have measured the solubility of hydrogen isotopes in various 

metals. Figure 2.2.3 shows a compilation of the solubility in aluminum, copper, stainless 

steel 316, and gold substrates. Each graph shows the variation of the solubility with 

temperature. The activation energies and pre-exponential factors reported by each author 

are listed in Appendix A for reference. The reported solubilities of hydrogen isotopes in 

each substrate show a large spread in solubility for each metal. In the present study, the 

median solubility was determined for each metal from the literature collection. This 

median is shown as the black dashed lines in each plot. In the case of aluminum and gold, 

very few studies were found. Therefore, the solubility of each of these metals used in the 

present study was chosen to agree with one of the literature references. The “correct” 

solubility is unknown, prior to obtaining further experimental data. After comparing the 

experimental data with a model using the chosen solubility, the “correct” solubility can 

be determined. The values highlighted in Figure 2.2.3 will be shown to be adequate later 

in this thesis.   
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Figure 2.2.3; Literature collection of the solubility of hydrogen isotopes in (A) aluminum, 

(B) copper, (C) stainless steel 316, and (D) gold. These plots also contain the median fits 

compiled using all indicated references (shown as black dashed lines). Several studies 

were excluded when computing the median value, as they do not follow the same trend as 

the rest of the studies. Also shown in each plot are the results of a recent compilation 

published by Causey
32

 (shown as red dashed lines). The literature survey of solubilities 

shows a wide range of measured values for hydrogen isotope solubility in each metal.  
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Chapter 2.2.2: Diffusivity of hydrogen isotopes in metal lattices 

Solute atoms, like the hydrogen atoms of present interest, migrate through a 

stationary metal lattice by moving from site to site. These sites can be average lattice sites 

or defect sites. Albert Einstein developed a theory of motion in 1905 by offering a 

quantitative description of the underlying random process. In this statistical description, 

Einstein derived an equation of “Brownian” motion for the mean squared displacement 

along a spatial coordinate, x, of a particle in an ensemble (Eq. 2.2.2). 

 

〈𝑥2〉 = 2 ∗ 𝐷(𝑇) ∗ 𝑡                               (Eq. 2.2.2) 

 

This result indicates that the mean squared displacement of a particle is proportional the 

time (t) and the material’s diffusivity (D), which is a function of temperature. Einstein’s 

equation agreed with prior observations: longer times allow a particle to migrate further 

from its original position. The diffusivity is a material constant that depends on the 

various properties of the material, including its density and viscosity. It is this constant 

that varies with temperature (T) in an Arrhenius manner (Eq. 2.2.3). In general, as the 

temperature of the statistical ensemble of particles is increased, the diffusion rate also 

increases, as given by the diffusion coefficient: 

𝐷(𝑇) = 𝐷0 ∗ exp (−
𝐸𝐷
𝑅𝑇
)                           (Eq. 2.2.3) 

 

The temperature dependence of the diffusivity is the same Arrhenius dependence as used 

for solubility (Eq. 2.2.1). As with solubility, the diffusivity depends on the activation 

energy for diffusion of through the lattice (ED), as well as a frequency factor (D0).  
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Prior to Einstein’s description of the physical process, a mathematical description 

of diffusion was offered by Adolf Fick. Fick’s formulas were centered on the observation 

that solute concentrations, c(x,t), proceed from high to low concentrations. As a result, he 

developed what are now known as Fick’s Laws of Diffusion, which are represented by 

the following equations: 

𝐹 = −𝐷
𝜕𝑐

𝜕𝑥
                         (Eq. 2.2.4) 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
                         (Eq. 2.2.5) 

The first law (Eq. 2.2.4) describes the flux of particles (F) crossing a plane, which is 

proportional to the concentration gradient across that plane. The second law (Eq. 2.2.5) 

describes the rate of change in the concentration over time. These laws describe the 

migration of both matter and energy, in the absence of an external force.  

The presence of trap sites within the metal lattice should alter the rate of diffusion 

through the metal. Since hydrogen atoms bind more strongly to trap sites, more energy is 

required to remove the atoms from these traps. This increase in mean activation energy 

will decrease the overall rate of diffusion for a constant temperature (Eq. 2.2.3 & 2.2.2).  

Many authors have also measured the diffusivity (D) of hydrogen isotopes in 

metal lattices. Figure 2.2.4 shows the compilation of a number of these studies. Each 

graph contained in this figure displays the variation of diffusivity with temperature. In 

general, the diffusivity increases with increasing temperature, as expected from Eq. 2.2.3. 

As was done with the literature collection of solubility data, a median diffusivity for each 

metal was determined from the corresponding data. This median is shown as a black 

dashed line in each graph. The results of several studies were not included in the 
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computation of the median diffusivities for aluminum and stainless steel. These studies 

were excluded as outliers because they clearly did not follow the same trend as the rest of 

the collection. The plots also show the mean values determined by Causey
32

. Compared 

to the literature collection for hydrogen solubility in each metal, the present collection of 

diffusivity values shows much less spread in the data.   

 

 

Figure 2.2.4; Literature collection of hydrogen isotope diffusivity in (A) aluminum, (B) 

copper, (C) stainless steel, and (D) gold. These plots also contain the median fits 

compiled using all indicated references (shown as black dashed lines). Several studies 

were excluded when computing the median value, as they do not follow the same trend as 

the rest of the studies. Also shown in each plot are the results of a recent compilation 

published by Causey
32

 (shown as red dashed lines). 
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Chapter 3: Sample specifications and tritium loading 

conditions 

Chapter 3.1: Sample geometry 

In order to study the interaction of tritium with various metals, rectangular metal 

samples were charged with tritium by exposing the samples to a deuterium-tritium (DT) 

gas mixture. All samples used in this study had dimensions of 5.1x1.8x0.3cm
3
. The sides 

of these samples were beveled, such that the corners came to a point (Fig. 3.1). The 

samples were designed in this fashion so that only the four corners were in contact with 

the loading vessel walls. This geometry maximized the surface area exposed directly to 

the DT gas mixture. Because the loading vessel contained limited space, several different 

sets, or “batches”, of samples were charged with tritium. The different batches contained 

samples of either differing metal type and/or surface modifications.  
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Figure 3.1; Picture of a stainless steel sample (left panel); Schematic of a general sample 

(right panel)  

During the loading procedure, tritium first adsorbs to the surface of the metal and 

then subsequently diffuses into the bulk metal lattice. The metal surfaces contain a native 

metal-oxide layer, as well as a multilayer structure of water. These structures are present 

on all the samples used in this study, as the samples were exposed to ambient conditions 

prior to loading. The adsorption of tritium onto the surface occurs presumably through an 

isotopic exchange mechanism between protons in the adsorbed water layers and tritium in 

the gas phase.
97

 After adsorption onto the surface, tritium can migrate into the bulk metal 

lattice, where it occupies the interstitial and defect locations discussed in Chapter 2.  

The following sections contain descriptions of the various surface pre-treatments 

performed on the samples, the loading and storage conditions employed for each of the 

samples, and finally an estimation of the total quantity of tritium loaded into the samples. 

The various surface pre-treatments performed on the samples include a cleaning 
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procedure performed on all samples, as well as a collection of surface modifications 

performed on some of the samples.  

 

Chapter 3.2: Sample pre-treatments 

Prior to loading with tritium, the metals samples underwent various pre-

treatments in order to clean or modify the surface. Cleaning took place after any surface 

modifications and prior to charging with tritium. The primary purpose of the cleaning 

process was to remove any grease or surface contaminants left from a prior procedure or 

from handling the raw parts.  

All samples and their storage containers were washed in an ultrasonic bath with a 

series of solvents to remove any grease or surface contaminants. Each part was washed, 

first with 100% acetone, then with de-ionized water, and finally with 100% isopropyl 

alcohol (except for Loading Batch #4, which used 70% isopropyl alcohol). Each washing 

took two minutes per solvent. After washing, the samples were placed in four-ounce 

storage containers, which were washed using the same method as with the samples. 

Samples in Loading Batch #1 were all placed in the same container. New storage 

containers were used for each loading batch. Samples and storage containers were 

handled using gloves after washing, to prevent transfer of grease and/or oil from skin 

contact.  

In order to test the hypothesis that tritium adsorption onto a metal surface is a key 

step in the overall tritium absorption process, samples with various surface modifications 

were included in several loading batches. These modifications included gold plating, 
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mechanical polishing, electropolishing, and selective oxidation. In order to plate metal 

samples with gold, the samples received from the manufacturer were first polished to a 

mirror finish. This finish was expected to have an average roughness (Ra) of ~0.1μm. 

After this treatment, the samples were electroplated with a thin layer of nickel (6μm), 

which is necessary to bind gold to the substrate metal. Finally, a thin layer of gold was 

electroplated onto the nickel layer. In several of the loading batches, aluminum, copper, 

and stainless steel samples were plated with gold. Additionally, for each substrate metal, 

samples were produced with different thicknesses of the gold layer. Thicker gold layers 

were produced by leaving the samples in the electroplating solution for longer periods of 

time. Four different gold thicknesses were used: 0.8, 1.7, 4.1, and 8.3μm. Each thickness 

is known to ±8%.  

A gold plated copper sample was analyzed using Scanning Electron Microscopy 

(SEM) to verify the thickness of the gold layer, as well as to investigate the properties of 

the gold layer and the interfaces between each layer. To accomplish these measurements, 

a small portion of the surface (~170μm
2
) was etched in order to reveal the cross section. 

The results of the SEM measurements are shown in Figure 3.2. Images of the surface 

revealed the presence of several deep holes or pits in the surface (Fig. 3.2-A). However, 

the depth of each feature was not measured in the SEM scan. The cross section of the 

sample (Fig. 3.2-B) confirmed that the desired thicknesses of the gold and nickel layers 

were achieved. The striations visible in Figure 3.2-B are a result of the etching process 

and do not represent actual grain boundaries or other metallurgical structures.  
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Figure 3.2; SEM images of a gold plated copper sample. The pictures show (A) the 

surface, (B) a cross section of the gold, nickel, and copper layers, and (C) a cross section 

of the gold layer alone. The inset in Panel A shows deep holes in the surface; the larger 

hole is approximately 1μm in diameter. The gold layer cross section shows many air 

pockets, presumably a result of the plating process. 

 

While etching the gold layer, the presence of many voids within this layer became 

evident (Fig. 3.2-C). As shown in the image, these voids were roughly spherical and 

varied in diameter. The overall void fraction within the gold layer was not measured 

directly by the SEM scan. Instead, an estimation of this quantity was derived from the 

volume of the voids observed and the volume of the gold layer that was etched. This 
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calculation assumed that the void fraction within the etched volume was representative of 

the entire gold layer.  

The void volume within the etched portion of the gold layer was estimated from 

the diameters of the observed voids, which were measured using the GetData graphical 

digitizer
33

. This program allows one to import a graph or image and extract data from it 

by setting a scale and then simply clicking on the data points. Then program outputs the 

coordinates of each data point based on the user-defined scales. To determine the void 

diameters, the SEM images were imported and the scale set using the embedded scale 

included in each image from the SEM instrument. The left and right sides of each void 

were treated as “data points”. Taking the difference between the distances recorded by 

the GetData program yielded the diameters of the various voids. The diameters were then 

compiled into the histogram shown in Figure 3.3. The data revealed that the voids had an 

average diameter of (50 ± 10) nm. The error in the diameter is the calculated standard 

deviation. Using this mean diameter, the number of voids recorded, and the total volume 

etched, the overall void fraction was calculated to be 0.01% of the total gold layer 

volume.  
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Figure 3.3; Distribution of diameters of voids found within a 69μm
3
 volume of gold 

plated onto the surface of a copper substrate. 

 

In addition to gold plating, several other surface modifications were performed. 

While aluminum, copper, and stainless steel samples were plated with gold in this study, 

only stainless steel surfaces were subjected to the following modifications. Each 

treatment or modification produced a surface with a different roughness and/or a 

potentially different chemical composition. First, a thin layer of each metal was 

mechanically removed from the surfaces, in order to allow a native oxide to form from 

exposure to ambient conditions. The resulting, relatively rough surfaces contained 

pronounced parallel peaks and valleys. These samples were labeled “As Received”. A 

subset of these samples was mechanically polished, producing much smoother surfaces. 
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A separate subset of the “As Received” samples was electropolished, producing a surface 

roughness between that of the “As Received” and the polished surfaces. Table 3.1 shows 

the measured average surface area roughness (Sa) for the “as received”, polished, and 

electropolished samples. The surface area roughness was measured using a Zygo 

NewView 100 interferometer. The area roughness reported here for each surface 

represents the average of five measurements, with each measurement taken at different 

locations on the surface.  

 

Table 3.1; Surface roughness of various finishes on stainless steel samples 

Surface finish Sa (nm) 

As Received 350 ± 50 

Polished 50 ± 10 

Electropolished 70 ± 20 

 

Some of the electropolished, stainless steel samples underwent an additional 

surface treatment, designed to increase either the iron or chromium concentration in the 

near-surface region. Stainless steel is an alloy, containing primarily iron and chromium 

(Table 3.2). The surface treatment to enhance the concentrations of either element in the 

near-surface region used a procedure developed by Ohmi et al.
34

 This procedure involves 

heating the samples under a gas stream at one atmosphere with the gas compositions 

specified in Table 3.3. Ohmi et al. found that oxygen concentrations larger than 10ppm 

resulted in formation of iron oxide on the surface. However, lower concentrations (1-
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10ppm) allowed for formation of chromium oxide instead. Ozeki et al. successfully used 

this process to form chromium oxide on steel surfaces.
6
  

 

Table 3.2; Elemental composition of bulk stainless steel 

SS type Fe Cr C Mn Si P Mo Ni S 

316 65% 17% 0.08% 2% 1% 0.045% 2.5% 12% 0.03% 

 

Table 3.3; Conditions used by Ohmi et al. to passivate stainless steel surfaces with either 

an increased chromium or iron surface concentrations 

Treatment to 

produce… 

Hydrogen  

concentration 

Oxygen  

concentration 

Helium 

concentration 

Time 

(hrs) 

Chromium oxide 10% 1-10ppm Balance 1 

Iron oxide 10% >10ppm Balance 1 

 

The passivation setup utilized for the above surface treatments is shown in Figure 

3.2. The gases used were supplied from external tanks and were controlled using MKS 

mass flow controllers (MFC). A supply of 1% oxygen, diluted with helium, was 

purchased from Airgas. Starting with diluted oxygen allowed smaller concentrations to be 

achieved more readily by further dilution with helium. Two oxygen getter beds, a nickel 

bed and a carulite bed, were placed in the gas stream parallel with each other. 

Downstream of the oxygen getters, a molecular sieve was placed to absorb any water in 
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the supply gases. A custom-made stainless steel oven was placed inside a Thermo 

Scientific Thermolyne heater equipped with a Eurotherm 2116 temperature controller. 

The oven had a ¼” stainless steel pipe on the downstream side and a 2-3/8” CF flange 

with a ¼” stainless steel pipe feedthrough on the upstream side. Rectangular stainless 

steel samples (described previously) were inserted and removed from the oven using a 

glove bag, in an attempt to maintain a dry atmosphere inside the oven. After treatment, 

the samples were each placed inside a 4-oz storage can and sealed while inside the glove 

bag. This maintained the inert atmosphere surrounding the samples, limiting the 

adsorption of water during the brief storage period between pre-treatment and charging 

with tritium.  

 

 

Figure 3.2; Block diagram of passivation setup utilized in this study.  

 

Several diagnostic instruments were placed downstream of the oven in order to 

analyze the gas stream in situ. The first was a Mitchell PURA OEM dew point (DP) 

sensor (range: -120 to -40°C), which monitors the concentration of water vapor. During 
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the oxidation procedures, the dew point was below -50°C, which corresponds to a relative 

humidity below 0.5%. Second, a Stanford Research Systems RGA100 residual gas 

analyzer (RGA) was placed downstream of the dew point sensor. The RGA was backed 

by a molecular drag pump and a diaphragm pump in order to achieve the low operating 

pressures required (<10
-4

 Torr). Due to the low operating pressures required to operate 

the RGA, a portion of the process gas was sampled using a 1/16” stainless steel line. The 

small diameter line reduced the pressure from atmospheric to 20-30 Torr. Further 

pressure reduction was accomplished using an orifice (d = 0.001”) in front of the RGA. 

Differential pumping was used to reduce the response time of the RGA. The results from 

the RGA measurements have not been included in the present discussion, as they 

indicated a leak in the RGA system. Therefore, the gas compositions during the oxidation 

procedures were determined by the experimentally set gas flow rates. The flow rates and 

the estimated oxygen concentrations are shown in Table 3.4. 

 

Table 3.4; Gas flow rates used during each oxidation procedure 

Gas Iron oxidation Chromium oxidation 

H2 0.23 L/min 0.98 L/min 

He 1.99 L/min 10.02 L/min 

1% O2 in He 11.22 cm
3
/min 2.21 cm

3
/min 

 [O2] (Expected) 50 ppm 2 ppm 
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The polished, electropolished, and oxidized stainless steel surfaces were analyzed 

by X-ray Photoelectron Spectroscopy (XPS) to determine the elemental composition as a 

function of depth into the metal. This diagnostic measurement serves as a check of the 

oxidation procedure, to determine whether the procedure in fact increased the iron or 

chromium surface concentrations. Additionally, electropolished stainless steel surfaces 

are expected to contain a larger chromium concentration, which increases the passivity of 

the surface.
20

 These samples also provide a baseline for the samples treated with the 

different oxidation procedures; the samples used for these oxidation procedures had been 

electropolished prior to oxidation. Inclusion of the polished samples in the analysis 

provides a baseline for the elemental composition. The surface composition of these 

samples is not expected to differ significantly from an “As Received” sample, because no 

chemical treatment was performed. The results of these measurements are shown in 

Figure 3.4.  
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Figure 3.4; Elemental composition of the near surface of stainless steel samples with (A) 

Polished, (B) Electropolished, (C) and (D) Iron oxide treatment, and (E) Chromium 

oxide treatment. Two depth profiles are included for the iron oxide treatment, as the 

surface visibly exhibited two different regions, with one region darker than the other 

(darker region corresponds to the data in panel C). 
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The XPS results show the change in the relative concentrations of oxygen, iron, 

and chromium with depth into the metal lattice. The relative concentrations of oxygen 

within each sample are large at the surface and decrease with increasing depth. These 

high surface concentrations are due to the metal oxide, which forms on all steel surfaces 

in contact with ambient air. This oxide layer is finite, as expected, and shows an average 

thickness of ~10nm for most samples. The relative concentrations of iron and chromium 

trend opposite of the oxygen concentrations; iron and chromium content increases with 

increasing depth. These concentrations increase until ~10nm. At this point, the metal-

oxide layer transitions into the bulk lattice of stainless steel. As expected, the iron and 

chromium concentrations within the metal lattice do not depend on the surface treatment. 

Additionally, the chromium concentrations are close to the expected values for stainless 

steel (Table 3.2). However, the concentrations of iron in the metal lattice are slightly 

higher than expected.  

In order to determine the effectiveness of the oxidation treatment outlined 

previously, the depth profiles in Figure 3.4 must be compared in the same sequence as the 

surface treatments. The first treatment performed after mechanical polishing was 

electropolishing. Comparing the depth profiles for the polished (Fig. 3.4-A) and 

electropolished (Fig. 3.4-B) samples shows that electropolishing increased the chromium 

concentration at the surface by 7.3%, while simultaneously reducing the iron 

concentration by 18.6%. This enhancement of the chromium content in the near surface 

agrees with the results presented by Lee
20

.  

After electropolishing, the samples were subjected to either the iron oxide 

treatment or the chromium oxide treatment. According to the XPS results, the chromium 
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oxide treatment yielded results opposite from the expectation. The results show an 

increase in the iron concentration and a decrease in the chromium concentration at the 

surface (Fig. 3.4-E). This may be a result of using an incorrect oxygen flow rate during 

the oxidation procedure. Ohmi et al.
34

 noted that very small partial pressures of oxygen 

were necessary for the enhancement of the chromium surface concentrations. These 

authors noted that partial pressures higher than 100ppm O2 resulted in the enhancement 

of the iron concentrations instead of the chromium content.  

Finally, the depth profiles indicate mixed results from the iron oxide treatment. 

Samples treated with the iron oxide procedure (Table 3.4) exhibited two regions on the 

surface, one visibly lighter than the other region. This surface feature was not apparent on 

all of the samples; only samples in the upstream portion of the oven exhibited this surface 

feature. The XPS results of both regions show that two different dominant metal oxides 

are present. Visually lighter surfaces correspond to predominantly chromium oxide (Fig. 

3.4-D), while the visually darker surfaces correspond to predominantly iron oxide (Fig. 

3.4-C). The areas of predominately iron oxide have the same relative concentrations of 

oxygen, chromium, and iron as the mechanically polished surfaces. The areas of 

predominantly chromium oxide demonstrate an enhancement in the chromium content, 

when compared to the electropolished surfaces. These results suggest that the procedure 

was only moderately successful, as the lighter portions contain ~20% more iron than the 

electropolished surfaces. However, it is not known why the treatment created partially 

complete iron oxide surfaces.  

The passivation setup was also used to anneal the “As Received”, polished, and 

electro-polished samples from Batch #6 in a helium gas stream. The annealing was done 
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after the standard washing procedure (discussed previously). The samples were placed on 

small steel “boats” and inserted into the oven. Annealing took place for 16 hours at a 

temperature of 150°C. At this temperature, the majority of adsorbed water and some 

(≈15%) of the protium in the bulk should be removed.  

 

Chapter 3.3: Sample loading and storage conditions 

All of the metal samples were loaded with tritium by exposure to a deuterium-

tritium (DT) gas mixture for various pressures and lengths of time. The loading apparatus 

allowed for simultaneous loading of thirty samples and was designed such that each 

sample was separated from its neighbors (Fig. 3.5). Additionally, as mentioned 

previously, the sample design minimized contact of the samples with the walls of the 

loading apparatus. Seven separate batches of samples were loaded on different dates, with 

slightly different loading conditions (Table 3.5). All samples were loaded at 25°C. The 

tritium supply was recharged prior to Batch #6, leading to the higher concentration of the 

isotope in that batch, even at the lower DT pressures used in the loading of the later 

batches. Samples loaded in Batch #7 were used for a separate experiment, and therefore 

are not included in the present study.  
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Table 3.5; Sample loading conditions (Au/X denotes a gold plated substrate, where X is 

the substrate) 

Batch 

number 

Date Time 

(hrs) 

DT pressure 

(Torr) 

% Tritium Metals Exposed 

1 11/17/2009 3 686.8 45 Al, Cu, SS316 

2 4/25/2013 23 683.4 39 Al, Cu, SS316, Au/Cu 

3 10/28/2013 24 683.4 38 Al, Cu, Au/Al, 

Au/Cu, Au/SS316 

4 5/19/2014 24 659 37 Al, Cu, SS316 

5 7/25/2014 24 650 36 Al, Cu, SS316, 

Au/Al, Au/Cu, 

Au/SS316  

6 4/22/2015 24 550 59 SS316 (various  

surface modifications) 

8 11/17/2015 24 530 58 SS316 (various  

surface finishes) 

 

 

 

 

 



47 

 

 

 

 

Figure 3.5; Picture of the sample loading ladder, with several unloaded samples placed 

in the ladder for reference 

 

After loading with tritium and before each experiment, all samples were stored 

under an atmosphere of dry helium in order to minimize tritium loss to the moist 

atmosphere. Samples from all loading batches, except for Batch #1, were stored in 

separate containers. Samples from Batch #1 were stored in a single container. The 

samples were removed using a glove bag, in an attempt to preserve the inert atmosphere 

inside the storage vessel. Use of separate containers in subsequent loading batches 

eliminated the use of the glove bag. Additionally, separate containers prevent cross 

contamination between samples; the tritium inventory loaded into a particular sample 

should be preserved. Storing several samples in the same container may allow tritium to 

migrate from one sample to another, eventually equally distributing the tritium, given 

sufficient time.  
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During the storage period, tritium can migrate from the sample to either the gas 

phase or the storage container walls. There are two main pathways for tritium to leave the 

metal sample: desorption into the gas phase and direct transfer to another surface by 

contact. Storage under the dry helium atmosphere significantly reduces the rate of tritium 

desorption from the surface, but it does not eliminate the flux of desorbing tritium.
16

 If 

the metal storage containers are not properly sealed during storage, the storage container 

will allow laboratory air to replace the dry helium atmosphere. The laboratory air 

contains trace amounts of water vapor, which will increase the rate of tritium desorption 

from the sample’s surface. Additionally, a leak in the storage container allows the 

desorbing tritium to escape from the container altogether, eliminating the possibility of 

re-adsorption by the sample. In addition to tritium migration by desorption, the metal 

samples loaded with tritium are in contact with the metal storage container. This contact 

allows tritium to migrate from the sample to the container walls, providing a second 

mechanism for tritium transfer away from the sample. 

The samples were placed inside the storage vessel(s) while they were still inside 

the glove box where the loading apparatus was located. This glove box had an average 

background concentration of airborne tritium of approximately 3mCi/m
3
. Initially, this 

airborne contamination would be present in the storage vessels as well. Longer storage 

periods allow the airborne contamination to be absorbed by the vessel walls or the 

samples themselves. For shorter storage periods, this airborne concentration could be 

detected when the storage vessel was opened.  

The interior walls of the storage vessels may contain a large amount of tritium. 

This tritium originates either from the airborne contamination from the loading glove box 
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or from transfer from the sample to the walls by direct contact. Over time, the airborne 

contamination may adsorb onto the storage vessel’s walls. To measure the quantity of 

tritium adsorbed on the walls, the storage vessel was placed inside an ultrasonic bath. The 

vessel’s interior was filled with 100mL of liquid scintillation fluid. Outside of the vessel, 

the ultrasonic bath was filled with de-ionized water to 75% of the storage vessel height, 

in order to couple the bath vibrations to the vessel. After running the bath for two 

minutes, three aliquots of scintillation fluid were taken from different locations within the 

storage vessel. The aliquots were counted using liquid scintillation counter, and the 

results were averaged together. This method measures the total removable surface 

contamination on the interior walls of the storage vessel.  

The above method was performed on the storage vessels used for the Batch #6 

samples, with the resulting aliquot averages shown in Figure 3.6. The error bars in this 

plot reflect the standard deviation of the mean for each measurement. Several of the 

measurements had significant error bars. This is likely due to a non-uniform distribution 

of tritium within the scintillation fluid in the storage vessel. Since the aliquots were taken 

from different locations, some of the locations may have larger tritium concentrations 

than others. This would lead to a skewed average and larger error bars. For all of the 

measurements, the activity removed from the storage vessels was less than 4% of the 

total activity removed from the samples during thermal desorption. However, these 

samples were stored for less than one month. Longer storage times may allow for a larger 

transfer of tritium from the samples to the container walls.   
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Figure 3.6; Quantities of tritium removed from interior storage vessel walls during a 2-

min ultrasonic bath 
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Chapter 4: Thermal desorption of tritium from metal samples 

Tritium adsorption onto a metal’s surface is a key step in the overall absorption of 

the isotope by the metal. Therefore, different surface finishes or surface compositions 

may alter the total quantity of tritium absorbed by a metal exposed to tritium gas. Many 

studies have measured the influence of the surface on tritium or hydrogen absorption and 

found absorption to be sensitive to the surface conditions. Some of these studies conclude 

that a metal-oxide layer on the surface reduces tritium absorption.
6,9,35

 Other studies have 

investigated the influence of other surface treatments, such as mechanical polishing or 

electropolishing, on the total absorption of tritium by the metal.
5,21

 These studies also 

found that altering the metal surface affects both the adsorption of tritium onto the 

surface and the absorption of tritium into the metal lattice.  

Altering the metal’s surface affects the adsorption of tritium by altering the 

quantity of water adsorbing onto the surface. Nishikawa et al.
13

 measured various surface 

concentrations of water for different stainless steel surfaces exposed to the same 

conditions. These surfaces included mechanical polishing to a mirror finish, the inner 

surface of a commercially available steel tube, and a stainless steel plate left exposed to 

ambient air for more than one year. The results of their experiments demonstrated that 

stainless steel surfaces with various pre-treatments could have significantly different 

surface concentrations of water. The cause of this significant variation is possibly due to 

each pre-treatment altering the concentration of hydroxyls bound directly to the metal 

surface.
6
  

In the present study, the effect of altering a metal’s surface on the adsorption and 

absorption of tritium was measured using thermal desorption. Thermal desorption is a 
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technique in which the metal substrates were heated to encourage the release of tritium 

either dissolved within the substrate, or bound to the surface of the substrate. Two 

important parameters were measured during each thermal desorption experiment: the 

total quantity of tritium released and the rate of tritium being released from the metal. 

The total quantity of tritium released is related to the initial quantity loaded into the 

sample. Therefore, measuring the total quantity gives insight into the effectiveness of 

each surface at retarding the migration of tritium and may yield information regarding the 

quantity of water adsorbed to the metal’s surface. Measuring the rate of tritium released 

from the sample provides information regarding the binding energy of the isotope to 

various locations on the surface and within the metal lattice. In the following sections, the 

basic theory of thermal desorption will be presented, followed by a brief description of 

the experimental setup, and finally a presentation and discussion of the data collected. 

 

Chapter 4.1: General theory of tritium migration through metal lattices 

and tritium adsorption onto metal surfaces 

Measurement of the total inventory of tritium loaded into a metal sample currently 

requires the removal and collection of all tritium contained within the sample. In a 

thermal desorption experiment, all tritium contained within a sample is only removed 

either by dissolving the substrate using a strong acid, or after prolonged periods of time 

and/or sufficiently high temperatures. Long times and/or high temperatures are necessary 

to allow the tritium to diffuse through the substrate’s crystal lattice and subsequently be 

released from the substrate’s surface. High temperatures also allow all molecules to 

desorb from the metal’s surface.  
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Because the removal of tritium is limited by tritium diffusion through the metal 

lattice, an expectation of the quantity of tritium removed during a thermal desorption 

experiment can be estimated using basic diffusion theory. As tritium is removed from a 

metal sample, the tritium concentration profile within the metal lattice will develop into 

an error function. Therefore, the mean migration distance of the isotope (Eq. 4.1.1) can 

be used to estimate the fraction of tritium removed during an experiment.  

 

〈𝑥〉 = √4 ∗ 𝐷(𝑇) ∗ 𝑡                                         (4.1.1) 

 

The mean migration distance (〈𝑥〉) depends on both the material’s diffusivity (D), which 

is a function of temperature (T), as well as the time (t) spent at a particular temperature. 

As expected, longer dwell times and/or higher temperatures result in larger migration 

distances. Therefore, holding the temperature at a high value for a protracted amount of 

time will result in the tritium atoms traveling a large mean distance. 

Comparing the mean migration distance to the dimensions of the samples used for 

experiments allows for a determination of the quantity of tritium removed during an 

experiment. If the calculated mean distance is larger than the dimensions of the samples, 

the majority of the tritium within that sample is expected to have diffused out of the 

sample. Table 4.1.1 shows the calculated mean distances for tritium dissolved in 

aluminum, copper, and stainless steel substrates held at high temperatures for ninety 

minutes. Ninety minutes represents the experimentally set dwell period at the maximum 

temperature during thermal desorption experiments. As seen in Table 4.1.1, in each case, 

the mean distances are significantly greater than the dimensions of the samples used. The 
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samples used throughout this study were 0.3 cm thick. Therefore, thermal desorption of a 

metal sample is expected to remove the majority of the tritium present within a metal 

sample at the time of an experiment. This measurement provides a good indication of the 

initial quantity of tritium present within the sample, assuming little tritium desorbs from 

the sample during the storage time prior to an experiment. 

 

Table 4.1.1; Calculated mean distances tritium can travel through various metal 

substrates, which are held at high temperatures for 90 minutes. For mean distances 

greater than 0.15cm, the majority of the tritium within the metal should be removed. The 

thicknesses of the metal samples used throughout this study were 0.15 cm. 

Metal substrate Temperature (°C) Dwell time (min) Mean distance (cm) 

Aluminum 600 90 2.2 

Copper 850 90 1.6 

Stainless steel 700 90 0.47 

 

Because thermal desorption experiments are expected to remove the majority of 

tritium present within metal substrates, the quantity of tritium removed is directly related 

to the quantity of tritium initially loaded into the metal substrate. The quantity of tritium 

loaded into each substrate is assumed to be limited by diffusion into the metal lattice. 

Therefore, the quantity of tritium in each substrate can be estimated using one of two 

different solutions to the diffusion equation. Each solution is derived assuming different 

boundary conditions. The first, called the semi-infinite solution, assumes diffusion occurs 

across an interface of an infinitely thick solid. This simple, analytic solution allows for 
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the calculation of the total inventory of tritium loaded into the metal lattice, assuming no 

surface layers of adsorbed water are present. The semi-infinite solution is included in this 

analysis to highlight the necessity of accounting for the adsorbed water layers during the 

loading process. The second solution to the diffusion equation is a numeric solution for a 

finite solid and contains a condition for tritium diffusion from a small, high solubility 

region on the metal’s surface (Appendix B). This numeric solution, called QTRIMM 

(Quantitative Tritium Migration Model) offers two main advantages over the semi-

infinite solution. First, it can account for diffusion in a finite solid. This is important for 

solute diffusion in thin films, for materials with high diffusivities, or for prolong times, 

where the semi-infinite condition does not hold. The second advantage is the inclusion of 

a small, high solubility region, which can simulate the presence of adsorbed water layers 

on the surface of a metal substrate. The following discussion will briefly present each 

solution and the total tritium inventories calculated using each solution.  

The semi-infinite solution to the diffusion equation offers a good starting place for 

the estimation of the total quantity of tritium within the metal lattice. 

 

𝑐(𝑥, 𝑡) = 𝑐0 + (𝑐∞ − 𝑐0) ∗ erf (
𝑥

√4𝐷𝑡
)                          (4.1.2) 

 

This equation determines the concentration of tritium (c) at a particular distance (x), after 

a set amount of time (t), given the material’s diffusivity (D), the tritium concentration at 

the surface (c0), and the tritium concentration at infinite distance into the substrate (c∞). 

Because the present discussion centers around loading a metal substrate with tritium, the 

concentration at infinite depth is assumed to be zero (c∞ = 0). Assuming a rapid 
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equilibrium arises between tritium in the gas phase and tritium dissolved in the near 

surface of the metal, the surface concentration can be set to a fixed and saturated value. A 

saturated surface concentration is equal to the solubility of the metal (c0 = Smetal). This 

equilibrium is assumed to be rapid relative to tritium migration into the metal lattice and 

is justified by comparing the flux of tritium to the surface and the diffusive flux into the 

metal lattice. The flux of tritium to the surface (Fgas) can be estimated using: 

 

𝐹𝑔𝑎𝑠 =
1

4
𝑁𝑇�̅�                                                     (4.1.3) 

 

This flux depends on the concentration of tritium in the gas (NT) as well as the mean 

speed for the gas atoms (�̅�). Here, the mean speed is derived assuming a Boltzmann 

distribution of velocities for gas phase molecules. The diffusive flux into the metal lattice 

(Fmetal) is given by Fick’s First Law: 

 

𝐹𝑚𝑒𝑡𝑎𝑙 = −𝐷(𝑇)
𝜕𝑐

𝜕𝑥
= −𝐷(𝑇) ∗

𝑐0 − 𝑐1
𝛥𝑥

                                   (4.1.4) 

 

Here, the flux has been translated into a finite-difference form. The diffusive flux 

depends on the diffusivity of the metal (D), which is a function of temperature (T), the 

surface concentration of tritium (c0), and the tritium concentration a short distance (Δx) 

into the bulk (c1). The maximum diffusive flux occurs when the surface is saturated with 

tritium (i.e. c0 = Ssurf) and no tritium exists within the metal lattice (c1 = 0). For 

aluminum, copper, and stainless steel samples at ambient temperature, the flux of tritium 
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to the surface is greater than the diffusive flux into the metal lattice by a factor of 10
7
 

(calculated assuming Δx = 1nm).  

Figure 4.1.1 shows the tritium concentration profiles within aluminum, copper, 

and stainless steel substrates calculated using the semi-infinite model (Eq. 4.1.2) for a 

loading period of 24 hours at ambient temperature and a tritium partial pressure of 0.40 

atm. This plot only shows the portion of the solution corresponding to positive values on 

the abscissa, as the concentrations at these values represent the concentrations within the 

metal lattice. Only distances between zero and 0.15cm are shown to highlight the region 

of interest. Distances greater than 0.15cm extends beyond the half-thickness of the 

samples used in this study. Two profiles for tritium concentrations in a copper substrate 

are shown. The first is represented by blue dashes and utilized a tritium solubility 

extrapolated from high temperature data obtained from the literature collection (§ Fig. 

2.2.3-B). The second, represented by purple dots, used the extrapolated solubility, but 

increased it by a factor of 1,000. As seen in Figure 4.1.1, this increase in solubility serves 

to increase the tritium concentrations within the copper substrate. The increase in tritium 

solubility in copper will be justified after a comparison of the integrated concentration 

profile to measured data.  
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Figure 4.1.1; Calculated tritium concentrations within aluminum, copper, and stainless 

steel substrates. Each profile was calculated for a 24-hr loading period and a tritium 

partial pressure of 0.40 atm. This calculation assumes no adsorbed water layers are 

present on each metal surface. Two profiles for copper are shown: one profile utilized the 

extrapolated solubility from the literature collection, while the other used a scaled 

solubility.  

 

The total quantity of tritium absorbed by a metal substrate (A) after a loading 

period (tload) can be determined by integrating the semi-infinite solution over distance (x): 

 

𝐴(𝑡) = 2 ∗ ∫ 𝑐(𝑥, 𝑡𝑙𝑜𝑎𝑑) 𝑑𝑥
𝑑

0

∗ 𝑆𝐴 ∗ 𝑁𝑎 ∗ 𝜆                       (4.1.5) 
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The total inventory depends on the tritium concentration (c) at each point in the substrate, 

the surface area of the samples (SA), and the half-thickness of the samples (d). 

Avogadro’s number (Na) and the decay constant for tritium (λ) are included to convert the 

number of moles of tritium into units of radioactivity for direct comparison to 

experimental data. Finally, the factor of two accounts for both sides of the sample, as the 

semi-infinite solution only simulates one-half of the sample. Using this equation, the total 

tritium inventories loaded into each substrate were calculated (Table 4.1.2).  

 

Table 4.1.2; Solubility of tritium in various metal substrates at room temperature and the 

calculated tritium inventories loaded into each substrate after 24-hrs at 298 K and a 

tritium partial pressure of 0.32 atm. Two solubilities for copper at room temperature are 

reported. The first is the solubility extrapolated from high temperature data. The second 

(in parenthesis) is the extrapolated solubility, but increased by a factor of 1,000. 

Metal substrate Solubility at 298 K (mol/m
3
) Calculated inventory (μCi) 

Aluminum 0.025 (not applicable) 

Copper 1.2x10
-4

 (0.12) 788 

Stainless steel 1.01 347 

 

This method of determining the total tritium inventory cannot apply to the 

aluminum substrates used within the present study. The method is flawed because the 

calculated tritium concentrations in aluminum penetrate to the center of the sample (x = 

0.15cm) prior to the end of the 24 hour loading period. This violates the assumption of an 
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infinite solid. In order to calculate the inventory loading into aluminum substrates, it is 

necessary to use a solution to the diffusion equation for a finite solid.  

While the semi-infinite solution offers a good approximation of the tritium 

inventories within the metal lattice of low-diffusivity or very thick metals, it has two 

primary limitations: the inability to account for high-diffusivity materials or thin films 

and it lacks a simulation of the adsorbed water layers present on all metal surfaces. In 

reality, the total quantity of tritium absorbed by a metal sample at ambient temperature is 

determined by the amount absorbed by the metal lattice and the amount adsorbed onto the 

surface. Because tritium is highly soluble in the adsorbed water layers, these layers may 

significantly contribute to the total tritium inventory within a metal sample. The 

QTRIMM model accounts for diffusion in a finite solid and simulates the presence of the 

adsorbed water layers present on all metal surfaces. The following discussion will present 

the physical picture behind the QTRIMM model and the equations used to describe the 

dissolution of tritium in the adsorbed water layers.  

The concentration of tritium adsorbed to the surface of the metal depends on the 

reaction probabilities for isotope exchange between hydrogen isotopes in the gas phase 

and within the adsorbed water layers. When a metal surface is exposed to tritium gas, 

tritium within the gas phase can exchange with protons in the water layer on the metal’s 

surface. This process is catalyzed by the presence of energetic beta particles, emitted 

during nuclear decay of tritium nuclei. The isotope exchange reactions govern the initial 

concentrations of tritium on the surface. A fast equilibrium likely arises between these 

two phases, as the flux of tritium to the surface is much faster than the maximum 

diffusive flux of tritium into the metal lattice. If a fast equilibrium occurs, the mole 
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fraction of tritium in the adsorbed water layers (χsurf) is related to the mole fraction of 

tritium in the gas phase (χgas) by a constant factor (f): 

 

𝜒𝑠𝑢𝑟𝑓
𝑒𝑞 = 𝑓 ∗ 𝜒𝑔𝑎𝑠

𝑒𝑞                                      (4.1.6) 

 

The constant factor, f, accounts for various isotope exchange probabilities. In the limiting 

case of equal exchange probabilities, the scaling factor is unity. In reality, it is likely that 

the formation of double-isotope species, such as T2O, is not as probable as the formation 

of mixed isotope species, such as HTO or DTO. This more realistic scenario of non-equal 

reaction probabilities would reduce the scaling factor to a fractional value (i.e. 0 ≤ f < 1). 

Using the above relation between the mole fractions in each phase allows for the 

determination of the absolute concentration of tritium in the adsorbed water layers. 

Assuming the density of these water layers does not change significantly with each 

successive layer, the concentration of tritium on the metal’s surface is given by: 

 

𝑐𝑠𝑢𝑟𝑓
𝑒𝑞 =

𝜒𝑔𝑎𝑠
𝑒𝑞 ∗ 𝑓 ∗ 𝜌𝐻2𝑂

𝛿𝑀𝐿
∗
2 𝑚𝑜𝑙 𝐻

𝑚𝑜𝑙 𝐻2𝑂
                             (4.1.7) 

 

Here, the concentration of tritium (𝑐𝑠𝑢𝑟𝑓
𝑒𝑞

) is determined by the mole fraction of tritium in 

the gas phase (𝜒𝑔𝑎𝑠
𝑒𝑞 ), the isotope exchange scaling factor (f), the surface density of water 

(ρH2O), and the thickness of a monolayer of water (δML). An additional factor of two is 

included to relate the number of moles of hydrogen to the moles of water on the surface. 

Because the surface concentration is directly related to the isotope exchange scaling 
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factor, the actual isotope exchange reaction probabilities directly influence the surface 

concentration. If the exchange probabilities for the formation of adsorbed tritiated species 

are lowered, the surface concentration is also lowered.  

The total quantity of tritium on a metal’s surface exposed to tritium gas can be 

calculated using the equation for the surface concentration (Eq. 4.1.7):  

 

𝐴𝑠𝑢𝑟𝑓 = 𝜆 ∗ 𝜒𝑔𝑎𝑠 ∗ 𝑓 ∗ 𝑆𝐴 ∗ 𝑄 ∗
2 𝑚𝑜𝑙 𝐻

𝑚𝑜𝑙 𝐻2𝑂
                     (4.1.8) 

 

In this equation, the quantity of adsorbed tritium (Asurf) depends on the decay constant for 

tritium (λ), the mole fraction of tritium in the gas phase (χgas), the isotope exchange 

scaling factor (f), the sample’s surface area (SA), and the surface concentration of 

adsorbed water (Q). Included in this equation is also a relation between the moles of 

hydrogen per mole of water. The product of the surface area and the surface 

concentration of water yield the total quantity of adsorbed water contained on the metal’s 

surface. This quantity directly influences the total amount of tritium that can be adsorbed 

to a metal’s surface. Additionally, the quantity of adsorbed water is directly related to the 

quantity of water vapor in the gas phase above the metal’s surface. Therefore, higher 

partial pressures of water can result in larger tritium concentrations on the metal’s 

surface.  

The concentrations of tritium in the adsorbed water layer and in the metal lattice 

are related at the interface between these two regions by the ratio of the tritium 

solubilities in each region. This relation assumes a local equilibrium exists at the interface 

between the adsorbed water layers and the metal lattice at the interface. Equilibrium is 
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likely to arise quickly, relative to tritium diffusion into the metal lattice, as migration 

across the interface most likely occurs due to isotope exchange. Assuming a rapid 

equilibrium exists at the surface-lattice interface, the chemical potentials of tritium 

dissolved within each region are equal at the interface: 

 

𝜇𝑠𝑢𝑟𝑓(𝑥𝐼) = 𝜇𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑥𝐼)                             (4.1.9) 

 

where, μsurf and μlattice are the chemical potentials in the surface water and the metal 

lattice, respectively, and xI represents the position of the interface. This equality leads to a 

relation between the concentrations of tritium within each region: 

 

𝑐𝑠𝑢𝑟𝑓
𝑒𝑞 (𝑥𝐼)

𝑐𝑙𝑎𝑡𝑡𝑖𝑐𝑒
𝑒𝑞 (𝑥𝐼)

= exp(−
𝜇𝑠𝑢𝑟𝑓
∗ − 𝜇𝑙𝑎𝑡𝑡𝑖𝑐𝑒

∗

𝑅𝑇
)                     (4.1.10) 

 

This equation states that the ratio between the equilibrium concentrations in each region 

depends on the standard chemical potentials in each region (μ*), the gas constant (R), and 

the temperature (T). In a complete description of solute migration across an interface, the 

standard chemical potentials can vary from point to point in a solvent.
36

 Varying standard 

potentials may result in gradual changes in the potential, culminating with equal standard 

potentials at the interface. Equal standard potentials result in equal concentrations at the 

interface (Eq. 4.1.10) and therefore, in a continuous solute concentration profile across 

the interface region. Including spatially variable standard chemical potentials may not be 

necessary, as some physical situations can be modeled well with the simplified approach 

of constant chemical potentials.
37

 Physical situations like this may be the result of well-
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defined boundaries between phases, similar to the interface between two solids. In these 

situations, the standard potential changes over a small distance, allowing for the 

simplified rendition. The system in the present study is expected to have a well-defined 

boundary between the metal lattice and adsorbed water phases. Therefore, the simplified 

rendition is used in this model. 

Using Sievert’s law, the ratio of the tritium concentrations given by Equation 

4.1.10 is equal to the ratio of the solubilities of tritium in each region, assuming the 

partial pressure of tritium at the interface is a constant: 

 

𝑐𝑠𝑢𝑟𝑓
𝑒𝑞

𝑐𝑙𝑎𝑡𝑡𝑖𝑐𝑒
𝑒𝑞 =

𝑆𝑠𝑢𝑟𝑓

𝑆𝑙𝑎𝑡𝑡𝑖𝑐𝑒
                      (4.1.11) 

 

This equation allows for the determination of the concentration of tritium in the metal 

lattice, given a tritium concentration on the surface. In order for the equality shown in 

Equation 4.1.11 to hold, the metal lattice concentration must be multiplied by the isotope 

exchange scaling factor (Eq. 4.1.6): 

 

𝑐𝑠𝑢𝑟𝑓
𝑒𝑞 (𝑓)

𝑐𝑙𝑎𝑡𝑡𝑖𝑐𝑒
𝑒𝑞 ∗ 𝑓

=
𝑆𝑠𝑢𝑟𝑓

𝑆𝑙𝑎𝑡𝑡𝑖𝑐𝑒
                      (4.1.12) 

 

For a constant temperature, the ratio of tritium solubilities in each region is a constant. 

Therefore, if the isotope exchange scaling factor is less than unity, the surface 

concentration will decrease, which means the concentration in the metal lattice must also 

decrease by the same factor.  
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Using the above equations and assumptions, the tritium concentration profiles in 

aluminum, copper, and stainless steel substrates were calculated using QTRIMM. The 

profiles output by QTRIMM are similar to those produced by the semi-infinite solution. 

Unlike the semi-infinite solution, QTRIMM accounts for tritium diffusion from the other 

side of the sample. Therefore, the profile calculated using the QTRIMM could be 

integrated to estimate the total tritium inventory. Because the solution form was numeric, 

the total inventory loaded into each substrate was determined by discrete integration of 

each profile, using the midpoint rule. The step size for each integral was one micrometer.  

The tritium concentration profiles calculated using QTRIMM assumed a 24-hour 

loading period at ambient temperature, a tritium partial pressure (PT) of 0.40 atm, and a 

relative humidity of 0.02%. Using this relative humidity, the quantity of adsorbed water 

(Q) can be estimated using water isotherms reported in the literature.
13

 The resulting 

concentration profiles are shown in Figure 4.1.2. In this plot, only one concentration 

profile for copper is shown. To calculate this profile, the tritium solubility was 

extrapolated from high temperature data and increased by a factor of 1,000. Justification 

for this increase will be discussed after a presentation of the measured data. Similar to the 

results of the semi-infinite solution, the tritium concentration profile in aluminum extends 

to the center of the sample (x = 0.15cm).  
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Figure 4.1.2; Calculated concentration profiles after a 24-hr loading period. Surface 

concentrations are not shown, as they are off scale.  

 

The calculated total integrals demonstrate the importance of including the 

adsorbed water layers on each metal’s surface (Fig. 4.1.3). Figure 4.1.3 shows both the 

absolute (A) and relative (B) integrals for each metal. These integrals indicate that over 

60% of the total tritium inventory is initially contained on the metal’s surface. These 

quantities are possible because tritium is highly soluble in the adsorbed water layers. This 

leads to significant tritium inventories, even though the total thickness of the surface 

water is small, compared to the metal lattice. The trend in surface inventory for the 

metals is a direct result of the differences in surface water concentrations (Eq. 4.1.8). The 

isotherms reported by Nishikawa et al. indicate that of these three metals, aluminum 

contains the most adsorbed water and copper the least.
13

 The trend in tritium inventories 

within the metal lattices follows the same trend as tritium permeability through each 

metal lattice: aluminum has the highest permeability, while stainless steel has the lowest. 
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Figure 4.1.3; Calculated quantities of tritium loaded into metal samples after 24-hrs 

exposure to DT gas. Absolute quantities are shown in the left panel (A) and relative 

quantities are shown on the right (B). The blue columns show the contribution of the 

surface activity to the total inventory.  

 

In addition to determining the total quantity of a solute dissolved within a metal 

substrate, thermal desorption experiments can be used to determine the activation energy 

of molecules bound to solid surfaces. In the present study, these molecules are tritiated 

water molecules (HTO) bound to the surfaces of aluminum, copper, stainless steel, and 

gold plated copper substrates. Determination of the activation energy can be done by 

increasing the temperature of the sample at a specified rate and monitoring the time 

dependence of the rate of tritium desorbing from the substrate. An increase in sample 

temperature indicates an increase in thermal energy transferred to the substrate atoms and 

surface-bound molecules. Eventually, with increasing temperature, some of the surface-

bound HTO molecules in the ensemble gain sufficient energy to overcome the energy 

barrier preventing their release. These first molecules to desorb represent surface-bound, 

or adsorbed, molecules in the ensemble with the highest initial energy. As the 
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temperature is increased further, more molecules in the ensemble gain sufficient energy 

to overcome the energy barrier. Experimentally, this is registered as an increased rate of 

desorption of tritium from the sample. The increased desorption rate is a result of the 

supplied thermal energy approaching the mean energy required to release the adsorbed 

water molecules. As the quantity of molecules remaining on the surface begins to 

decrease, the rate of molecules leaving the surface will also decrease. Eventually, the 

desorbing flux of molecules diminishes to zero, even for continued transfer of thermal 

energy. The resulting data will show a peak when plotting the outgassing rate, or rate of 

desorbing molecules, as a function of temperature. Such a plot is referred to as an 

“outgassing spectrum”. For a monotonic increase in temperature, the time and 

temperature dependences are proportional.  

Different binding states can occur on a substrate’s surface. Molecules bound in 

these states can have different mean binding energies. Multiple mean binding energies 

results in multiple peaks in an outgassing spectrum. Molecules in binding states with 

large energy barriers require more energy to remove the molecule from the substrate. 

States with large energy barriers are associated with peaks appearing later in time, 

because sufficient thermal energy to remove the molecules is transferred only at 

sufficiently late times. Therefore, in an outgassing spectrum, molecules desorbing from 

these high energy states appear at higher temperatures.  

For an ensemble of molecules desorbing from a substrate’s surface, the rate of 

desorption is determined by the number of molecules on the surface (N), the reaction 

order (y), and the temperature-dependent rate constant (k), as shown by Equation 4.1.13. 

This rate equation assumes that the desorbing species does not react with another species 
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during the desorption process. The negative included in this equation simply indicates the 

direction of mass transfer. This equation simulates mass transfer away from the surface.  

 

𝑑𝑁𝑎𝑑
𝑑𝑡

= −𝑘(𝑇) ∗ 𝑁𝑎𝑑
𝑦
                                 (4.1.13) 

 

Assuming the desorption rate constant (kd) depends on temperature in an 

Arrhenius fashion, the rate constant can be expanded into the form shown by: 

 

𝑘𝑑(𝑇) = 𝑘0 ∗ exp (−
𝐸𝑎
𝑅 ∗ 𝑇

)                      (4.1.14) 

 

In this form, the rate constant depends on the activation energy for desorption (Ea), the 

temperature (T), and a frequency factor (k0). This equation is a product of two factors. 

The first factor, ν, represents the frequency of attempts a molecule makes to desorb from 

the surface. The second factor in the rate constant represents a Boltzmann probability. In 

order for an adsorbed molecule to desorb from the surface, it must pass the transition 

state with a minimum amount of energy, known as the activation energy (Ea). This 

energy represents the mean energy required for a molecule in an ensemble to desorb from 

the surface. The exponential relation of the rate constant to both the activation energy and 

the temperature arises from assuming the ensemble of adsorbed molecules have a 

Maxwellian distribution of energies.  
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Using the Arrhenius definition for the rate constant (Eq. 4.1.14), the desorption 

rate shown in Eq. 4.1.13 can be modified to include the temperature dependence: 

 

𝑑𝑁𝑎𝑑
𝑑𝑡

= −𝑘0 ∗ 𝑁𝑎𝑑
𝑦
∗ exp (−

𝐸𝑎
𝑅𝑇
)                                    (4.1.15) 

 

This equation indicates that the rate of desorption for a particular species is larger for 

higher temperatures. Additionally, if the temperature is increased over time, as is done in 

a thermal desorption experiment, the rate of desorption will also increase over time.  

The position of each maximum outgassing rate in an outgassing spectrum depends 

on the heating rate and on the activation energy associated with the molecules adsorbed 

in a particular state on the metal surface. In order to relate the position of each peak to the 

activation energy, the heating rate must be included in the desorption equation. Inclusion 

of the heating rate is accomplished by transforming the time derivative in Eq. 4.1.15 into 

a temperature differential: 

 

𝑑𝑁𝑎𝑑
𝑑𝑡

=
𝑑𝑁

𝑑𝑇
∗
𝑑𝑇

𝑑𝑡
                                                             (4.1.16) 

 

Therefore, the desorption rate with respect to temperature is: 

 

𝑑𝑁𝑎𝑑
𝑑𝑇

= −𝑘0 ∗ 𝑁𝑎𝑑
𝑦
∗ (
𝑑𝑇

𝑑𝑡
)
−1

∗ exp (−
𝐸𝑎
𝑅𝑇
)                (4.1.17) 
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After this transformation, the outgassing rate with respect to temperature (dN/dT) 

depends on the inverse of the heating rate. Therefore, increased heating rates will lead to 

decreased outgassing rates, which will shift the maximum desorption rate to higher 

temperatures. Conversely, slower heating rates will shift the maximum rate to lower 

temperatures in the outgassing spectrum.  

The shift in the position of the maximum desorption rate with different heating 

rates is related to the activation energy for molecules within a particular binding state on 

the surface. Using Equation 4.1.17 and assuming a constant heating rate, the maximum 

desorption rate can be related to the activation energy for tritium in the associated binding 

state. While the assumption of a constant heating rate is not necessary, it allows for an 

analytical expression for the activation energy to be derived. Non-constant heating rates 

would require a numeric solution to determine the activation energy. An expression for 

the temperature as a function of time (T(t)), assuming a constant heating rate (β) is given 

by: 

 

𝑇(𝑡) = 𝛽 ∗ 𝑡 + 𝑇0                          (4.1.18) 

 

where, the initial temperature of the substrate is given by T0. 

Inserting the derivative of Eq. 4.1.18 with respect to time into Eq. 4.1.17 yields: 

 

𝑑𝑁𝑎𝑑
𝑑𝑇

= −
𝑘0 ∗ 𝑁𝑎𝑑

𝑦

𝛽
∗ exp (−

𝐸𝑎
𝑅𝑇
)                 (4.1.19) 
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Finally, to relate the activation energy to the temperature associated with the maximum 

desorption rate, the maximum desorption rate is found by taking the second derivative of 

Eq. 4.1.19 with respect to temperature and setting it equal to zero (
𝑑2𝑁

𝑑𝑇2
= 0). The 

resulting equation is shown below: 

 

ln (
𝑇𝑚𝑎𝑥
2

𝛽
) = ln (

𝐸𝑎

𝑘0 ∗ 𝑅 ∗ 𝑦 ∗ 𝑁𝑚𝑎𝑥
𝑦−1) +

𝐸𝑎
𝑅 ∗ 𝑇𝑚𝑎𝑥

                   (4.1.20) 

 

This equation relates the temperature associated with the maximum desorption rate (Tmax) 

to the activation energy (Ea), experimentally set heating rate (β), reaction order (x), 

number of adsorbed molecules remaining at Tmax (Nmax), and frequency factor (ν). A plot 

of ln (
𝑇𝑚𝑎𝑥
2

𝛽
) vs. (

1

𝑅∗𝑇𝑚𝑎𝑥
) will yield a straight line, which has a slope equal to the 

activation energy.  

Using Equation 4.1.15, two thermal desorption simulations were performed, with 

each simulation including two binding states with different activation energies. In 

addition, two different heating profiles were used: a constant and a non-constant heating 

rate. Equation 4.1.18 was used for the constant heating rate, while the following equation 

was used for the non-constant rate: 

 

𝑇(𝑡) = (𝑇𝑢𝑝𝑝𝑒𝑟 − 𝑇0) ∗ [1 − exp (−
𝑡

𝜏𝑛𝑐
)] + 𝑇0                         (4.1.21) 
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This equation depends on the steady state temperature (Tupper), the initial temperature 

(T0), and a time constant (τnc) to reach steady state. For the simulations, Equation 4.1.17 

was solved numerically for each binding state separately. After determining the 

outgassing rate for each binding state, the overall desorption rate was computed from the 

sum of the individual outgassing rates for the two states.  

Figure 4.1.4 shows the results of the simulations for a system with two binding 

states and using two different heating profiles. For each heating profile, three heating 

rates were used to illustrate the effect of increasing the heating rates. The activation 

energies used for the two binding states were 27 kJ/mol and 52 kJ/mol, respectively. 

These energies were chosen to simulate experimental data for tritium adsorption and 

absorption in stainless steel.
12,38

 Each binding state results in a separate peak in the 

outgassing spectrum. Finally, the simulation assumed a second-order reaction (x = 2) for 

both binding states. Figure 4.1.4 also shows the corresponding heating profiles for each 

simulation, along with the equations used to generate these profiles. These simulations do 

not take into account tritium diffusion through the bulk metal.   
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Figure 4.1.4; Thermal desorption spectroscopy simulations. The top two panels show the 

outgassing spectrum (A) and heating profiles (B) for the first simulation. The bottom two 

panels shown the outgassing spectrum (C) and the heating profiles (D) for the second 

simulation. Additionally, the equations used to simulate the heating profiles are included 

in Panels B and D. The variable parameter controlling the heating rates for each 

simulation are β and τ for the first and second simulation, respectively. The activation 

energies used were 27 kJ/mol and 52 kJ/mol. 

 

The activation energy for each simulated peak shown in Figure 4.1.4-A can be 

determined using Equation 4.1.20. Figure 4.1.5 is a plot of ln (
𝑇𝑚𝑎𝑥
2

𝛽
) vs. (

1

𝑅∗𝑇𝑚𝑎𝑥
), where 

the temperature corresponding to the maximum desorption rate was determined from the 
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simulated peaks. The results show two straight lines and the slope of each line 

corresponds to the activation energy for each binding state. The activation energies 

found, which are shown in Figure 4.1.5, are ±1-2 kJ/mol different from the actual values. 

This difference may be a result of solving the equation numerically. 

 

 

Figure 4.1.5; Determination of the activation energies for each simulated peak using the 

constant heating profiles. The slopes of each line yield the activation energy for each 

state and are shown in the figure for each binding state. Slopes were found using MS 

Excel’s LINEST function. Difference in the slopes may result from either the finite 

difference solution used. 

 

The initial quantity of solute within a particular binding state influences the 

position of the peak in an outgassing spectrum, if the reaction order (x) is higher than 

unity. Increasing the initial solute quantity will shift the peak position to earlier times, 

which corresponds to smaller temperatures. This shift occurs due to faster depletion of 
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the initial solute quantity within the binding state, which occurs for higher reaction orders 

because of the stronger dependence of the desorption rate on the quantity remaining (Eq. 

4.1.17).  

The shift in peak position caused by varying the initial solute quantities can 

significantly affect the determination of the activation energy for that binding state. As 

discussed, different initial quantities will change the position of the peak maxima (Tmax). 

In addition to this, altering the initial quantity changes the quantity of solute remaining on 

the surface (Nmax) when the temperature is equal to Tmax. Each of these changes alters the 

location of the corresponding data point on the Arrhenius plot (Eq. 4.1.20). If various 

initial quantities are used, the slope of the line determined by the resulting data points on 

the Arrhenius plot is not equal to the actual activation energy.  

To simulate the effect of varying initial quantities, binding state #1 in the 

simulation shown in Fig. 4.1.4 was modified to include three different initial quantities, 

while binding state #2 was left the same. The resulting outgassing spectra are shown in 

Figure 4.1.6-A. As expected, the peak heights and positions were altered significantly. 

The corresponding Arrhenius plot for this simulation is shown in Figure 4.1.6-B. This 

figure contains four lines. One line represents the best fit to the data points, using the 

faulty assumption of a constant initial quantity. The other three lines represent the actual 

lines, as determined by Eq. 4.1.11, and intersect each of the data points. The slopes of 

each of these three lines are the same and are equal to the set activation energy of 27 

kJ/mol. Using the faulty assumption (red line, Fig. 4.1.6-B), the activation energy is 16.7 

kJ/mol.  
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Figure 4.1.6; The above figures show the results of altering the simulation shown in 

Figure 4.1.4 to include different initial quantities for binding state #1. The outgassing 

spectra (left plot) show the influence of the initial quantity on the peak position and 

magnitude. The corresponding Arrhenius plot (right) shows significant scatter in the 

three data points. The lines drawn through each data represent the actual lines, as 

determined using Eq. 4.1.11. A fourth line (shown in red) was fit to the data, assuming a 

constant initial quantity.  

   

Chapter 4.2: Experimental setup and data collection 

Thermal desorption experiments utilize a relatively simple experimental setup, as 

shown in Figure 4.2.1. The metal samples, previously loaded with tritium (§ Chapter 3), 

are placed inside a small oven. The oven consisted of a 100-cm
3
 quartz tube surrounded 

by a nichrome heating element with insulation surrounding the heating element. The 

sample temperature was controlled using a feedback loop between a thermocouple placed 

in the oven and a power source, which was controlled using a National Instruments, 

LabVIEW program. Using this program, the sample temperature could be increased at a 

user-defined, constant rate and then held at a constant temperature after the initial 
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increase. The LabVIEW program records both the sample and the oven temperature using 

two OMEGA type K thermocouples. The oven temperature was measured by placing the 

thermocouple between the heating element and the quartz tube, such that the 

thermocouple tip was not in contact with the tube. The sample temperature was measured 

by threading the thermocouple through a small clip, which held the sample inside the 

oven. In this fashion, the thermocouple was in contact with the sample’s surface. In 

response to the elevated temperatures, tritium migrates out of the metal sample and into 

the flowing gas stream. A helium carrier gas, controlled with an MKS mass flow 

controller (MFC), sweeps tritium in the gas phase out of the oven volume and into one of 

the two collection spargers. The quantity of tritium collected within the first sparger is 

continuously monitored during an experiment. The operation of the spargers and the 

detection of tritium within the spargers are discussed below. 
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Figure 4.2.1; Block diagram of the thermal desorption setup. Gas flow was controlled 

using a Mass Flow Controller (MFC). Two thermocouples were used to monitor the 

sample (TC#1) and oven (TC#2) temperatures. The β-ram is an online liquid scintillation 

counter, which monitors the quantity of tritium in sparger #1. Each sparger was filled 

with 100-mL Liquid Scintillation Cocktail (LSC). 

 

Thermal desorption experiments utilized a tritium detection method called liquid 

scintillation counting. This process involves dissolving tritium-containing compounds in 

a Liquid Scintillation Cocktail (LSC), which is an organic fluid capable of dissolving 

water-soluble compounds. Beta particles emitted during the decay of tritium excite the 

organic LSC molecules. When these excited molecules return to their ground states, a 

small amount of scintillation light is emitted. These flashes of light are detected by a 

photomultiplier tube (PMT), which converts the light into a measureable current. The 

measured current is proportional to the number of decay electrons. Therefore, the 

measured current is proportional to the quantity of tritium atoms dissolved in the LSC. 
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Liquid scintillation counting is an integral method, meaning that it will record the total 

accumulation of tritium atoms present in the liquid.  

Two different scintillation counters were used throughout this study. Only one of 

these counters, an IN/US Systems β-ram, is capable of a real-time measurement of the 

total quantity of tritium released from a sample and collected during an experiment. The 

β-ram accomplishes this by continuously drawing LSC from one of the spargers, passing 

the stream of LSC through a detection region, and then returning the fluid back into the 

sparger. In the detection region within the β-ram, two PMT’s are used to detect the light 

emitted by the interaction of the β-particles with the LSC. The β-ram outputs the total 

number of light flashes it detects per minute. This output does not directly measure the 

total quantity of tritium within the sparger, as the β-ram is not a calibrated detector.  

In order to calibrate the β-ram, a second scintillation counter was used. This 

detector, a Perkin Elmer Tri-Carb 2910TR, is calibrated using several standard sources 

and only measures the tritium present in 5-mL scintillation vials. The standard sources 

are 
14

C (0.2μCi) and 
3
H (0.1μCi – 12-Mar-2015). After a thermal desorption experiment, 

three 1-mL aliquots were taken out of the sparger used to collect tritium during the 

experiment. These aliquots are diluted with 4-mL of fresh scintillation fluid and run 

through the Tri-Carb. The average results from these three aliquots yield the 

concentration of tritium within the sparger and are used to calculate the total activity in 

the sparger. This value for the total activity can then be used to calibrate the β-ram data 

collected during an experiment.  
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A calibration curve was generated for the β-ram by comparing the activity 

measured by the β-ram after many thermal desorption experiments to the corresponding 

activities calculated from the aliquots measured by the Tri-Carb (Fig. 4.2.2). The result 

shows a linear correlation, with the exception of one data point. The reason why this data 

point lies far off of the calibration line is unknown. Excluding this data point, the 

remaining data were fit with a line. The equation for this line is shown in Figure 4.2.2. 

 

 

Figure 4.2.2; β-ram calibration curve generated from comparing the total activity 

recorded by the β-ram to the total activity calculated from the aliquots measured by the 

Tri-Carb. The data are linearly correlated. A single outlier is shown in red. 
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During a thermal desorption experiment, tritium is collected in two spargers filled 

with LSC (Fig. 4.2.3). These spargers are pieces of glassware, through which a gas 

containing tritium is flowed. The gas flows down the long stem of the sparger and then 

bubbles up through the liquid. Bubbles are formed by a frit on the end of the sparger’s 

long stem. Tritium within the bubbles formed can dissolve in the LSC. The spargers are 

placed in series with one another, in order to maximize the collection efficiency. The first 

sparger in the series collects the majority of the tritium released during a thermal 

desorption experiment. The second sparger collects a fraction of the remaining tritium 

either passing directly through the first sparger, or evaporating from the first sparger after 

dissolution.  

 

 

Figure 4.2.3; Illustration of a sparger used to collect tritium and its operation 
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Tritium collected in each sparger during an experiment can be simulated using a 

system of rate equations.
39

 These equations take into account the collection efficiency of 

each sparger, the evaporation and transfer of tritium from the first sparger to the second, 

and finally the overall mass of each sparger. The system of coupled rate equations are: 

 

𝑑𝐴1
𝑑𝑡

= 휀1 ∗ 𝜌𝑇(𝑡) ∗ 𝑓𝑔𝑎𝑠 −
𝜂 ∗ 𝐴1(𝑡) ∗ 𝛾1

𝑚1(𝑡)
∗ 𝑓𝑔𝑎𝑠                                                     (4.2.1a) 

𝑑𝑚1
𝑑𝑡

= (𝜌1 − 𝛾1) ∗ 𝑓𝑔𝑎𝑠                                                                                                 (4.2.1b) 

𝑑𝐴2
𝑑𝑡

= (
𝜂 ∗ 𝐴1(𝑡) ∗ 𝛾1

𝑚1(𝑡)
∗ 𝑓𝑔𝑎𝑠 + 𝜌𝑇(𝑡) ∗ (1 − 휀1)) ∗ 휀2 ∗ 𝑓𝑔𝑎𝑠

−
𝜂 ∗ 𝐴2(𝑡) ∗ 𝛾2

𝑚2(𝑡)
                                                                                  (4.2.1c) 

𝑑𝑚2
𝑑𝑡

= (𝛾1 − 𝛾2) ∗ 𝑓𝑔𝑎𝑠                                                                                                (4.2.1d) 

 

These equations simulate the activity collected by each sparger (Eqs. 4.2.1a & 

4.2.1c), as well as the overall mass contained in each sparger (Eqs. 4.2.1b & 4.2.1d). The 

first term in Equation 4.2.1a represents the quantity of tritium captured in the first sparger 

and depends on the gas flow rate (fgas) in m
3
/min, sparger collection efficiency (ε1), and 

the concentration of tritium entering the sparger (ρT(t)) in Bq/m
3
. The second term in this 

equation models the loss of tritiated species due to evaporation of the species from the 

fluid inside the sparger. This term depends on the concentration of tritium dissolved in 

the first sparger (A1(t) – Bq/m
3
), the saturated vapor density above the sparger liquid (γ1 – 

kg/m
3
), the mass of liquid in the first sparger (m1(t) – kg), and the gas flow rate (fgas). 
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Evaporation is modeled by assuming equilibrium exists between the concentrations 

within the liquid and gaseous phases in the sparger. Under this assumption, the 

concentrations of tritium are the same in both phases for a vapor in equilibrium with the 

liquid phase. This term is a source term for the rate of activity gained by the second 

sparger (Eq. 4.2.1c). The second source term for this sparger represents the fraction of 

tritium that passes through the first sparger without dissolving in the LSC. Both source 

terms for the second sparger are multiplied by the capture efficiency and flow rate in 

order to simulate the amount captured by the fluid inside the sparger. The loss term for 

the second sparger models the solute evaporation and transfer out of the sparger. Both 

mass balance equations (Eq. 4.2.1b & 4.2.1d) represent the mass gained and lost due to 

the influx (ρ1 – kg/m
3
) and evaporation (γi – kg/m

3
) of solvent vapor. Finally, these 

equations allow each sparger to contain different liquids. Different liquids may have 

different collection efficiencies and will have different vapor properties. In the present 

study, the same scintillation fluid was used in both spargers. Using pure scintillation fluid 

nullifies the solvent source term (ρ1), as the upstream purge gas does not contain any 

scintillation cocktail.  

The above system of equations was used to simulate the response of a series of 

two spargers to a Gaussian pulse of tritium. This simulation contained two primary 

assumptions. First, both spargers contained the same liquid. Therefore, the collection 

efficiency (ε) was the same for both spargers. The efficiency used was 95%.
15

 Second, 

the liquid in each sparger did not evaporate and leave either sparger. In addition to this, 

the liquid in each sparger was not present in the carrier gas entering the first sparger. This 

second assumption nullifies the influx (ρ1) and evaporation (γi) of solvent liquid. The 
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simulation used a constant flow rate of 10
-4

 m
3
/min, which is equal to the experimentally 

set flow rates.  

Figure 4.2.4 shows the results of simulating a Gaussian pulse of tritium entering a 

series of two spargers. The left plot shows the normalized pulse. This plot was 

normalized to the integral of the pulse. The right plot displays the normalized 

accumulated activities captured by each sparger. The calculated activity in each sparger 

was normalized to the total activity passing through the system. The simulation shows 

that the activity captured by the first sparger rises quickly, but then reaches a maximum 

value after one hour. This curve is the integral of the Gaussian pulse of tritium entering 

the system. The maximum value reflects the 95% collection efficiency used in the 

calculation. The simulation shows negligible activity collected by the second sparger. 

Under the simulation’s assumptions, the second sparger collects only 4.8% of the 

incoming activity. The simulation results also reflect this collection efficiency.  
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Figure 4.2.4; Calculated rate of activity entering the sparger series (left panel) and the 

calculated activity captured in each sparger (right panel). Each plot represents were 

normalized to their respective maxima. For the density (left panel), the calculation was 

normalized to the integral of the peak. The activities collected in each sparger (right plot) 

were normalized to the simulated total activity passing through the system.  

 

Allowing tritium to evaporate from the collection liquid in either sparger will 

decrease the amount of activity present in each sparger over time. To simulate this 

scenario, the vapor pressures for the liquid in each sparger (γi) were set to 10 kg/m
3
. To 

maintain solvent mass balance in the system, the influx of solvent into the sparger series 

(ρ1) was also set to 10 kg/m
3
. These values were arbitrarily chosen to demonstrate the 

effect of tritium migrating from one sparger to the next. The simulation still assumed a 

Gaussian pulse of tritium. Figure 4.2.5 shows the results of this simulation. The effect of 

evaporation losses becomes clear in the activity collected by the first sparger after one 

hour. Where the previous simulation showed a constant activity, this simulation shows a 

decreasing quantity. The activity decreases due to evaporation and transfer out of the 

sparger. The second sparger also displays a decrease in activity due to evaporation losses.  
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Figure 5.2.5; Simulation of the activity collected in a series of two spargers, assuming 

the tritiated species can evaporate from the liquid contained in each sparger and 

subsequently be transported out of the sparger. For this simulation, ρ1=γ1=γ2=10 

 

Data acquisition and control over the entire experiment was performed using 

combination of a program developed within the National Instruments, LabVIEW 

environment and ScintFlo, a program provided by the manufacturers of the β-ram 

instrument described above. Several screenshots of the LabVIEW program are included 

in Appendix C. This program monitors the sample and oven temperatures, the gas flow 

rate, and the concentration of tritium within the first sparger. Each of these devices are 

connected to the LabVIEW environment using one of two analog to digital converters: 

the NI9211 and NI 9205 c-DAQ USB modules for temperature and voltage, respectively. 

Both thermocouples, which measure the sample and oven temperatures, were connected 

to the NI9211 module. The concentration of tritium within the first sparger was 

monitored using the β-ram and ScintFlo program. A signal output from the β-ram was 
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connected to LabVIEW using the NI9205 module. Both the LabVIEW and ScintFlo 

programs contained a condition to stop execution after an experiment was finished.  

In addition data acquisition, the LabVIEW program controls two major aspects of 

the experiment: the gas flow rate and the oven temperature. Each of these aspects was 

controlled using the NI9263 c-DAQ USB analog voltage output module, which has an 

output voltage range of ±10V. The gas flow was controlled by sending a voltage from 

this module to the mass flow controller unit. A scaling factor of 40 was required to 

convert a user-defined flow rate in milliliters per minute to a voltage to be read by the 

mass flow controller. A separate segment of the program reads the current flow rate from 

the flow controller and displays it on the LabVIEW user interface.  

For thermal desorption spectroscopy, the sample temperature is typically raised at 

a constant rate, which allows for easier determination of the activation energies for 

various binding states (§ 4.1). In order to raise the sample temperature at a constant rate, 

a feedback loop was written into the LabVIEW program, which both controlled several 

experimental parameters and recorded data from the experiment. This feedback loop 

utilized the oven temperature recorded at a previous time step to determine the voltage to 

send to the oven during the next time step. The LabVIEW program was connected to the 

oven through a NI9263 National Instruments module. The NI9263 module is capable of 

supplying a voltage between ±10V. However, for the present purposes, only the output 

voltages from 0-10V were used.  

A set of equations written into the LabVIEW program uses the oven temperature 

recorded at a previous time step to calculate the output voltage used to drive the oven at 

the current time step. The primary equation (Eq. 4.2.2) determines the output voltage 
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(Vout) multiplies the full-scale output voltage of +10V by two modifying factors (k, δ). 

These factors serve to reduce the output voltage to a value below the full-scale value in 

order to achieve slow to moderate heating rates.   

 

𝑉𝑜𝑢𝑡 = 𝑘 ∗ 𝛿 ∗ 𝑉𝑓𝑢𝑙𝑙                         (Eq. 4.2.2) 

 

The first factor, k, is a constant, which depends on the user-defined heating rate 

(β) and a user-defined heating interval time (ton). Inclusion of this factor limits the output 

voltage, allowing for a stable increase in the sample and oven temperatures.  

 

𝑘 =
1

𝛽 ∗ 𝑡𝑜𝑛
                                 (Eq. 4.2.3) 

 

The second factor, δ, determines the difference between a set point (SP), or 

desired temperature, and the current oven temperature (Toven): 

 

𝛿 = 𝑆𝑃 − 𝑇𝑜𝑣𝑒𝑛                       (Eq. 4.2.4) 

 

The difference between this desired temperature and the measured oven temperature 

scales the output voltage appropriately. For example, if the oven temperature is close to 

the desired value, the difference, δ, will be small. In turn, this will cause the output 

voltage, Vout, to be small as well. Therefore, in this case, the oven receives a small 

amount of power, which will not cause a large temperature increase. Conversely, if the 

measured temperature is significantly lower than the desired temperature, the difference, 
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δ, will be large. This will cause the oven to receive a large amount of power, causing a 

large temperature increase. For the purpose of the feedback loop, the oven temperature is 

used instead of the sample temperature because the sample temperature displayed a 

significantly delayed response time. Such a delayed response time would cause large 

oscillations in the actual sample temperature around the desired temperature.  

The set point (SP) included in Eq. 4.2.4 was calculated at each time step within 

the program. This calculation was divided into two cases, each depending on user-defined 

time intervals. First, a moving set point was used to determine the desired temperature 

while increasing the sample temperature. This set point depends on the user defined 

heating rate (β), the initial temperature (T0), and the length of time the oven has been on 

(toven). 

 

𝑆𝑃 = 𝑇0 + 𝛽 ∗ 𝑡𝑜𝑣𝑒𝑛                          (Eq. 4.2.5a) 

 

This equation was used to calculate the moving set point for a user-defined length of 

time. After this time expires, the program fixes the set point at a constant value. In this 

second case, the constant set point allows the oven temperature to reach a maximum 

value and dwell at this temperature for another user-defined length of time. The 

maximum set point is determined by the ramp rate (β), the initial temperature (T0), and 

the user-defined heating interval time (ton). 

 

𝑆𝑃𝑚𝑎𝑥 = 𝑇0 + 𝛽 ∗ 𝑡𝑜𝑛                         (Eq. 4.2.5b) 
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Figure 4.2.6 shows the measured sample and oven temperatures recorded during 

three separate thermal desorption experiments using a stainless steel sample. These 

experiments utilized the LabVIEW program containing the temperature control equations 

discussed previously. Each experiment used a different set heating rate. Two of the 

experiments contained the condition for dwelling at the maximum temperature for a user-

defined length of time (Eq. 4.2.5b). The LabVIEW program did not contain this condition 

during measurement of the first profile. In addition, each plot contains the best-fit lines 

for each heating profile. These lines were fit to the data during the linear portion of each 

heating profile.  

 

 

Figure 4.2.6; Representative plots showing the measured sample temperature (left) and 

oven temperature (right) for a stainless steel sample. Three different heating rates are 

included on these plots. Two of the three experiments included a dwell period at the 

maximum temperature. The measured heating rates are shown in the legend of each plot. 

Also included in each plot are the best-fit lines, which were used to calculate the heating 

rates.   
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The best-fit lines demonstrate the two main limitations of the LabVIEW program. 

First, slower heating rates produced actual temperature profiles with a slight curvature 

(Fig. 4.2.6-A). This becomes evident when comparing the data to the linear fits. 

However, the observed curvature is not large. Second, the measured heating rates shown 

in the legends of Figure 4.2.6 do not correspond to the user-defined heating rates. The 

user-defined heating rates were 5, 10, and 20°C/min, but the measured rates were 3, 5.2, 

and 10.8°C, respectively. This difference in set and measured heating rates was observed 

for aluminum and copper samples as well. Figure 4.2.7 compares the experimentally set 

heating rates to the measured sample heating rates. The measured heating rates are only 

57% of the set heating rates. This discrepancy could possibly be remedied by increasing 

the control equation (Eq. 4.2.2) by a constant factor. Increasing this constant would scale 

the output voltage by a constant factor, which would increase the oven temperature faster. 

A drawback to this method is that it may increase the sample temperature too quickly. In 

this case, the temperature may overshoot the desired set point, causing an oscillation of 

the temperature around the desired values. Therefore, the discrepancy between the user-

defined and measured heating rates was not repaired. Instead, the measured heating rates 

were used during the data analysis.  

 



93 

 

 

 

 

Figure 4.2.7; This figure shows the correlation between the experimentally set heating 

rate and the measured heating rates for aluminum, copper, and stainless steel samples. In 

addition, the best fit correlation line, which includes all six data points, is shown on the 

plot. 

 

Chapter 4.3: Results and Discussion 

The experimental setup and procedures outlined in the previous section were used 

to measure the total inventory of tritium contained within various metal samples and to 

measure the rate of tritium leaving the metal sample (i.e. the outgassing rate). Both the 

total tritium inventory and the tritium outgassing rates were measured during each 

thermal desorption experiment, due to the method of collecting tritium during the 

experiment. This method allowed for real-time measurement of the total quantity of 

tritium removed from the sample. Differentiating the measured signal results in the 

outgassing rate, which can be used to determine the activation energy or energies for 

tritiated species bound to the sample’s surface. Because the measurement type was 

integral, the total quantity of tritium removed during the experiment was contained within 
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the spargers used to collect the tritium. The following sections will present the results of 

each measurement, along with the relevant analysis. This presentation begins with the 

measurements of the total inventory of tritium removed from metal samples and 

concludes with the measurement of the tritium outgassing rates from various metals.  

 

Chapter 4.3.1: Total quantity of tritium removed from metal samples  

Thermal desorption experiments can measure the influence of a metal’s surface 

on the total absorption of tritium by the metal substrate. To determine the influence of the 

surface, different metal substrates with various surface pre-treatments and compositions 

were exposed to a tritium atmosphere at ambient temperature (§ Chapter 3) and then 

subjected to thermal desorption experiments. During thermal desorption experiments, the 

total quantity of tritium present within metal samples is measured by subjecting the 

samples to high temperatures for protracted periods of time and collecting the tritium 

being released from the metal. Measurement of the total quantity of tritium dissolved in 

metal substrates with various surface modifications should provide information regarding 

the migration of tritium across the surface, as well as the quantity of water adsorbed to 

the metal’s surface. For example, if a modified surface hinders the migration of tritium 

from the gas phase to the metal lattice, then the total quantity absorbed will be small. 

Conversely, samples with modified surfaces that do not hinder the migration of tritium 

will show larger total quantities. Using QTRIMM, the quantity of adsorbed water can be 

determined by varying this quantity until the calculated and measured tritium inventories 

agree.  
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Thermal desorption experiments were performed using aluminum, copper, and 

stainless steel samples loaded with tritium under various conditions. Each successive 

loading batch had different pressures of DT gas and different mole fractions of tritium 

within the loading gas. The product of these two factors yields the partial pressure of 

tritium. Differences in the tritium partial pressure were expected to influence the total 

tritium inventory in a predictable fashion. For example, increasing the partial pressure 

was expected to correspond to samples with a higher tritium inventory for samples of the 

same metal type and surface finish. In the following discussion, the measured inventories 

are referenced by the tritium partial pressure used during the loading procedure. For a 

complete list of the loading specifications, refer to Chapter 3, Table 3.5.  

The measured tritium inventories in aluminum, copper, and stainless steel samples 

with unmodified surfaces are shown in Figure 4.3.1. Each panel in this figure represents 

the results of measurements made using samples loaded in various loading batches. The 

primary difference between the loading conditions used for each batch is the partial 

pressure of tritium in the loading gas (§ Table 3.5). This partial pressure ranged from 0.31 

to 0.43 atm. Not all of the loading batches contained all three metals. For example, no 

stainless steel samples were included in Batch #3 (Fig. 4.3.1-B) and only stainless steel 

samples were included in Batches #6 and #8 (Fig. 4.3.1-E & F).  
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Figure 4.3.1; Summary of total tritium inventories removed from aluminum, copper, and 

stainless steel samples loaded with tritium in (A) Batch #2, (B) Batch #3, (C) Batch #4, 

(D) Batch #5, (E) Batch #6, and (F) Batch #8.  

 

The measured total inventories shown in Figure 4.3.1 show significant variability 

for aluminum and copper samples loaded in different batches. The results for aluminum 

show one data point with a significantly higher total inventory (Fig. 4.3.1-D), while the 
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rest of the measurements show decreasing inventories with decreasing partial pressures. 

The measured inventories in copper samples show large tritium inventories in samples 

from two of the loading batches, but not the other two batches. Additionally, one copper 

sample in Batch #2 contained ~700μCi more tritium than the other three copper samples 

from that loading batch. Both metals demonstrate a moderate variability of ±200μCi in 

the total inventory within a loading batch, with the exception of the one copper sample in 

Batch #2. Currently, the cause of these observed variances is unknown, but may be a 

result of either inconsistent surface finishes or an unknown tritium migration mechanism.  

The results obtained for stainless steel samples showed better consistency. In all 

experiments, Type 316 stainless steel was used. In general, the measured inventories 

increase with increasing tritium partial pressures. The only exception is the data 

corresponding to a loading partial pressure of 0.40 atm (Fig. 4.3.1-F). These tritium 

inventories were higher than expected. The quantity of tritium removed from the third 

stainless steel sample in Batch #8 (Fig. 4.3.1-F) is smaller than the quantity removed 

from the other two samples. The cause of this reduction is unclear, but may be related to 

the storage time. This particular sample was stored ~17 days longer than the other two 

samples. As noted with aluminum and copper samples, the tritium inventories recorded 

for stainless steel samples can vary up to ±200μCi within a loading batch.  

Comparing the measured tritium inventories to the inventories calculated using 

the semi-infinite solution to the diffusion equation (Eq. 4.1.2 & 4.1.5) might indicate the 

importance of including the surface layers of adsorbed water during the loading 

procedure. Figure 4.3.2 shows a comparison between the calculated inventories and the 

measured inventories for aluminum, copper, and stainless steel samples with unmodified 
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surfaces. This plot also contains a correlation line for reference, which is shown as the 

dashed line in the plot. Data points on this line indicate cases where the measured 

inventory is equal to the calculated inventory loaded into the metal lattice alone. Data 

points above the correlation line indicate cases where the measured inventories exceed 

the estimated inventory in the metal lattice. The inventories within the copper lattice were 

calculated using the scaled solubility at ambient temperature (scaling factor = 1,000). 

Without scaling the tritium solubility in copper, the calculated inventories would be 1,000 

times smaller.  

 

 

Figure 4.3.2; Comparison between the measured total inventories in each metal to total 

inventories calculated using the semi-infinite model. Data points falling above the dashed 

line indicate cases where the measured inventory exceeds the calculated inventory.  
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The comparison between the measured total inventories and the calculated 

inventories within the metal lattice alone suggest that it is necessary to include the 

contribution of tritium bound within the adsorbed water layers on stainless steel and 

copper, but not aluminum. The correlation plot shows that the measured inventories 

within stainless steel samples are two to six times greater than the calculated inventories. 

This discrepancy is likely a result of not including tritium bound within the layers of 

adsorbed water present on all metal surfaces. Comparing the measured inventories in 

copper to the calculated inventories within the metal lattice suggests the surface water 

may have an important role. Even with increasing the tritium solubility in the metal 

lattice, the data are above the correlation line in Figure 4.3.2. This suggests that tritium 

bound within the surface influences the total inventory. If the tritium solubility in the 

metal lattice was not increased, or was increased by a smaller factor, the difference 

between the measurements and the calculations would be larger. A larger difference 

would only serve to accentuate the necessity of including the adsorbed water on copper 

surfaces. Finally, the data for aluminum indicate that inclusion of the adsorbed water 

layers may not be necessary to account for the total inventory. Most of the data points in 

the correlation plot are within range of the correlation line, indicating that tritium within 

the metal lattice alone can account for the measured data. Only one exception is present: 

a data point lies at a measured value of 3.5 mCi. This point may be an outlier or a result 

of an erroneous experiment.  

Modifying the surfaces of stainless steel samples has a significant impact on the 

measured tritium inventory within the sample. Two sets of stainless steel samples were 
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loaded with tritium under different partial pressures. However, the surfaces of these 

substrates were modified in a variety of ways. Modifications included mechanical 

polishing, electropolishing, and selective oxidation treatments. Details of these 

modifications were discussed in Chapter 3. After modifying the surfaces and loading the 

samples with tritium, each sample was subjected to thermal desorption to measure the 

total tritium inventory. The results are shown in Figure 4.3.3. Each data point shown in 

this figure represents the results obtained using a fresh sample; each sample was 

subjected to thermal desorption once. Each panel in this figure represents samples loaded 

under a different partial pressure. Results from samples loaded under 0.43 atm of tritium 

are shown on the top (A) and results from samples loaded under 0.40 atm of tritium are 

shown on the bottom (B). Both loading batches contained samples with unmodified, or 

“As Received”, surfaces for reference. The results shown for these surfaces were also 

shown in Figure 4.3.1. In general, the measured total inventories in stainless steel 

samples with modified surfaces show that all modifications, with the exception of 

electropolishing, resulted in lower tritium inventories. 
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Figure 4.3.3; Measured tritium inventories in stainless steel samples with various surface 

modifications. The top panel (A) shows the results from samples loaded in Batch #6 (PT = 

0.43 atm), while the bottom panel (B) shows the results from Batch #8 (PT = 0.40 atm). 

The surface modifications in Batch #6 include mechanical polishing (Polished), 

electropolishing (EP), iron oxide treated and chromium oxide treated surfaces. Batch #8 

modifications include three progressively finer mechanical polishing (#12, #8, and #3). 

 



102 

 

 

 

The results shown in Figure 4.3.3 demonstrate the importance of the surface pre-

treatment(s) on the absorption of tritium into stainless steel substrates. When compared to 

the unmodified surfaces, mechanical polishing reduces the total inventory by 20 – 60%, 

depending on the degree of polishing. Mechanical polishing is expected to reduce the 

actual surface area of the sample, which may influence the quantity of water adsorbing 

onto the surface. Annealing electropolished samples under specific gas compositions (§ 

Table 3.3), in order to enhance the iron or chromium surface concentrations, reduces the 

total tritium inventory by 37 – 44%. The surface composition analysis of these oxidized 

surfaces shows an enhanced iron concentration, when compared to the electropolished 

samples. Additionally, surfaces with the oxidation pre-treatment contained a similar 

elemental composition as the mechanically polished samples. This suggests that an iron-

rich and smooth surface can reduce the total absorption of tritium.  

The quantity of water adsorbed to the surface of each metal substrate can be 

determined by using QTRIMM. This numeric model accounts for tritium diffusion 

through metal lattices and tritium dissolution within the adsorbed water layers. Therefore, 

it can be used to estimate the total tritium inventory loaded into a metal sample during the 

loading period. In order to calculate this value, # of assumptions were made: 

1. No tritium is lost from the sample during the storage period between loading 

and experiment 

2. Equal isotope exchange reaction probabilities 

3. Rapid equilibrium between the tritium concentrations in the adsorbed water 

layer and the metal lattice 
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The first assumption is a first order approximation. In reality, some tritium desorbs from 

the sample during the storage period. However, the rate of this loss is minimized by 

keeping the samples in a sealed vessel under a dry helium atmosphere. The second 

assumption is also an approximation, as the probability for forming double isotope 

species, like T2O, is lower than the probability for forming mixed isotope species (HTO, 

DTO, etc.). The final assumption allows the tritium concentrations at the surface-lattice 

interface to be related by the ratio of the tritium solubilities in each region. These 

assumptions, along with the physical transport parameters obtained from the literature 

survey (§ Chapter 2.2), cause only one free parameter to remain: the surface 

concentration of adsorbed water (Q). Using this concentration as a fit parameter, the data 

were fit with the QTRIMM model.  

Figure 4.3.4 shows the resulting surface concentrations of adsorbed water 

obtained from fitting the measured total tritium inventories for aluminum, copper, and 

stainless steel samples with unmodified surfaces. Because of the assumptions input into 

QTRIMM, the observed variability in the data is reflected in the calculated surface 

concentrations of water resulting from the fits to the data. Also contained within this plot 

are the expected surface concentrations of water reported by Nishikawa et al.
13

 and two 

additional data sets measured by Brown et al.
40

 containing the measured total inventory in 

stainless steel samples (Shown as open green squares). Because Nishikawa reports a 

number of different surface condition factors for stainless steel, the maximum and 

minimum factors were used in Figure 4.3.4 to illustrate the range of acceptable values. 

Brown’s measurements are included to give a more complete picture. Only one 

measurement from the current study was not included in this analysis: the tritium 
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inventory removed from an aluminum sample loaded under 0.32 atm of tritium. The 

measured inventory from this sample was below the estimated quantity that the aluminum 

lattice could hold (Fig. 4.3.2). Therefore, calculating the total inventory using the above 

procedure could not apply.  

 

 

Figure 4.3.4; Calculated quantities of adsorbed water for various metals with unmodified 

surfaces loaded under various conditions. For comparison, the isotherms reported by 

Nishikawa et al.
13

 are also displayed in this figure. Nishikawa reports several surface 

condition factors for stainless steel. The maximum and minimum factors were used to 

calculate the maximum and minimum values in this figure. Two data sets measured by 

Brown et al. are also included in this plot (empty green squares).  

 

The calculated quantities of adsorbed water found from fitting the QTRIMM 

output to the data agree with the lower limit reported by Nishikawa et al.
13

, which is 
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approximately equal to one monolayer of water. This agreement with the lower limit is 

likely a result of assuming equal isotope exchange reaction probabilities for tritium 

adsorption during the loading phase. Non-equal reaction probabilities will lower the 

isotope exchange scaling factor (Eq. 4.1.6), which will lower the equilibrium tritium 

surface concentration. In order to maintain the same tritium surface inventory, the 

adsorbed water concentration must increase to balance the decrease in surface 

concentration (Eq. 4.1.8). Therefore, a more realistic scenario of non-equal reaction 

probabilities results in larger calculated quantities of adsorbed water, which corresponds 

to more monolayers of adsorbed water. Even under the dry conditions employed during 

the loading and storage of the metal samples, a minimum of several monolayers is 

thought to exist.
34,41-43

 

The surface concentrations of adsorbed water were determined for the modified 

stainless steel surfaces using the same procedure outlined previously. The resulting 

surface concentrations are shown in Figure 4.3.5 for each surface modification. The 

figure is divided into two panels, as was done with the data in Figure 4.3.3: Panel A 

corresponds to samples loaded under 0.43 atm and Panel B corresponds to samples 

loaded under 0.40 atm of tritium. Because of the assumptions input into QTRIMM, the 

calculated surface concentrations of water follow the same trend as the data. The results 

suggest that mechanical polishing and selective oxidation treatments reduce the surface 

concentration of water on stainless steel surfaces.  
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Figure 4.3.5; Calculated surface concentrations of adsorbed water for stainless steel 

samples with various surface modifications. The left panel (A) shows the results from 

samples loaded in Batch #6, while the right panel (B) shows the results form Batch #8. 

The surface modifications in Batch #6 include mechanical polishing (Polished), 

electropolishing (EP), iron oxide treated and chromium oxide treated surfaces. Batch #8 

modifications include three progressively finer mechanical polishing (#12, #8, and #3). 

 

Chapter 4.3.2: Total inventory of tritium loaded into gold plated metals 

Modifying a metal’s surface can significantly affect the total inventory of tritium 

loaded into a metal substrate. Gold plating a metal substrate represents a special case of 

surface modifications. As a noble metal, less water is expected to adsorb to gold surfaces, 

as compared to aluminum or stainless steel surfaces (§ Fig. 2.1.5). Additionally, the form 

of water molecules binding to gold surfaces is fundamentally different from the other 

metals: water molecules will not dissociate on gold surfaces (§ Table 2.1.1). However, 

while water may not adsorb onto gold surfaces in large quantities, little is known about 

the transport of hydrogen isotopes in gold lattices (§ 2.2). In an attempt to determine the 

influence of gold on the migration of tritium, aluminum, copper, and stainless steel 316 
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were electroplated with gold to various depths and then loaded with tritium at room 

temperature. Sample specifications and loading conditions were outlined in Chapter 3.2. 

The total quantity of tritium loaded into these samples was determined using thermal 

desorption. 

Some of the gold plated samples loaded in Batch #2 (PT = 0.35 atm) had larger 

inventories of tritium than were expected (Fig. 4.3.6). Two of the gold plated copper 

samples displayed quantities of tritium similar to the quantities loaded into non-plated 

aluminum samples. Additionally, the tritium inventories in these gold plated samples 

were significantly higher than the inventories loaded into non-plated stainless steel 

samples and most of the non-plated copper samples. This suggests that gold may be a 

poor barrier for tritium absorption. However, two of the gold plated copper samples 

displayed less total tritium removed than were removed from any of the non-plated 

substrates.  
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Figure 4.3.6; Comparison of the quantity of tritium removed during thermal desorption 

from various gold plated and non-plated samples loaded in Batch #2. Error bars reflect 

the standard deviation calculated from the aliquots taken from the spargers.  

 

The reduction in tritium inventory recorded for the second two gold plated copper 

samples is not likely a result of increased storage periods. Aluminum, copper, and steel 

samples loaded in the same batch were stored for approximately the same period, but 

display no systematic reduction in tritium inventory (Fig. 4.3.7). Instead, the inventories 

removed appear to be unchanged with increasing storage periods, with one exception. 

This exception is a copper sample stored for 82 days, which contained 1.7 mCi of tritium. 

However, the remainder of the copper samples contained quantities around 1 mCi, even 

those stored for longer periods. The cause of the reduction in tritium inventory for the 

later gold plated copper samples is unclear, but does not appear to be a result of 

increasing storage periods.  
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Figure 4.3.7; Comparison of the tritium inventories removed from samples loaded under 

a partial pressure of 0.35 atm (Batch #2). Error bars in this figure are the standard 

deviations calculated from the results of three aliquots taken from the spargers at the end 

of each thermal desorption experiment. Many of these errors are hidden behind the data 

points.  

 

Figure 4.3.8 shows the effect of plating aluminum, copper, and stainless steel with 

gold to various thicknesses on the tritium inventories. The total inventory removed shows 

that plating aluminum with gold has no effect on the absorbed quantity of tritium, but 

plating copper with gold does show a significant reduction in tritium inventory. A non-

plated steel sample was not included in this data set. Additionally, each substrate metal 

displays a unique trend with increasing gold depth: the measured inventory first 

decreases, then increases with increasing thickness. The error bars included in this figure 

were calculated from the measured spread in tritium inventories observed between two 

samples with a thickness of 0.8μm for each substrate. For example, two aluminum 
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samples, each with a thickness of 0.8μm, were subjected to thermal desorption. The 

measured quantity of tritium removed from each sample was (1360±10) μCi and 

(1140±20) μCi. The percent difference between these two values was calculated as shown 

below. The errors for copper and stainless steel were calculated to be 6% and 4%, 

respectively.  

% 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
√102 + 202

(1360 − 1140)
∗ 100% = 10% 

 

 

Figure 4.3.8; Tritium inventories removed from gold plated and non-plated samples 

loaded in Batch #3. A non-plated stainless steel sample was not included in this loading 

batch. The error bars were calculated from the measured spread in activity removed 

observed between two samples with a thickness of 0.8μm for each substrate.  
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The increase in tritium inventories for thicker gold layers (≥1.7μm) may be a 

result of more tritium residing in the gold. Because the solubility of gold may be higher 

than the solubilities of the substrate metals used, increasing the gold layer thickness may 

have a significant effect on the inventory. The total quantity of tritium loaded into these 

samples can be calculated using QTRIMM. Due to the presence of both the gold and 

nickel layers on top of the substrate metal, different boundary conditions were used for 

these calculations (Appendix B). This calculation assumes that no adsorbed water layer is 

present. Further, it assumes that the surface of the gold layer quickly saturates with 

tritium and remains constant throughout the loading procedure. Additionally, the 

calculation assumes that no tritium desorbs from the sample during the storage period 

between loading and thermal desorption. Initially, the solubility of each substrate metal 

was determined by the best fit to the collection of literature data (§ 2.2), with no 

additional scaling. Using these assumptions, the calculation contains no free parameters. 

Because of the modified boundary conditions, QTRIMM(Au) will hereafter refer to the 

QTRIMM calculation including the boundary conditions for gold plated metals.  

The tritium inventories calculated using QTRIMM(Au) are compared against the 

measured inventories in Figure 4.3.9-A. This figure compares the calculated and 

measured inventories for each of the four gold thicknesses on each of the substrate 

metals. The figure also includes a guideline as a visual aid: data points falling on the line 

indicate agreement between the calculated and measured tritium inventories.  
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Figure 4.3.9; Comparison between the calculated and measured total activities. Activities 

were calculated using the diffusion model, assuming a saturated surface, no adsorbed 

water layer, and either unscaled (A) or scaled (B) bulk solubilities. Bulk solubility 

scaling factors are included on the figure. Measured activities are from the thermal 

desorption experiments. Data points falling on the black guideline indicate the calculated 

and measured activities are the same.  

 

Comparing the calculated and measured total activities reveals lines parallel to the 

guideline for samples with gold thicknesses ≥1.7μm. Additionally, the calculated activity 

for the thinnest gold layer (0.8μm) is much smaller than the measured value for each 

substrate metal. This is possibly due to the observed voids within this layer (§ Fig. 3.2 & 

3.3), which may enhance the transport of tritium into the underlying layers. The parallel 

correlation lines suggest that the diffusion model predicts the correct trend for the thicker 

gold layers, but not the appropriate magnitude. In order to obtain the correct magnitude, 

the tritium solubility in the metal lattice must be adjusted. To determine the scaling 

factors for tritium solubility in the metal lattices, the minimization package, MINUIT, in 

the data analysis package ROOT was used
44

. The routine minimized the difference 
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between the calculated and measured activities of all three data points in each correlation 

line, varying only the solubility scaling factor.  

The results are plotted in Figure 4.3.9-B, along with the best-fit scaling factors. 

As expected, the scaling factors for stainless steel and aluminum are small, while the 

scaling factor for copper was much larger. The scaling factors for aluminum and stainless 

steel were expected to be relatively small, because the calculation and measurement 

values were not very different. Increasing the tritium solubility in the copper lattice by 

the scaling factor of 2,180 is a significant deviation from the literature value, but 

necessary to predict the measured inventory within the gold plated copper samples. It 

suggests that extrapolating the solubility of copper at room temperature from high 

temperature data results in a large error. The error may be due to the presence of traps 

and/or defects in the crystal lattice, which are not apparent during high temperature 

measurements.
30,45

 

Good agreement between the measured and calculated total tritium inventories in 

gold plated samples suggests that thicker gold layers on metal substrates lead to higher 

absorption of tritium. Higher absorption of tritium likely occurs due to the relatively large 

permeability of tritium through gold. Additionally, larger absorption occurs, even though 

the surface of gold may not contain a large amount of adsorbed water. 

In order to test the reproducibility of the above data, a second set of gold plated 

samples with the same specifications were loaded with tritium (Batch #5 – Table 3.5). 

This batch of samples also contained a non-plated stainless steel sample, which was 

lacking in the previous batch. The measured total quantities of tritium removed from 

samples in this batch show no apparent trend with increasing gold thickness (Fig. 4.3.10). 
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Instead, the results appear to fluctuate about a mean inventory. Also unlike the previous 

batch, non-plated aluminum shows a similar tritium inventory as non-plated copper and 

both samples contain significantly more activity than their gold plated counterparts do. 

The cause of the increase in tritium inventory recorded for the non-plated aluminum 

sample in this loading batch is unknown, but may be a result of different surface 

conditions. Non-plated steel may contain less tritium than the plated steel samples. 

However, given the possible fluctuations in the data, the measured inventories from most 

of the plated and non-plated steel samples are all likely consistent with each other (i.e. 

within the spread of the data).  

 

 

Figure 4.3.10; Total activities removed from Batch #5 gold plated and non-plated 

samples during thermal desorption.  

 

Direct comparison of the total tritium inventories in Batch #3 and Batch #5 

samples suggests a possible correlation exists between the inventories loaded into the 
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samples from each batch (Fig. 4.3.11). Each of the data points shown in the correlation 

plot represent a comparison between the inventories removed during thermal desorption 

from samples with the same substrate and gold thickness. In order to make a complete 

comparison, more data are necessary. Specifically, samples with tritium inventories 

between 1.5 – 3.0mCi need to be measured, which would fill in the correlation plot. 

Additional data may also prove that some of the already collected data points are outliers 

in a statistical spread.  

 

 

Figure 4.3.11; Correlation of measured total activities removed from various gold plated 

samples for different loading conditions. Each data point corresponds to a substrate 

metal plated with a different thickness of gold or no gold at all. Data points falling below 

the black correlation line indicate more activity was removed from samples loaded in 

Batch #3.  
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The surface pre-treatments performed on non-plated metal samples may affect the 

total absorption of tritium more than gold plating the metal. To investigate this 

possibility, a set of gold plated stainless steel samples were loaded with tritium under a 

partial pressure of 0.40 atm (Batch #8). Also included in this loading batch were stainless 

steel samples with unmodified (“As Received”) and mechanically polished surfaces. The 

polished surfaces had the same finish as the gold plated stainless steel samples. The 

results of subjecting all of these samples to thermal desorption are shown in Figure 

4.3.12. 

 

 

Figure 4.3.12; Comparison of total tritium inventories within stainless steel samples with 

unmodified (“As Received”), mechanically polished, and gold plated surfaces. Each 

datum was recorded using a fresh sample.  

 

Altering the stainless steel surface by plating the sample with gold resulted in a 

reduction in total inventory, as compared with the “As Received” surfaces. However, 
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little to no difference in tritium inventory is observed when comparing the gold plated 

samples with samples with the same mechanical polish, but no gold plating (Polish #3). 

The similarity in the tritium inventories contained within these samples suggests that the 

surface finish affects the total inventory more than gold plating the metal surface.  

 

Chapter 4.3.2: Thermal desorption spectroscopy  

In addition to determining the total inventory of tritium within metal samples, 

thermal desorption experiments can probe the adsorption of tritiated species onto metal 

surfaces by measuring the activation energy for the adsorption of these species. 

Measurement of the activation energies is accomplished by raising the temperature of the 

metal samples in a controlled fashion and collecting the tritium released from the metal. 

As shown in a previous section (§ 4.1), the temperature corresponding to the maximum 

desorption rate is related to the activation energy. The following section presents the 

measured rates of tritium leaving metal samples, as well as the determination of the 

activation energies of tritiated species on aluminum, copper, stainless steel, and gold 

plated copper surfaces.  

The rates of tritium leaving the metal samples, also referred to as the “outgassing 

rates”, were not measured directly during each thermal desorption experiment. Instead, 

each experiment recorded the integrated quantity of tritium removed, as the spargers used 

to collect and monitor the tritium removed only record cumulative quantities. Therefore, 

the measured data must be differentiated to obtain the tritium outgassing rates. This 

differentiation was performed using central differences numeric differentiation. Numeric 
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differentiation is the cause of much of the random fluctuations observed in the outgassing 

rates. 

Figure 4.3.13 shows an example tritium outgassing spectrum, measured using a 

stainless steel sample. This figure shows both the outgassing rates obtained after numeric 

differentiation of the measured data, as well as the measured temperature of the stainless 

steel sample during the thermal desorption experiment. Two overlapping peaks are 

evident in this spectrum. These peaks arise from tritium bound in the sample in different 

locations. In order to determine the activation energy for each peak, the temperature 

corresponding to the maximum desorption rate must be determined.  

  

 

Figure 4.3.13; Outgassing spectrum and corresponding sample temperature measured 

using a stainless steel sample. Two peaks overlapping peaks are observed in this 

spectrum.  
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To determine the temperature associated with each peak maximum in the 

outgassing spectrum, the outgassing rate must first be plotted as a function of 

temperature. The transformed outgassing spectrum was fit with a double Gaussian 

function: 

𝑟(𝑇) = 𝛤1 ∗ exp(−
(𝑇 − 𝑇1)

2

𝑤1
) + 𝛤2 ∗ exp (−

(𝑇 − 𝑇2)
2

𝑤2
)                    (4.3.1) 

where, Γi is the magnitude, Ti is the most probable temperature, and wi is the width of 

each peak. This function was fit to the data using a χ-squared minimization routine in 

Igor Pro, which is a software package for data analysis. Figure 4.3.14 compares the set of 

data presented in Figure 4.3.13 to the results of a double Gaussian fit. This comparison 

reveals good agreement between the double Gaussian fit and the data. Using this fit, the 

temperatures corresponding to the maximum desorption rates for each peak were 

determined. These temperatures are listed in Figure 4.3.13 for each peak. The errors in 

each temperature were computed using the width of each Gaussian obtained from the 

double Gaussian fit: 

 

𝛥𝑇𝑚𝑎𝑥 = √
𝑤𝑖
2
                                  (4.3.2) 

 

where, ΔTmax is the error in the most probable temperature and wi is the width of each 

peak obtained from fitting Eq. 4.3.1 to the data.  
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Figure 4.3.14; Representative plot showing the results of fitting  double Gaussian 

function to the outgassing rate data for tritium released from a stainless steel sample, 

which was heated at a rate of 5.15°C/min.  

 

Reproducibility tests were performed using copper and stainless steel samples at 

an experimentally set heating rate of 10°C/min. Each sample was loaded with tritium in 

the same loading batch (Batch #2, PT = 0.35 atm, 23 hrs) and stored for similar periods in 

separate vessels. Figure 4.3.15 displays the results of these tests, along with the measured 

heating rates and the temperatures associated with each desorption peak maximum. These 

temperatures were determined by fitting Eq. 4.3.1 to each spectrum. The discrepancy 

between the experimentally set heating rate and the measured heating rates is a result of 

the temperature feedback loop programmed into the LabVIEW control and data 

acquisition program (Fig. 4.2.7).  
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Figure 4.3.15; Reproducibility tests using copper (A) and stainless steel (B) samples. The 

experimentally set heating rate was 10°C/min for each test. The variation in actual 

heating rates is a result of the temperature feedback loop programmed into LabVIEW.  

 

The reproducibility tests showed good agreement in the most probable 

temperatures for all peaks, but not in peak magnitudes. The spectra for tritium outgassing 

from copper samples show significantly different magnitudes for the first and second 

peaks. The outgassing spectra for stainless steel samples only show dissimilar peak 

magnitudes for the second peak; the first peak is identical in both spectra. The cause of 

these differences is unknown, but may indicate a difference in the initial distribution of 

tritium within the sample. For example, higher concentrations of tritium near the surface 

could result in a larger initial peak, as this tritium will be the first to be released from the 

sample. Because the relative difference in storage time is not large for SS (8 days), and 

the diffusion rates at room temperature are slow, a significant redistribution of tritium 

within the sample is not expected to occur. However, the relative difference in storage 

time for copper samples is potentially significant (14 days), due to the faster rate of 

diffusion. Therefore, the difference in peaks may be due to redistribution of tritium 
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within the sample. Inconsistency in the peak magnitude can influence the determination 

of the activation energy, but only for reaction orders higher than unity (Eq. 4.1.20).  

Figure 4.3.16 shows the complete collection of tritium outgassing spectra 

measured using (A) aluminum, (B) copper, (C) stainless steel, and (D) gold plated 

copper. Each outgassing spectrum shown results from using a separate and fresh sample 

during each thermal desorption experiment; no sample was re-used during this campaign. 

In accordance with the analysis presented in Chapter 4.1, several different heating rates 

were used, ranging from 3°C/min to 12°C/min. The spectra obtained for aluminum, 

copper, and stainless steel substrates all showed evidence of two peaks; the spectra for 

gold plated copper only showed one peak. To obtain the temperatures corresponding to 

each desorption peak maximum, all spectra containing two peaks were fit with the double 

Gaussian function (Eq.4.3.1). The gold plated copper spectra were fit with a single 

Gaussian. The positions of the peak maxima changed with increasing heating rates, 

indicating a reaction order greater than unity. 
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Figure 4.3.16; Outgassing curves representing the rate of tritium removed from metal 

samples. Each curve is plotted against the recorded sample temperature during that 

experiment. Plotting the peaks in this fashion allows for the activation energy to be 

determined from the peak position(s).  

  

Using the experimental heating rates and the positions of the peak maxima 

obtained from the Gaussian fits, the activation energy for each observed peak could be 

determined. Following the analysis procedures outlined in Chapter 4.1, plots of ln (
𝑇𝑚𝑎𝑥
2

𝛽
) 

vs. 
1

𝑅∗𝑇𝑚𝑎𝑥
 were made for each peak, heating rate, and substrate metal (Fig. 4.3.17). The 

error bars for each data point were calculated using the width of the Gaussian to 

determine the error (Eq. 4.3.2). Note that each plot in Figure 4.3.17 contains a suppressed 
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origin. Each data series was fit with a straight line using Igor Pro’s built-in curve fitting 

routine. These fits were not weighted with the calculated errors shown. According to the 

thermal desorption spectroscopy analysis, the slope of each line is equal to the adsorption 

activation energy for tritium. The activation energies calculated from the slope of each 

line shown in Figure 4.3.17 are shown in Table 4.3.1. The errors included in Table 4.3.1 

arise solely from fitting the data points from Figure 4.3.17 and do not include the large 

errors present on each data point. 

 

 

 

 

 

 



125 

 

 

 

 

Figure 4.3.17; The above figure shows plots of ln (
𝑇𝑚𝑎𝑥
2

𝛽
) vs. 

1

𝑅∗𝑇𝑚𝑎𝑥
 for the various metal 

substrates. The outgassing spectra for aluminum, copper, and stainless steel all 

contained two peaks, while the spectra for gold plated copper contained one peak. The 

best fit lines for each peak are also displayed on each plot. The slope of each line is the 

activation energy for each measured peak. The error bars included were estimated using 

the width of each Gaussian peak to calculate the error (Eq. 4.3.2). 

 

There are several observations from regarding the calculated activation energies. 

First, the activation energies for the two states on copper are opposite of the expectation: 

the higher activation energy corresponds to the first peak appearing in the spectrum (i.e. 

Peak #1). According to the theory outlined in Section 4.1, tritium contained in binding 
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states with higher activation energies desorb at higher temperatures, as compared with 

tritium bound with lower activation energies. However, the first peak appearing in the 

copper spectra is associated with a significantly higher activation energy (Table 4.3.1). 

The second observation pertaining to the activation energies shown is the similarity 

between the activation energies obtained for both peaks in the stainless steel spectra and 

previous data for tritiated water desorption from stainless steel.
12

  

 

Table 4.3.1; Activation energies (Ea) for various metal substrates determined from 

thermal desorption data 

Metal substrate Ea for Peak #1  

(kJ/mol) 

Ea for Peak #2  

(kJ/mol) 

Aluminum 4 ± 7 30 ± 20 

Copper 78 ± 20 12 ± 50 

Stainless steel 22 ± 8 35 ± 9 

Gold plated copper 50 ± 30 n/a 

 

The second binding state observed in the outgassing spectrum likely arises due to 

tritium removal from the metal lattice, where the applied analysis is not applicable. Due 

to the high temperatures, thermal desorption experiments are expected to remove the 

entire inventory of tritium within metal samples (Table 4.1.1). This expectation is 

confirmed by the outgassing data collected in the experiments outlined above. For each 

spectrum shown in Figure 4.3.16, the outgassing rates begin to diminish prior to the end 

of the temperature increase, indicating a depletion of the accessible tritium. Figure 4.3.18 
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shows a representative plot, comparing the outgassing rate of tritium from a stainless 

steel sample to the sample’s temperature. For these data, the outgassing rate clearly 

returns to the baseline prior to the sample temperature reaching its maximum value. 

Therefore, the entire inventory of tritium contained within the sample has been removed 

by this point. Tritium removal from the bulk metal requires the isotope to diffuse through 

the metal lattice to the surface prior to desorption. Diffusion through the metal would 

serve to broaden the measured peak, as tritium slowly replenishes the surface over time. 

Therefore, the positions of the second peak in each spectrum cannot be related to the 

activation energy for that state.  

 

 

Figure 4.3.18; Comparison of the outgassing rate and sample temperature for a stainless 

steel sample indicates all tritium is removed prior to the end of the temperature increase. 

This plot is representative of data collected for various heating rates using aluminum, 

copper, and stainless steel samples 
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Chapter 5: Plasma induced desorption of tritium from metal 

surfaces and lattices 

In general, plasmas consist of electrons, cations, and neutral atoms or molecules 

in an overall neutral, gaseous state. Additionally, the charged particles within the gas 

must exhibit a collective behavior in order to be classified as a plasma.
46

 This collective 

behavior originates from the motion of the charged particles, which creates 

electromagnetic (EM) fields. These EM fields then govern the collective motion of the 

charged particles within the plasma. One final stipulation is that the motion of the 

charged particles must be governed primarily by the EM forces, and not by frequent 

collisions with neutral species. This definition of a plasma is broad and includes a vast 

array of natural and artificial plasmas, including interstellar clouds, stellar interiors, 

internal confinement fusion reactors, and smaller processing and cleaning plasmas.  

Low-pressure, radio frequency (RF) generated plasmas can be used to efficiently 

remove adsorbed material from the surfaces of various substrates. The surface cleaning 

process is a result of charged particles bombarding the substrate’s surface. Charged 

particles remove surface material by either physical impact
47

 or by a combination of 

physical impact and chemical reaction
48-50

. The removal mechanism largely depends on 

the gas species used to generate the plasma. Reactive plasmas utilize reactive gases, such 

as oxygen or hydrogen, while unreactive plasmas use chemically inert species, like 

nitrogen or noble gases. In either case, the process gas is turned into either an ionized 

species or a radical by the applied RF field. These charged species gain energy across a 

natural potential drop that develops near the surface of the substrates, as will be discussed 

below. For reactive gases, the ions or radicals that bombard the surface chemically react 
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with adsorbed material. The chemical reaction transforms surface-bound material into a 

species that desorbs easily. For removal by physical impact alone, the ions simply strike 

the surface, imparting energy to the surface-bound molecules and allowing them to 

desorb.  

The present study uses a low-pressure, argon plasma to remove the adsorbed 

water layers bound to metal surfaces, and any tritium contained therein. Because argon is 

an unreactive gas, the adsorbed water layers are expected to be removed by physical 

impact and energy transfer alone; no chemical reactions should take place between the 

gas and the adsorbed material. Additionally, like most low-pressure processing plasmas, 

the metal substrate’s temperature should not significantly increase for short plasma 

exposures.
51

 This will allow for the removal of surface-bound tritium without significant 

contribution from tritium residing in the metal lattice. While the sample temperature 

should not increase significantly for short plasma exposures, the temperature may 

increase during longer, sustained exposures. This temperature increase raises the rate of 

tritium diffusion through the metal lattice, thereby allowing a larger quantity of the 

isotope to migrate to the surface during the plasma exposure. Upon arriving at the 

surface, tritium atoms are efficiently removed by energetic ion bombardment. This 

process of ion bombardment is expected to be a faster mechanism for removing tritium 

than diffusion through the metal lattice, even for higher sample temperatures. Therefore, 

during a sustained plasma exposure, tritium adsorbed to the surface will be removed 

quickly, while tritium dissolved within the metal lattice is expected to be removed during 

the later portion of the exposure. Because of this “selective” removal of surface material, 
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the low-pressure plasma is an excellent tool to study the interaction of tritium with metal 

surfaces.  

In the following chapter, the basic theory surrounding the interaction of a plasma 

with metal samples will be presented, along with the experimental setup used, and the 

results of various experiments using the low-pressure plasma. These various experiments 

include exposing metal samples to the plasma for various lengths of time, in an attempt to 

measure the quantity of tritium residing on the surface and the rate of tritium migration to 

the metal surface. These experiments used aluminum, copper, and stainless steel 

substrates with various surface modifications. The surface modifications performed on 

these samples were the same as those used for thermal desorption experiments.  

 

Chapter 5.1: The interaction of a low-pressure plasma with metal samples 

A RF generated, low-pressure plasma interacts with metal samples in two primary 

ways: ion bombardment and impingement of the RF field. Ion bombardment results from 

ions formed within the plasma gaining a significantly quantity of energy by traversing 

electric fields within the plasma and then striking the surface of a metal samples. The RF 

field used to ignite the plasma also can interact with a metal sample suspended inside the 

plasma. This interaction occurs is one of two ways: either the RF field enters the plasma 

unaltered, or the RF wave becomes exponentially attenuated by the plasma. The 

interaction of the RF wave with the plasma depends on the electron density within the 

plasma, as the electrons couple strongly to the wave. Above a critical electron density, 

the impinging wave is attenuated. The following discussion will present the relevant 
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theory and equations to describe the interaction of the plasma with a metal sample 

suspended within the plasma.  

The ions used to remove adsorbed water from metals surfaces gain most of their 

energy while traversing a potential drop that develops near a metal surface in contact with 

the plasma. This potential drop naturally forms as a direct result of the interaction of fast 

electrons with the metal surface. In the presence of an electromagnetic (EM) field, 

electrons within a plasma gain energy by efficient coupling with the EM field. Because 

the electrons couple easily to the EM field, they gain more energy from the field than the 

more massive ions and will charge all surfaces in contact with the plasma. The higher 

energy electrons have a Maxwellian distribution of velocities, with an average 

temperature that is 50-100 times larger than the ion temperature. These faster electrons 

will strike all surfaces in contact with the plasma before the massive ions can react, 

charging the surfaces negatively relative to the rest of the plasma. This growing negative 

potential then begins to limit the arrival of lower energy electrons, due to the Coulomb 

repulsion. Additionally, the negative charge on the surfaces repels electrons near the 

surface, forming a region of net positive charge, called the positive space charge sheath 

(Fig. 5.1.1).
46

 This sheath shields the majority of the negative potential on the chamber 

walls or on a metal sample in the plasma from the rest of the plasma, keeping the plasma 

in a quasi-neutral state. Formally, the space charge sheath ends at the point where the ion 

and electron densities are equal. Most quantitative models of the sheath assume the 

potential caused by the charged surface ends at the sheath edge. In reality, a small 

potential gradient extends beyond the sheath and into the bulk plasma.  
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Figure 5.1.1; Illustration of the positive space charge sheath that develops around a 

metal sample suspended inside a plasma. A cross section of a cylindrical metal sample 

with the positive space charge sheath is shown in the left panel (A). The right panel (B) 

shows the radial dependence of the potential in the sheath, as experienced by the ions 

(shown as the blue trace) and the electrons (shown as the red trace).  

 

Ions in the plasma respond to the negative potential and migrate more slowly 

towards the sample; their initial average temperature is approximately ambient 

temperature. By the time the ions reach the sheath edge, they have gained a drift velocity 

due to the negative potential in the plasma: 

 

𝑣𝑏 = √
𝑅 ∗ 𝑇𝑒
𝑀

                                                      (5.1.1) 

 

This velocity, called the Bohm velocity, depends on the electron temperature (Te), the ion 

mass (M), and the gas constant (R). After crossing into the formal space charge sheath, 

the ions experience the very large potential drop present. This large gradient causes the 
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ions to gain significantly more energy. Finally, the ions strike the surface with energy 

approximately equivalent to the amount gained across the sheath.   

The potential difference across the sheath can be estimated for a floating surface 

in contact with the plasma. A floating surface is an ungrounded surface in contact with 

the plasma, which has equal fluxes of ions and electrons reaching it. Equal fluxes 

reaching the surface are possible because the negative charge on the surface repels the 

majority of the electrons in the plasma before they can reach the surface. This repulsion 

decreases the flux of electrons to the surface until the electron and ion fluxes are equal.
52

 

Assuming a Maxwellian distribution of electron velocities, the potential difference across 

the sheath is given by Eq. 5.1.2. This equation includes the Bohm velocity (Eq. 5.1.1), 

which is the condition that excludes low energy ions from entering the sheath. The sheath 

potential (Eq. 5.1.2) determines the energy gained by a single ion crossing the sheath, 

assuming the ion does not collide with another atom or ion. 

 

𝛥𝑉 = 𝑉𝑝 − 𝑉𝑓 =
𝑘𝑇𝑒
2𝑒
ln (

𝐞

2𝜋
∗ 1837 ∗ 𝑀)                                     (5.1.2) 

 

where, the potential drop (ΔV) is defined as the difference between the plasma potential 

(Vp) and the floating potential (Vf). In turn, this difference depends on the Boltzmann 

constant (k), the electron temperature (Te), the elementary charge (e), the exponential 

base (e), and the ion atomic mass (M).  
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Using Equation 5.1.2 and the reported binding energy of water
12

, the flux of water 

molecules leaving the surface can be estimated. This desorption flux can be calculated 

using: 

 

𝐹𝑤 = 𝑓𝑖𝑜𝑛 ∗ 𝑁𝑛 ∗ 𝑣𝑏 ∗
𝛥𝑉

𝐸𝑎𝑑
                      (5.1.3) 

 

Here, the flux of water molecules away from the surface (Fw) depends on the energy 

gained by each ion crossing the sheath (ΔV), the binding energy for a water molecule 

onto the surface (Ead), sample’s surface area (SA), the Bohm velocity (vb), the 

concentration of particles within the chamber (Nn), and the ionization fraction (fion). The 

ionization fraction represents the number of ion pairs present within the plasma, with 

respect to the total number of particles. For an argon plasma at a pressure of 0.06 Torr 

and confined within a chamber with a radius of 5cm
53

, the flux of water molecules away 

from the surface during a plasma exposure is approximately 0.04 moles H2O/sec/m
2
. 

These conditions were chosen, as they represent the experimental conditions. Considering 

a typical metal surface contains approximately 10
-4

 moles H2O/m
2
 (§ Fig. 4.3.4), the 

plasma is expected to remove the entire surface of water rapidly.  

In addition to ion bombardment, the RF field used to ignite the plasma also can 

interact with a metal sample suspended inside the plasma. Either RF field used to ignite 

the plasma will penetrate unhindered into the plasma, or it will be exponentially 

attenuated. Attenuation of an EM wave impinging on a plasma occurs when the plasma 

frequency is greater than or equal to the frequency of the incoming wave. The plasma 
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frequency (ωp) is a measure of the natural oscillations of the electrons within the plasma 

and is therefore dependent on the electron density
46

:  

 

𝜔𝑝 = √
𝑁𝑒 ∗ 𝑒2

휀0 ∗ 𝑚𝑒
                          (5.1.4) 

where, Ne is the electron density, e is the elementary charge, ε0 is the permittivity of free 

space, and me is the electron mass. Larger electron densities will result in larger plasma 

frequencies. A critical density exists, at which the plasma and EM wave frequencies are 

equal. At this point, the wave will not propagate through the plasma. Instead, the plasma 

will exponentially attenuate the wave. The skin depth is a measure of how far the wave 

will penetrate the plasma.  

 

𝛿 =
𝑐

√𝜔𝑝2 − 𝜔2
                           (5.1.5) 

 

The skin depth (δ) depends on the speed of light (c), the frequency of the impinging EM 

wave (ω) and the plasma frequency (ωp). If the EM wave penetrates to the center of the 

plasma chamber, where the metal sample is located, the EM wave will impart some 

energy to the metal. 

Figure 5.1.2 shows the variation of the plasma frequency and skin depth with 

increasing electron densities. The skin depth was calculated using an EM wave frequency 

of 13.56 MHz, which corresponds to the experimental RF field frequency. The asymptote 

at a density of 2.3x10
-12

 #/m
3
 represents the cutoff density. For densities less than this 



136 

 

 

 

value, the incoming EM wave can propagate through the plasma, causing the skin depth 

to reach an infinite value.  

 

 

Figure 5.1.2; Variation of the plasma frequency and skin depth for ω=13.56MHz with 

increasing electron densities on a double log plot. The asymptote near10
-12

 #/m
3
 

represents the cutoff density.  

 

Both ion bombardment and impingement of the RF field onto the sample transfer 

energy to the metal sample suspended inside the plasma. These two energy sources can 

increase the sample’s temperature during a sustained plasma exposure. In order to 

describe the temperature increase of samples exposed to a sustained plasma, a first 

principles model was developed. This model contains four terms, which describe the rate 

of energy transfer to and from the metal sample.  
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The three terms describing heat loss from the sample correspond to the three main 

mechanisms for this process: radiation, conduction, and convection. Radiative heat loss is 

determined by Wien’s, or Stefan-Boltzmann’s, law for blackbody radiation: 

 

𝑑〈𝐸𝑟𝑎𝑑〉

𝑑𝑡
= 휀𝑟𝑎𝑑 ∗ 𝜎 ∗ 𝑆𝐴 ∗ (𝑇1

4 − 𝑇0
4)                                   (5.1.6) 

 

The rate of radiative heat loss depends on the emissivity of the metal surface (εrad), the 

Stefan-Boltzmann constant (σ), the sample’s surface area (SA), the sample temperature 

(T1) and the ambient temperature (T0). This equation can be used to describe the mean 

rate of energy transfer between two concentric cylinders. In the plasma setup, the inner 

cylinder is the metal samples and the outer cylinder is the plasma chamber wall. The 

chamber wall remain at room temperature.  

The second heat loss term is due to heat conduction away from the hot sample. 

This loss mechanism is present because the metal rod suspending the samples inside the 

plasma chamber can conduct heat away from the sample. For simplicity, the one-

dimensional conduction equation was used: 

 

𝑑〈𝐸𝑐𝑜𝑛𝑑〉

𝑑𝑡
=
𝜅 ∗ 𝑎

𝛥𝑥
∗ (𝑇1 − 𝑇0)                                       (5.1.7) 

 

where, κ is the thermal conductivity of the stainless steel support rod, a is the cross 

sectional area of the support rod, and Δx is the length of the rod.  
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The final heat loss mechanism is convection. Because of the low-pressure 

environment inside the plasma chamber, this form of heat loss is modeled by assuming 

that room temperature, neutral atoms impinge on the surface, gain some energy from the 

hot metal, and then leave with a higher energy. The rate of energy transfer due to this 

mechanism is given by: 

 

𝑑〈𝐸𝑐𝑜𝑛𝑣〉

𝑑𝑡
= 𝛥〈𝐸〉 ∗ 𝐹 ∗ 𝑆𝐴                        (5.1.8) 

 

where, the rate of energy transfer depends on the sample’s surface area (SA), the flux of 

neutral particles to the metal surface (F), and the energy gained by each neutral particle 

impinging on the surface (𝛥〈𝐸〉).  

The energy gained by each neutral particle depends on the degree to which an 

initial neutral atom thermally accommodates with the surface. This degree of 

accommodation is called the thermal accommodation coefficient (Swift, 1966):  

 

𝛼 =
𝑇2 − 𝑇0
𝑇1 − 𝑇0

                                      (5.1.9) 

 

This coefficient depends on the ambient temperature (T0), the sample temperature (T1), 

and the temperature of the hot neutrals leaving the metal surface (T2). Thus, if the 

temperature of the particles leaving the surface of the metal sample is the same as the 

temperature of the metal, then the coefficient is unity. In the other extreme, if the 

particles leave the metal sample with a temperature equal to the reference temperature, 
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then the accommodation coefficient is null. This latter case corresponds to zero energy 

exchange between the gas and the metal sample. It is assumed that the temperature of the 

particles is initially T0, the temperature of the plasma chamber wall. 

The thermal accommodation coefficient describes the relative mean energy 

gained by one neutral atom in contact with the metal sample. The absolute energy gained 

by the atom, and therefore lost from the metal, depends on the atom’s initial and final 

energies. The initial energy for an atom crossing a plane is: 

 

〈𝐸𝑖〉 = 2𝑘𝑇0                                  (5.1.10) 

 

This is the mean translational energy for an ensemble of atoms crossing a plane, 

assuming it has a Maxwellian velocity distribution. The mean energy used here is 

weighted in favor of the faster atoms, as they will cross the plane more frequently.
54

 

Therefore, it has the form shown in Eq. 5.1.10, instead of the expected 
3

2
𝑘𝑇0. The energy 

gained by each gas atom is then: 

 

𝛥〈𝐸〉 = 2𝑘𝑇2 − 2𝑘𝑇0 = 2𝑘(𝑇2 − 𝑇0)                          (5.1.11) 

 

The accommodation coefficient must be used to describe how much energy is transferred 

from the metal to the gas atom. First, solve Eq. 5.1.9 for the temperature of the atoms 

leaving the surface: 

 

𝑇2 = 𝛼 ∗ (𝑇1 − 𝑇0) + 𝑇0                        (5.1.12) 
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Next, insert this equation into Eq. 5.1.11 to yield the amount of energy gained by a single 

gas atom impinging on the hot metal surface.  

 

𝛥〈𝐸〉 = 2𝑘 ∗ 𝛼 ∗ (𝑇1 − 𝑇0)                               (5.1.13) 

 

The equation can be inserted into the overall convection equation, which models the loss 

of energy from the metal sample (Eq. 5.1.8).  

The flux of neutral particles to the metal surface included in Eq. 5.1.8 can be 

calculated assuming the particles have a Maxwellian distribution of velocities.  

 

𝐹 =
1

4
𝑁�̅� =

1

4
𝑁√

8𝑅𝑇0
𝜋𝑀

                            (5.1.14) 

 

where, N is the density of the neutral particles, R is the gas constant, and M is the molar 

mass of the neutral atoms.  

Inserting Equations 5.1.14 and 5.1.13 into Equation 5.1.8 yields the rate of heat 

loss due to the neutral gas flux: 

 

𝑑〈𝐸𝑐𝑜𝑛𝑣〉

𝑑𝑡
= 2𝑘 ∗ 𝛼 ∗ (𝑇1 − 𝑇0) ∗

1

4
𝑁√

8𝑅𝑇0
𝜋𝑀

∗ 𝑆𝐴                                   (5.1.15) 
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The sum of Equations 5.1.6, 5.1.7, and 5.1.15 yields the expected total rate of heat 

loss from the metal sample by radiation, conduction, and convection. In order to relate 

the total rate of heat energy loss from the metal sample to the change in sample 

temperature (ΔT), the specific heat capacity (cp) and mass of the sample (m) must be 

included: 

 

𝛥𝐸 = 𝑐𝑝 ∗ 𝑚 ∗ 𝛥𝑇                           (5.1.16) 

 

The rate of energy loss from the metal sample is equal to the change in internal energy 

(ΔE) divided by the change in time: 

 

𝑑〈𝐸〉

𝑑𝑡
= −

𝑑𝐸

𝑑𝑡
= −𝑐𝑝 ∗ 𝑚 ∗

𝑑𝑇

𝑑𝑡
                       (5.1.17) 

 

The energy differential in this equation is equal to the total rate of heat loss given by the 

sum of Equations 5.1.6, 5.1.7, and 5.1.15 and the additional heat gain term (Pin) discussed 

below. Rearranging this equation and inserting the various heat gain and loss terms yields 

the rate of change in the sample’s temperature (Eq. 5.1.18). 

 

𝑑𝑇

𝑑𝑡
= −

1

𝑐𝑝 ∗ 𝑚
∗
𝑑〈𝐸〉

𝑑𝑡
 

𝑑𝑇

𝑑𝑡
=

1

𝑐𝑝 ∗ 𝑚
∗ (𝑃𝑖𝑛 −

𝑑〈𝐸𝑟𝑎𝑑〉

𝑑𝑡
−
𝑑〈𝐸𝑐𝑜𝑛𝑑〉

𝑑𝑡
−
𝑑〈𝐸𝑐𝑜𝑛𝑣〉

𝑑𝑡
)                   (5.1.18) 
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Included in Equation 5.1.18 is a term for the rate of energy supplied to the metal sample 

(Pin). Larger values for the input power increase the calculated steady state sample 

temperature. This single term is the sum all possible sources of energy.  

The two main sources of energy gained by a sample during a plasma exposure are 

ion bombardment and the RF field used to ignite the plasma. The rate of energy gained 

from the RF field depends on the electron density in the plasma and the input RF 

frequency. These factors determine to what degree the plasma attenuates the field. 

Greater attenuation of the RF field leads to less energy deposited in the sample. The 

energy gained by ion bombardment is determined by multiplying the sheath potential 

(Eq. 5.1.2) and the rate of ion bombardment. The rate of ion bombardment (Rion) depends 

on the ion density (Nion), the Bohm velocity (vBohm), and the sample’s surface area (SA): 

 

𝑅𝑖𝑜𝑛 = 𝑁𝑖𝑜𝑛 ∗ 𝑣𝐵𝑜ℎ𝑚 ∗ 𝑆𝐴                                (5.1.19) 

 

Chapter 5.2: Modeling the quantity of tritium removed during a series 

of short plasma exposures 

As outlined in the previous section, ions created within the plasma will accelerate 

towards a metal sample suspended inside the plasma. These ions strike the metal surface 

with sufficient energy to remove water adsorbed onto the surface. For samples loaded 

with tritium, the adsorbed water layers contain a concentration of tritiated water (HTO). 

Therefore, ion bombardment will also remove tritium from the metal’s surface. During a 

series of short plasma exposures, three parameters control the quantity of tritium removed 

during each successive exposure: the time to replace adsorbed water molecules removed 
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during a plasma exposure, the dwell period between each plasma exposure, and the 

contribution of tritium diffusing into the surface from the metal lattice.  

The time to replace adsorbed water removed during a plasma exposure depends 

on the partial pressure of water within the plasma chamber. The major source of water in 

the chamber is from leaks bringing in atmospheric air. These leaks influence the base 

pressure of the vacuum system. Base pressures are determined by the balance between 

the gas flow rates into and out of a vacuum system. Better vacuum systems have fewer 

leaks, which reduces the influx of water into the system. Reducing the overall leak rate 

will increase the adsorbed water regrowth time.  

The adsorbed water regrowth time (τ) can be calculated from first principles, if 

the base pressure of the vacuum system is known. This time is calculated by dividing the 

total possible quantity of adsorbed water by the flux of water to the surface: 

 

𝜏 =
𝜌𝑤 ∗ 𝜎𝑤
𝐹

∗ 𝑁𝑀𝐿                                     (5.2.1) 

 

The regrowth time depends on sticking probability for water (σw), the surface areal 

density of water (ρw), the number of monolayers of water (NML), and the flux of water 

molecules to the metal’s surface (F). The sticking coefficient is the probability for an 

impinging water molecule to bind to the surface. The flux of water molecules to the 

surface can be estimated assuming the molecules have a Maxwellian distribution of 

velocities: 
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𝐹 =
1

4
∗
𝑝𝐻2𝑂

𝑘 ∗ 𝑇
∗ √
8 ∗ 𝑅 ∗ 𝑇

𝜋 ∗ 𝑀
                     (5.2.2) 

 

Here, the flux is defined in terms of the partial pressure of water vapor (𝑝𝐻2𝑂), the 

temperature (T), the molar mass of water (M), and the gas (R) and Boltzmann (k) 

constants. For this calculation, the surface density of water (ρw) is assumed to be 10
15

 

H2O molecules/cm
2
 and the sticking coefficient is unity. A water monolayer density of 

10
15

 molecules/cm
2
 stems from the assumption that a water molecule is a hard sphere 

with a diameter of 3Å, which is approximately the oxygen-oxygen distance in ice (type 

Ih) and that the surface is covered with water molecules.  

The partial pressure of water within the plasma chamber can be estimated from 

the base pressure of the system and the relative humidity of the laboratory air. For this 

calculation, the leak rate of water into the vacuum system and the base pressure are 

assumed to be constant. Under these assumptions, the mole fraction of water in the 

incoming leak gas is equal to the mole fraction of water within the plasma chamber. The 

mole fraction of water in the incoming leak gas can be calculated from the relative 

humidity of the laboratory air using: 

 

𝜒𝐻2𝑂(𝑅𝐻) = (
𝑅𝐻

100
∗ 𝑃𝑣𝑎𝑝) ∗ (

1

𝑝𝑎𝑡𝑚
)                      (5.2.3) 

 

This mole fraction is defined in terms of the relative humidity in the laboratory air (RH), 

the vapor pressure of water (Pvap), and atmospheric pressure (patm).  
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Multiplying the mole fraction of water within the plasma chamber by the base 

pressure in the chamber yields the partial pressure of water in the chamber: 

 

𝑝𝐻2𝑂(𝑅𝐻) = 𝜒𝐻2𝑂(𝑅𝐻) ∗ 𝑝𝑏𝑎𝑠𝑒                       (5.2.4) 

 

Inserting this partial pressure into Equation 5.2.2 determines the flux of water molecules 

impinging on the metal’s surface. In turn, inserting Eq. 5.2.2 into 5.2.1 yields the surface 

formation time. Figure 5.2.1 shows the resulting surface formation times as a function of 

relative humidity in the laboratory air. The results of the calculation show that increasing 

partial pressures of water results in decreasing formation times. This is due to the inverse 

relationship between the flux of water molecules to the metal’s surface and the formation 

time, as shown by Eq. 5.2.1.  
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Figure 5.2.1; Formation time of the adsorbed water layer for various humidity values in 

the lab. This calculation assumes a base pressure of 10
-4

 Torr and a stainless steel 

sample. 

 

Using these equations, the formation time for a base pressure of 10
-4

 Torr and 

30% laboratory air humidity is 7.4 seconds, assuming everything remains at room 

temperature. These conditions were chosen, as they approximate the experimental 

conditions. This result suggests that the water layer on metal surfaces regrows very 

quickly during a series of short plasma exposures, as the experimentally set dwell periods 

between plasma exposures were at least ten minutes. This result may be an 

overestimation, as the calculation assumes all adsorbed water must be replaced. If the 

plasma does not remove all of the adsorbed water, the water layer formation time will be 

less than the calculated value.  

Rapid regrowth of the adsorbed water layers during the dwell period between 

plasma exposures allows tritium to diffuse from the metal lattice into the freshly formed 
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water layers, if the dwell periods are sufficiently long. The trend in the quantity of tritium 

removed during a series of short plasma exposures indicates the significance of the 

diffusion of tritium to the surface. This trend will change, depending on the magnitude of 

the diffusive flux of tritium out of the metal, the dwell period between plasma exposures, 

and the quantity of tritium remaining on the surface after each plasma exposure. For slow 

diffusion, short dwell periods, and/or a very large quantity of residual tritium on the 

surface, tritium will be predominately removed from the surface during each successive 

plasma exposure. The measured trend in the quantity of tritium removed for each 

successive exposure will appear as if tritium were removed from a single source: the 

quantity will decrease exponentially with each successive exposure.  

Three potential mechanisms may account for the tritium released during a series 

of short plasma exposures and each mechanism yields a distinct trend in the activity 

removed. The potential mechanisms considered are: 

1. The removable tritium inventory resides in the water/oxide layers on the metal’s 

surface. The tritium remaining on the surface re-equilibrates within those layers 

during the dwell period in between each plasma exposure. 

2. After a plasma exposure, tritium migrations from the metal lattice into the freshly 

formed surface layers of water at a constant rate. 

3. After a plasma exposure, the surface layers are replenished with tritium by Fickian 

diffusion from the metal lattice. 

The predicted amount of activity removed in sequential plasma exposures based on the 

first two scenarios is shown in Figure 5.2.2 on a double logarithmic plot. Because the 

third scenario involves a more complicated calculation, it is discussed in more detail in 
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the following section. After introducing the details of the third scenario, it will be 

compared to the first two scenarios.  

 

 

Figure 5.2.2; Comparison of the calculated normalized activities removed for the first 

two removal mechanisms outlined. All calculations assumed a removal efficiency of 0.65. 

The constant resupply rate used for the second series was 0.014.  

 

If the entire tritium inventory released during the plasma exposure sequence 

resides in the water layer on the metal surface, the quantity of activity removed and 

detected during a series should follow the relation: 

 

𝛥𝐴𝑖 = 𝐴𝑖 − 𝐴𝑖−1 = 𝐴0 ∗ (1 − 휀)
𝑖−1 ∗ 휀                               (5.2.5) 

 

where, ΔAi represents the quantity of tritium removed from the surface during the i
th

 

plasma exposure, Ai represents the quantity of tritium remaining on the surface prior to 
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the i
th

 exposure, and ε represents the fraction of adsorbed tritium removed from the 

surface during each plasma exposure (i.e. “removal efficiency”).  

The removal efficiency (ε) is assumed to be constant throughout a series of 

exposures. The efficiency spans a range between zero and unity, with an efficiency of 

unity representing the measurement of complete surface removal. This efficiency 

includes two major factors: the removal efficiency and the transfer efficiency. The 

removal efficiency describes how well the plasma removes surface bound tritium. The 

transfer efficiency represents the fraction of tritium that might be “lost” in the vacuum 

system due to adsorption onto the chamber walls, pipe walls, or vacuum pumps prior to 

reaching the detector or is not detected for other reasons. The efficiency also depends on 

the degree to which tritium re-adsorbs onto the sample’s surface after it has been ejected. 

If re-adsorption occurs, the effective efficiency will be less than unity.  

Equation 5.2.5 predicts an exponentially decreasing trend of tritium removed per 

exposure with increasing number of plasma exposures (i). This trend might be expected, 

as the equation assumes a constant removal rate from a finite source. The data should 

show this trend if the plasma removes tritium from the metal surface alone.  

The second potential mechanism (p. 18) is modeled by modifying Equation 5.2.5 

by including a constant rate of tritium migration from the metal lattice to the surface 

during the dwell period. For this case, the quantity of tritium remaining on the sample’s 

surface prior to each plasma exposure in a series can be represented by: 

 

𝐴𝑖 = 𝐴𝑖−1 ∗ (1 − 휀) + 𝐶                          (5.2.6) 
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where C represents a constant quantity of tritium migrating to the surface during the 

dwell period. This equation assumes a constant dwell period between plasma exposures. 

The quantity of tritium removed (ΔA) from the surface during each successive exposure is 

then given by: 

 

𝛥𝐴𝑖 = 𝐴𝑖−1 ∗ 휀                                              (5.2.7) 

 

The results of this later calculation are compared to those representing the first 

potential mechanism in Figure 5.2.2. The activity removed predicted by Equation 5.2.7 is 

similar to the results of Eq. 5.2.5 for the first several exposures, but deviates during later 

plasma exposures. The similarity for the first several exposures occurs because the 

assumed constant replenishment rate (C) is too small to affect a noticeable change in the 

observed activities removed. Larger replenishment rates will cause the calculated values 

for these exposures to deviate from each other. Inclusion of the constant replenishment 

rate begins to raise the calculated quantity of tritium removed per exposure after several 

exposures. At this point, the migration of tritium to the surface contributes increasing 

fractions of tritium to the quantity removed during each exposure. Ultimately, the 

calculated activity removed reaches a limiting value. This limiting value represents the 

constant replenishment rate assumed for this mechanism. Eventually, a balance is 

achieved, where the quantity of tritium replenishing the surface during the dwell period is 

removed in the next plasma exposure. The replenishment rate, C, determines this limiting 

value.  
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The third potential mechanism (p. 19) to describe the quantity of tritium released 

from a metal’s surface during a series of short plasma exposures assumes that tritium 

diffuses from the metal lattice to the surface during the dwell periods between each 

plasma exposure. Removal of tritium from the metal’s surface during a plasma exposure 

perturbs the distribution of tritium concentrations in the near surface. Tritium located 

deeper within the metal responds to this perturbation by migrating to the surface, in order 

to lower the concentration gradient formed by the removal of surface-bound tritium. The 

migration rate of tritium to the surface is expected to be limited by diffusion through the 

metal lattice.  

In order to calculate the migration of tritium from the metal lattice to the surface 

during these dwell periods, QTRIMM was used. This model, which was outlined in 

Chapter 4.1, can be used to calculate tritium concentrations throughout a metal, including 

the concentrations within the adsorbed water layers. However, the equations outlined in 

Chapter 4.1 only include a boundary condition for loading the metal samples with tritium. 

This condition assumed a fixed surface concentration, which depended on the mole 

fraction of tritium in the loading gas. Predicting the quantity of tritium removed during a 

series of plasma exposures requires modeling two additional phases, which simulate the 

experimental conditions: a storage phase and a simulation of a series of plasma 

exposures. During the storage phase and the dwell periods between simulated plasma 

exposures, tritium within the adsorbed water layers was allowed to diffuse into the metal 

lattice and redistribute throughout the sample. However, all tritium was assumed to 

remain within the sample. Because of the modified boundary conditions for the storage 

phase and simulated plasma exposures, the model will be referred to as QTRIMM-P, to 
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specify the boundary conditions used. The complete derivation of these boundary 

conditions is included in Appendix B.  

In order to simulate the quantity of tritium removed from a metal sample during a 

series of short plasma exposures, the tritium concentration profiles throughout the metal 

sample must be calculated for the loading phase, the storage phase, and during the dwell 

periods between simulated exposures. To calculate the profiles during the loading phase, 

the boundary conditions and assumptions outlined in Chapter 4.1 were used. Using these 

conditions, the only free parameter in the calculation is the surface concentration of 

adsorbed water, Q (§ Eq. 4.1.8). The boundary conditions for the storage phase and the 

dwell periods are equal, and do not add any additional free parameters. The calculated 

quantity of tritium removed from the surface during a simulated plasma exposure is given 

by the sum of the residual quantity of surface-bound tritium and the additional quantity of 

tritium that diffused into the surface layer during the dwell period: 

 

𝛥𝐴𝑖 = [𝐴𝑖−1 ∗ (1 − 휀) − 𝐹 ∗ 𝑆𝐴 ∗ 𝛥𝑡] ∗ 휀                      (5.2.8) 

 

Here, the quantity of tritium removed from the surface (ΔA) during the i
th

 exposure 

depends on the residual quantity of tritium (Ai-1), the removal efficiency (ε), the tritium 

diffusive flux from the metal lattice (F), the sample’s surface area (SA), and the dwell 

period (Δt). For simplicity, the removal efficiency is assumed to be constant throughout a 

series of exposures. This condition adds one additional free parameter to the QTRIMM-P 

calculation: the removal efficiency. Therefore, the QTRIMM-P calculation is a function 
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of two variables: the surface concentration of adsorbed water (Q) and the removal 

efficiency (ε).  

The results of this calculation are shown in Figure 5.2.3, along with the quantities 

of tritium removed from the surface, as predicted by the analytical models (Eqs. 5.2.5 & 

5.2.7). The output of QTRIMM-P shows the largest quantities of tritium removed from 

the surface per exposure and has no apparent asymptotic limit. Instead, the quantity of 

tritium removed from the surface during the later plasma exposures slowly decreases. 

Slowly decreasing quantities are a result of the diffusion-limited flux of tritium to the 

surface. Each successive exposure removes tritium from the surface and near surface 

regions. This depletion lowers the concentration gradient in the near surface, which 

lowers the flux of tritium to the surface. The result is a slowly decreasing quantity of 

tritium removed from the surface with each successive exposure.  
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Figure 5.2.3; Comparison of the calculated normalized activities removed for the various 

mechanisms outlined. All calculations assumed a removal efficiency of 0.65. The constant 

resupply rate used for the second series was 0.014. The output from the diffusion model 

shows no limiting value and predicts a greater fraction of tritium removed per exposure 

than the other models.  

 

Typical calculated tritium concentration profiles immediately following each 

exposure for a sequence of plasma exposures are shown in Fig. 5.2.4. The high surface 

concentrations are shown in the inset for clarity, as they are much higher than the bulk 

concentrations. These concentrations would appear at x=0 in the figure. The discontinuity 

in the concentration profile across the surface/metal lattice interface is a result of 

assuming that the standard chemical potentials does not change with depth (§ Eq. 4.1.10). 

Higher surface concentrations are expected, due to previous observations.
11

 These high 

surface concentrations are attributed to a higher tritium solubility in adsorbed water than 

in the bulk metal lattice. The particular profiles shown in Figure 5.2.4 stem from a 

simulation of tritium diffusion in an aluminum sample from Loading Batch #4. Only the 
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profiles after plasma exposures 1, 3, 5, 7, and 9 are shown for clarity. Given the high 

tritium diffusivity in aluminum at room temperature, the initial concentration profile in 

the bulk metal reached steady state during the storage period prior to the first plasma 

exposure. During the 20-min dwell period between each plasma exposure, the 

concentration gradient in the bulk relaxes over time, as tritons migrate to the surface. 

 

 

Figure 5.2.4; Tritium concentration profiles in the bulk metal immediately following 

plasma exposures 1, 3, 5, 7, and 9 in a series. The inset figure shows the surface 

concentrations corresponding to each bulk concentration profile. The surface and near 

surface concentrations decrease with increasing number of plasma exposures.  

 

 

In the theoretical model simulation pictured in Figure 5.2.5, the surface 

concentrations recover from each plasma exposure by repopulating the tritium-deficient 



156 

 

 

 

(i.e. fresh) water layer with tritons from the metal lattice near the interface. This process 

is driven by the tendency to re-establish the equilibrium across the surface-bulk interface. 

However, since the tritium diffusion coefficient in aluminum is only on the order of 

D~10
-6

cm
2
/sec at 25°C, the tritium concentration in the water layer cannot return to its 

original value within the 20-min dwell period. As a result, by the ninth exposure, the 

surface tritium concentration has dropped from its original value of 15.2 kmol T/m
3
 to 0.6 

kmol T/m
3
. The corresponding concentration in the metal lattice at the interface has 

dropped from 7.2 mmol T/m
3
 to 0.3 mmol T/m

3
, at which point the perturbed 

concentration depth profile extends ~75% to the center of the sample. 
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Figure 5.2.5; Concentration profiles in the dwell periods after plasma exposures 1 (top 

panel) and 3 (bottom panel) in a series. During these dwell periods, tritium migrates out 

of the bulk, replenishing the surface concentrations.  
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Chapter 5.3 Experimental setup and procedures 

The low-pressure plasma used throughout this study to desorb tritiated 

compounds from metal surfaces was generated within a 2-L vacuum chamber. This 

chamber was continuously purged with a flowing stream of argon at a specified pressure. 

The plasma was ignited by passing a 13.56 MHz alternating current through a helical 

copper coil wrapped around the exterior of the glass vacuum chamber. The alternating 

current was produced using an ENI ACG-3b radio frequency (RF) generator. A Comdell 

CPM-100M, which contained two tunable capacitors in series, was placed between the 

RF generator and the copper coil to match the impedance of the coil to the generator. An 

alternating electromagnetic field, produced by the RF generator and copper coil, supplied 

the energy required to ionize a small fraction of the argon atoms. Argon ions generated in 

the plasma were assumed to have a Maxwellian distribution with an average temperature 

of 298 K. These ions were accelerated towards the metal samples after crossing a sheath 

surrounding the sample to strike the surface with approximately 10eV of energy (see Eq. 

5.1.2). The ion impact sputtered tritiated compounds from the surface. Tritium removed 

from the samples was monitored downstream of the vacuum chamber in real time by 

using the Tritium Monitor. A schematic of the vacuum chamber, along with the various 

gas lines, is shown in Figure 5.3.1. 
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Figure 5.3.1; Block diagram of complete plasma setup 

 

Vacuum was achieved by using an Edwards ESDP12 scroll pump and an Adixen 

MDP5011 molecular drag pump in series. Chamber pressure was monitored using two 

vacuum gauges: a Type 626 (1000-Torr) and Type 127A (10-Torr) MKS capacitance 

manometers. Base pressures were approximately 10
-4

-10
-3

 Torr. Research grade, argon 

gas was supplied to the chamber from an external supply tank and regulated using an 

MKS 2159E mass flow controller.  

Tritium removed from metal samples by the plasma was detected a Tritium 

Monitor (TM). The TM is an ionization chamber capable of detecting tritium in a flowing 

gas stream.
55

 In the TM, electrons emitted during the decay of tritium ionize atoms in the 

gas stream. The positively charged ions travel to a central anode, where they are 

collected. The flow of ions to this electrode produces a small, but measurable current, 

which is proportional to the concentration of tritium within the monitor. The detector 

electronics produce a signal, Q(t), representing the total charge of all electrons produced 

within the TM at a particular time, t. This detector is unique among ionization chambers, 

in that it is capable of detecting tritium in a flowing gas stream. In order to establish a 
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well-defined detection volume, diffusers are placed near both the gas inlet and outlets. 

These diffusers neutralize any ions formed outside the detection volume.  

Due to the flowing gas stream, tritium-containing species will only be present in 

the detection volume for a finite amount of time. The volume of the monitor and the gas 

flow rate determines this residence time. Since the volume of the monitor is fixed, 

changing the gas flow rate is the main method of altering the residence time. A residence 

time of 12 seconds was used for most experiments. Longer residence times are 

undesirable, as they may obscure actual physical processes that take place on a shorter 

time scale. Additionally, longer residence times may allow significant quantities of 

tritium to adsorb onto the interior walls of the TM, resulting in the baseline increasing 

over time.  

Since tritium only resides in the TM detector for a short time, the measured 

detector signals do not record the cumulative amount of tritium removed during an 

experiment. The cumulative amount must be calculated after the experiment by 

integrating the measured curves, Q(t). A discrete step integration method is used, as the 

data are not recorded continuously (Eq. 5.3.1). 

 

𝐴𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = ∑𝑐𝑛 ∗ 𝑓𝑔𝑎𝑠 ∗ 𝛥𝑡

𝑁

𝑛=0

                                        (5.3.1) 

 

where, cn is the tritium concentration within the TM, fgas is the carrier gas flow rate, and 

Δt is the time step used during data recording.  
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Calibration of the tritium monitor is reported elsewhere and relates the measured 

electron current to the number of tritium atoms that had decayed within the detection 

volume.
55

 The calibration equation is: 

 

𝐼𝑠𝑎𝑡 =
𝐸𝑚 ∗ 𝑐 ∗ 𝑉

𝑊
∗ 1.6𝑥10−4                                     (Eq. 5.3.2) 

 

This equation relates the measured current (Isat) to the mean β-particle energy (Em), the 

concentration of tritium within the detection volume (c), the detection volume (V), and 

the energy required to create an ion pair in the carrier gas (W).   

Two auxiliary gas lines are necessary for the operation of the Tritium Monitor. 

These gas lines bypass the vacuum chamber altogether. The first purge line is necessary 

to lower the residence time of the gas within the TM. In general, for a fixed volume, 

faster gas flow rates produce shorter gas residence times. The slow flow rate (~10
-3

 

cm
3
/min) through the vacuum chamber alone would produce a very long residence time. 

Therefore, a necessary faster flow rate is produced by mixing the two gas streams before 

the TM to reduce this time. A Nupro 4BMW-TSW 213 needle valve was used to regulate 

the flow through this purge line. The upstream pressure was kept at 30 psig, and the valve 

opened 4.2 turns. This produces a 5 sLPM flow of gas through the needle valve. The 

other auxiliary line humidifies the gas stream entering the tritium monitor. Humidifying 

the gas serves to reduce the memory effect of tritium in the monitor.
56

 Without the humid 

gas stream, tritium from the samples would attach to the interior walls of the monitor and, 

upon decaying, produce an increased background. Humidity was supplied by flowing the 

carrier gas through a sparger, which was filled with 200-mL of de-ionized water. The 
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flow rate through this sparger was controlled using an Aalborg GFC17 mass flow 

controller, which was set to 196 sccm. Combining this flow rate with the dry purge rate 

of 5 sLPM, the expected relative humidity in the TM is approximately 3.8%.  

As noted in the previous section (§ 5.1), the temperature of metal samples 

subjected to sustained plasma exposures is expected to increase. To measure this 

increase, the temperature of metal samples not loaded with tritium was monitored during 

sustained plasma exposures. Each of these non-loaded samples had the same dimensions 

as the ones used for loading. The only difference was a small hole drilled into the side of 

the non-loaded samples. This hole extended into the center of the metal and had a 

diameter with the same dimensions as the thermocouple used. The thermocouple used in 

these measurements was an Omega type K thermocouple. By placing the thermocouple 

inside the center of the metal, the heating rate of the metal can be measured without 

heating the thermocouple directly by the plasma.  

During each sustained exposure, the plasma altered the surfaces of the metal 

samples. After each exposure, the aluminum and copper samples had a noticeable build-

up of an unknown dark material, which looked similar to material built up on the interior 

plasma chamber walls during the same exposure. Prior to re-using these samples for 

another temperature measurement, each sample was scrubbed with a green brillo pad and 

rinsed with ethanol. This pre-treatment effectively removed the material build-up and 

allowed for reproducible results.  
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Chapter 5.3.2: Data acquisition using National Instruments LabVIEW 

All data collection was done using National Instruments LabVIEW software. The 

time-dependent sample voltage, chamber pressure, and the signal current from the 

Tritium Monitor were recorded simultaneously using National Instruments analog to 

digital converter NI9229. A simple program was written to read the data accumulated 

from each device and write it to a text file. Images of the program developed are included 

in Appendix C, along with a brief discussion of its operation.  

 

Chapter 5.4: Results and Discussion 

The final sections of this chapter are devoted to the presentation and discussion of 

the measured results obtained from experiments using the low-pressure plasma setup 

outlined in the previous section. The experiments performed were an attempt to measure 

the quantity of tritium residing on the metal’s surface and to measure the rate of tritium 

migration to the metal surface. Various metal samples with different surface 

modifications were used to determine the influence of the metal type and surface 

modification on the adsorption and absorption of tritium in metal samples. These samples 

were subjected to either a sustained plasma exposure, or a series of shorter plasma 

exposures. The primary difference between a sustained exposure and pulsed exposures is 

the sample temperature; the temperature may increase significantly during a sustained 

exposure. This would allow tritium dissolved within the metal lattice to contribute to the 

quantity of the isotope removed from the sample during an experiment. Because tritium 

dissolved within the metal lattice is expected to be released during a sustained exposure, 

the total inventory released during such an exposure should complement the thermal 
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desorption experiments performed on samples with the same pre-treatment and loading 

conditions.  

The contents of this section are arranged as follows. First, the measurements of 

the sample temperature during a sustained plasma exposure will be presented. These 

measurements give an expectation of the quantity of tritium capable of being removed 

from the metal lattice during a single sustained exposure. Following this discussion, the 

results of exposing metal samples, previously loaded with tritium, to a sustained plasma 

exposure will be presented. These measurements were intended to determine the 

contributions of tritium bound to the surface and dissolved within the metal lattice to the 

total quantity removed from the sample. Included at the end of this subsection are the 

results of several experiments, which tested the influence of exposing a metal sample to 

short bursts of plasma, prior to a sustained exposure. These measurements show the 

contribution of adsorbed tritium to the overall outgassing rates recorded during sustained 

plasma exposures. The results of a series of short exposures on various metal samples 

will be presented next, and compared with the output of QTRIMM. Finally, a series of 

measurements involving gold plated substrates will be presented. 

 

Chapter 5.4.1: Sample temperature increase during sustained plasma 

exposures 

The quantity of tritium removed and the transport mechanisms at work during a 

plasma exposure depend primarily on the temperature of the metal sample. Increased 

temperatures allow for tritium diffusion through the metal lattice to take place at a higher 

rate. Higher diffusion rates cause a greater quantity of tritium within the metal lattice to 
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contribute to the total quantity of tritium removed during a plasma exposure. This portion 

of a plasma exposure mimics a thermal desorption experiment: tritium removal rates are 

limited by diffusion through the metal lattice. Lower sample temperatures limit tritium 

diffusion, making tritium removal from the surface by ion sputtering the dominant 

mechanism. Therefore, slower diffusion rates allow tritium to be removed from the 

surface and near surface regions alone.  

As shown in Chapter 5.1, the temperature of metal samples is expected to increase 

with time during a sustained plasma exposure. As the sample temperature increases 

during a sustained plasma exposure, the limiting mechanism for tritium removal may 

change from ion sputtering to tritium diffusion through the metal. Therefore, accurate 

knowledge of the sample temperature during a plasma exposure is crucial in determining 

the tritium removal mechanism.  

To determine the extent of sample heating, the heating and cooling curves were 

measured for stainless steel, aluminum, and copper samples during sustained plasma 

exposures. Each set of curves was measured for three different argon pressures in the 

plasma chamber. The data show that, after 30-40 minutes into an exposure, the sample 

temperature reaches steady state values of 250 – 300°C. This temperature increases for 

higher chamber pressures (Fig. 5.4.1). The samples were cooled under an argon gas flow 

at the same pressures as their corresponding heating curves. Each of the measured 

cooling curves shows the same trend, which is not significantly dependent on the gas 

pressure in the plasma chamber; only the initial temperature varies with pressure.  
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Figure 5.4.1; Heating and cooling curves for stainless steel (top), aluminum (middle), 

and copper (bottom), for three different pressures 

 

Each of the cooling curves were fit with the temperature model outlined in 

Chapter 5.1. In order to fit the cooling curves, the thermal accommodation coefficient and 
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the emissivity were varied. Figure 5.4.2 shows a representative plot comparing the 

measured cooling curve for a stainless steel sample under 60 mTorr of argon with the 

best fit from the temperature model. The temperature model accurately describes the 

cooling process observed for all the metals and gas pressures. A summary of the output 

parameters from each fit is shown in Table 5.4.1. 

 

 

Figure 5.4.2; Comparison of the temperature model and the data for stainless steel with a 

chamber pressure of 60mTorr 
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Table 5.4.1; Compilation of the output of the temperature model for all metals and 

pressures 

Metal Chamber pressure 

(mTorr) 

Accommodation 

coefficient 

Emissivity 

Stainless steel 30 0.40 0.12 

Stainless steel 30 0.37 0.13 

Stainless steel 60 0.23 0.13 

Stainless steel 60 0.26 0.12 

Stainless steel 90 0.18 0.14 

Stainless steel 90 0.18 0.15 

Copper 30 0.27 0.09 

Aluminum 30 0.19 0.15 

Aluminum 60 0.12 0.19 

Aluminum 90 0.08 0.20 

 

The emissivity of stainless steel does not change with increasing pressures, but 

the emissivity of aluminum increases. This constant emissivity of stainless steel is likely 

a result of using the same sample for all measurements. More importantly, the plasma 

moderately changed the stainless steel surface only after several prolonged exposures. In 

contrast to this, the emissivity of aluminum appears to increase slightly with increasing 

pressures. This increase may be a result of either insufficient cleaning of the surface in 

between each measurement or the cleaning process modified the surface slightly. 

Insufficiently cleaned surfaces retain some of the material deposited during the previous 
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exposure. Because of this deposition, the emissivity of the surface may change. Similarly, 

the cleaning process may have deposited some contaminants, causing a change in the 

emissivity.  

The thermal accommodation coefficient for stainless steel and aluminum 

decreases significantly over the pressure range investigated. Lower coefficients 

correspond to less efficient transfer of thermal energy from the hot metal to the neutral 

gas atoms. In order to increase the pressure within the vacuum chamber, the argon flow 

rate was increased. Increasing the flow rate will reduce the residence time for gas in the 

chamber. Reduced chamber residence times and faster flow rates suggest that gas atoms 

spend less time in the chamber. Less time in the chamber may correspond to quicker 

interactions between the cold gas atoms and hot metal sample, leading to a slight 

decrease in the accommodation coefficient for increased pressures.  

The heating curves for each metal were fit using the temperature model as well. 

For these fits, the accommodation coefficient and emissivity found for each metal and 

pressure were kept constant while fitting the heating curves. Only the input power 

received by the sample was varied. This input power is the sum of the power received 

from two different sources in the sustained plasma: the ion bombardment and the RF 

field. Each of these heat sources depends on the ionization fraction inside the plasma. 

This fraction defines the number of ion/electron pairs present within the plasma. 

Therefore, it has a direct influence on the ion bombardment rate, as higher ionization 

fractions correspond to higher ion fluxes. The degree of impingement of the RF field onto 

the metal sample depends on the electron density in the plasma (Fig. 5.1.2). Increasing 
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the electron density, which is analogous to increasing the ionization fraction, reduces the 

contribution of the RF field to the total input power received by the metal sample.  

The temperature model was fit to the data by varying the ionization fraction 

within the plasma and comparing the calculated and measured steady state temperatures. 

The results show good agreement between the two values for the various pressures 

investigated (Figure 5.4.3). Additionally, separate fits to the aluminum and stainless steel 

data yielded similar ionization fractions of approximately 10
-4

, which is similar to the 

expected values.
51,57-59

  

 

 

Figure 5.4.3; Comparison of calculated and measured steady state temperatures for 

stainless steel (left panel) and aluminum (right panel). Steady state temperatures were 

calculated using the temperature model (§ 5.1) and fit to the data by varying the 

ionization fraction. Measured errors in the steady state temperatures are less than 1°C.  

 

The method outlined above for determining the overall input power allows for a 

determination of the dominant energy source. According to the results of fitting the data, 

the contribution from ion bombardment increases significantly with pressure and the 
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contribution from the RF field decreases with the increased pressure (Fig. 5.4.4). Higher 

heating rates due to ion bombardment result from the increased ion densities at higher 

pressures. The increased densities have the opposite effect on the RF field. Higher 

electron densities lower the RF field contribution due to a lower skin depth in the plasma 

(Eq. 5.1.4, Fig. 5.1.2).  

 

 

Figure 5.4.4; This plot shows the contribution each energy sources makes to the total 

rate of energy transfer to stainless steel (left panel) and aluminum (right panel) samples 

exposed to argon plasma 

 

Chapter 5.4.2: Tritium released during sustained plasma exposures of 

non-treated aluminum, copper, and stainless steel samples 

The significant increase in sample temperature during sustained plasma exposures 

results in a significant increase in the diffusivity of hydrogen isotopes in stainless steel, 

copper, and aluminum. Figure 5.4.5 shows the heating curves for each metal, calculated 

using the temperature model (§ 5.1), as well as the calculated increase in the hydrogen 

diffusivity for the same period. The diffusivity for each metal was calculated using the 
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parameters obtained from the literature collection outlined in Chapter 2.2. During a one 

hour plasma exposure, the calculated diffusivity increases by one hundred to ten thousand 

times, depending on the metal. These much larger diffusivities during the second half of 

the exposure suggest that tritium within the metals will migrate significantly larger 

distances during this period. A portion of the tritium may even be removed from the 

sample during the exposure.  

 

 

Figure 5.4.5; Calculated increase in temperature (left panel) and tritium diffusivity (right 

panel) in for each metal.  

 

Similar to a thermal desorption experiment, the diffusivity and exposure time 

determines the mean distance a triton can migrate during a sustained plasma exposure. 

Using Equation 5.4.1, the mean migration distance calculated for a given exposure time 

(t) and diffusion coefficient (D) provides an estimation of the fraction of tritium removed 

during an exposure.  

 

〈𝑥〉 = √4 ∗ 𝐷(𝑇) ∗ 𝑡                            (5.4.1) 
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Increasing either the exposure time and/or the diffusivity will increase the mean distance. 

The mean migration distances have been calculated for each metal, assuming a sustained 

plasma exposure of thirty minutes at the steady state temperature (Table 5.4.2). This 

assumption simulates the later portion of an hour-long plasma exposure, where the 

diffusion rate is largest. The calculated mean distances indicate that tritium can move 

more than 0.15cm through aluminum and copper during a plasma exposure. This suggests 

that one sustained exposure can remove the majority of the tritium initially present within 

the samples used, which are 0.3cm thick. The lower mean distance for steel suggests only 

partial removal of the initial tritium inventory, depending on where the tritium is located 

within the metal. If all tritium is located within ~0.03cm of the steel surface, then all 

tritium may be removed.  

 

Table 5.4.2; Calculated mean migration distances for tritium in various metals 

Metal Mean distance (cm) 

Aluminum 0.34 

Copper 0.18 

Stainless steel 0.034 

 

Tritium removal during sustained plasma exposures likely occurs by two 

mechanisms: diffusion and ion bombardment. Because diffusion is a temperature-

controlled process, enhanced diffusion rates should only occur during the later portion of 

a sustained exposure. After 20 minutes, the temperature has reached a value significantly 
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higher than the initial temperature, allowing for much larger diffusion rates (Fig. 5.4.5). 

Prior to this point, tritium removal from a metal by diffusion is not the dominant 

mechanism. Instead, the initial removal mechanism is likely ion bombardment. This 

process should remove the majority of the adsorbed tritium within several seconds and 

may remove activity from the near-surface region as well.  

The measured outgassing rates from stainless steel, copper, and aluminum all 

display this two-component release process during sustained plasma exposures (Fig. 

5.4.6). The data show a large peak at short times (0.5 – 1 min) and a smaller shoulder 

several minutes later. The large prompt release is attributed to the quick removal of 

surface bound tritium due to ion bombardment. The smaller secondary peak results from 

tritium removal from the bulk metal due to temperature-enhanced diffusion. Finally, the 

long decrease observed after 20min results from a decrease in the accessible tritium 

(Table 5.4.2).  
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Figure 5.4.6; Tritium outgassing rates recorded for stainless steel (A), aluminum (B), and 

copper (C & D) for sustained argon plasma exposures at three different pressures. The 

results for copper are shown for two different loading batches. The later batch (Batch #4, 

D) was done because of the multi-peak outgassing spectra observed for Batch #2 samples 

(C).  

 

The outgassing curves recorded for copper samples loaded in Batch #2 show more 

than two peaks (Fig. 5.4.6-C). This multi-peak structure is not predicted by the two 

removal mechanisms. It may be the result of surface contamination or a change in surface 

structure, which has been observed throughout this study for copper samples exposed to 

high temperatures. Contaminants or surface structure changes may cause tritium to bind 

to the surface with different strengths. If this is the case, the resulting outgassing 
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spectrum may indicate the presence of these binding states, much like temperature 

programmed desorption experiments. The sustained exposures of copper samples were 

repeated with samples from a later loading batch. These samples did not display any 

significant visual surface contamination and produced the normal, two-component 

outgassing spectra.  

The contribution of the temperature-enhanced diffusive release to the total 

outgassing curve may be revealed by removing a fraction of the surface-bound tritium 

prior to a sustained plasma exposure. Surface-bound tritium can be removed by exposing 

a loaded metal sample to short bursts of plasma. During these short exposures, ion 

bombardment will selectively remove surface bound tritium without significantly raising 

the temperature of the metal. Keeping the metal at low temperatures is important, as it 

will reduce the release of tritium from the bulk.  

Several stainless steel samples from Loading Batch #4 were exposed to various 

numbers of short plasma exposures prior to a one-hour sustained exposure. Because these 

short exposures occurred prior to the sustained plasma exposure, they will be referred to 

as “pre-exposures”. Each pre-exposure was two seconds in duration and separated by 

twenty-minute intervals. During these intervals, the samples were kept in the plasma 

chamber under the argon gas flow at reduced pressures. To test the reproducibility of the 

experiment, two samples were exposed to five pre-exposures each, prior to the sustained 

plasma exposure. The results show excellent reproducibility (Fig. 5.4.7). Each outgassing 

curve shown was measured using a fresh sample, which was not previously exposed to 

the plasma. 
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Figure 5.4.7; Effect of increasing the number of pre-exposures on the outgassing rates 

recorded during sustained plasma exposures for stainless steel samples loaded in Batch 

#4. Two separate samples were subjected to the same procedure, including the same 

number of pre-exposures in order to test the reproducibility of the results. 

 

The results show a drastic decrease in the “prompt peak” height with increasing 

number of pre-exposures (Fig. 5.4.7). A first-order estimation of the quantity of tritium 

contained within the prompt peak is to integrate the outgassing curve from zero to five 

minutes. These integrals confirm that increasing the number of pre-exposures reduces the 

quantity of tritium within the prompt peak (Fig. 5.4.8). This measurement and analysis 

indicate that the prompt peak is associated with the release of tritium from the surface 

and near-surface region.  
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Figure 5.4.8; Activity removed during the first five minutes of a sustained plasma 

exposure of stainless steel samples after various numbers of pre-exposures 

 

After ten pre-exposures, the outgassing spectrum during a sustained plasma 

exposure still shows two components. The lower magnitude of the prompt peak 

accentuates the second, delayed component. The intensity of the delayed component 

peaks at approximately 8-10 minutes. At this time, the sample temperature has been 

elevated by at least 100°C, allowing for an enhanced diffusive rate (Fig. 4.3.6). 

Additionally, because of the reduction in the intensity of the prompt peak, the outgassing 

spectrum should more closely reflect the true contribution from the diffusion release to 

the spectrum.  

The presence of a prompt peak after ten pre-exposures suggests that a small 

quantity of tritium remains on the surface and in near surface region at the time of the 

sustained exposure. This behavior is expected, as tritium may exist at this location due to 

traps on the surface.
19

 A short plasma exposure may not remove tritium bound tightly to 

surface trap sites. The higher temperatures achieved in sustained exposures would be 

necessary to remove tritium from these states. Another possible reason for the presence of 
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tritium on the surface is that tritium diffusing from deeper within the metal lattice 

replenishes the surface.  

 

Chapter 5.4.3: Tritium removed during a series of short plasma exposures 

As shown in the previous section, and estimated in Chapter 5.1, a short plasma 

exposure can remove a significant quantity of tritium from the surface and near surface 

regions of a metal sample. Further, a series of short plasma exposures not only removes a 

greater quantity of tritium from the near surface, it may also allow for elucidation of the 

mechanism for tritium migration to the metal’s surface (§ 5.2). Finally, the measured 

trend in the quantity of tritium removed from the sample during a series of successive 

plasma exposures can be fit using QTRIMM-P, the QTRIMM code containing the 

modified boundary conditions for sample storage and simulated plasma exposures. The 

method of using short plasma exposures to measure the quantity of adsorbed tritium and 

to elucidate the mechanism(s) of tritium migration to the surface is new. As such, the 

following discussion begins with the preliminary experimental results and a detailed 

analysis of these results. After this detailed analysis, the more recent experimental results 

and analysis will be presented. 

The initial experiments using a series of short plasma exposures were performed 

using stainless steel samples, loaded with tritium in two separate loading batches. These 

different batches of samples had different loading and storage conditions (§ Table 3.5). 

Samples in the first batch, Batch #1, were only exposed to the DT loading gas for three 

hours. Additionally, these samples were all stored within the same container for ~3.5 

years. Samples from the other batch, Batch #4, were exposed to the DT loading gas for 
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24 hours and stored in separate containers until each experiment. Storage times for these 

samples were approximately one month. Because of these different histories, the samples 

from each batch contained different total inventories of tritium and different distributions 

of tritium within the samples.  

Figure 5.4.9 shows the results of exposing these samples to a series of two-second 

plasma exposures on a double-logarithmic plot. This plot shows the quantities of tritium 

removed from each sample for each successive plasma exposure. A fresh, non-plasma 

exposed sample was used to record each series; no sample was reused during these 

measurements. The dwell period between each plasma exposure varied between 10 and 

100 minutes for samples from Batch #1, but was fixed at a constant 20 minutes for the 

samples from Batch #4. The initial quantity of tritium present on each surface determines 

the magnitude of the quantity of tritium removed from the sample during each exposure 

series. Batch #4 samples, which are loaded for a longer time and stored for a shorter time, 

have more adsorbed tritium than samples from Batch #1. The trend in the quantity of 

tritium removed from the sample with each successive plasma exposure appears similar 

for both sets, even though the initial quantity removed from the samples differs 

significantly. 
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Figure 5.4.9; Measured quantity of tritium removed from stainless steel samples during a 

series of successive plasma exposures. Two different sets of samples are shown. Each set 

had different loading conditions. 

 

To compare the tritium-removal trends for the different samples, the data were 

normalized to the initial quantity removed from the sample in each series of plasma 

exposures. This was done by dividing each data point in each series by the initial quantity 

of tritium removed during that series. The normalized data are replotted in Figure 5.4.10. 

These data indicate that the trend in the quantity of tritium removed from the samples 

with successive exposures does not depend on either the loading conditions or the storage 

time. This result suggests that the quantity of tritium present does not limit the underlying 

physical mechanism. Instead, the mechanism is likely a rate-limited process. 
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Figure 5.4.10; Normalized quantities of tritium removed from stainless steel samples 

during a series of successive plasma exposures. Normalization removes the dependence 

on initial quantity, allowing for direct comparison of the trends between sets.  

 

The trend in the normalized quantities of tritium removed from stainless steel 

samples does not show an exponential trend or a limiting value, but instead shows a 

power law trend. These observations lead to the conclusion that tritium is not removed 

from the surface alone, which would produce an exponential trend in the data (§ 5.2). Nor 

is the surface resupplied with tritium at a constant rate. A constant resupply rate would 

lead to the quantity of tritium removed from the sample reaching an asymptotic value 

after a large number of exposures (§ 5.2). Instead, the third proposed mechanism provides 

the best explanation of the data: the adsorbed water layers are replenished by Fickian 

diffusion of tritium from the metal lattice. A comparison of all proposed mechanisms to a 

representative data set confirms this: a mechanism limited by Fickian diffusion shows the 

best agreement to the data (Fig. 5.4.11). 

 



183 

 

 

 

 

Figure 5.4.11; Comparison of various calculations to a representative data set, measured 

using a stainless steel sample from Loading Batch #4. The various calculations are based 

on different physical scenarios. 

 

In order to describe the data by a mechanism limited by Fickian diffusion, the 

calculated fit to the data shown in Figure 5.4.11 used QTRIMM-P. Using this model, the 

tritium concentration profiles throughout the metal sample were calculated for three 

phases: sample loading, sample storage, and simulated plasma exposures. The model, as 

outlined in Chapter 5.2, contains two free parameters: the surface concentration of 

adsorbed water (Q) and the tritium removal efficiency (ε). However, the surface 

concentration of water adsorbed to different metal surfaces was determined by fitting the 

QTRIMM output to thermal desorption data (§ Ch. 4.3). These values for the adsorbed 

water concentrations can be used during the fitting of data recorded for a series of short 

plasma exposures, provided the samples have the same loading conditions, surface 

modification, and metal type. Using the values obtained from thermal desorption fits 
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reduces the number of free parameters in QTRIMM-P to one: the tritium removal 

efficiency. This procedure was used to fit the data shown in Figure 5.4.11. The removal 

efficiency found from this fitting procedure was then used to calculate the trends for the 

other two mechanisms shown in the figure. The similarity between the first several 

exposures in each calculated trend shown in Figure 5.4.11 suggests that the first several 

plasma exposures remove tritium primarily from the surface.  

A mechanism based on tritium diffusion to the metal’s surface may explain the 

observed insensitivity of the measured trend to the storage period and to the dwell periods 

between plasma exposures. The vastly different storage periods do not affect the 

measured trend, because tritium is only removed from the very near surface of the 

stainless steel samples. To demonstrate this, the concentration profiles within the metal 

lattice immediately prior to each plasma exposure in a series were simulated using 

QTRIMM-P (Fig. 5.4.12). These simulations take into account the experimental loading 

conditions, storage conditions, and dwell periods between plasma exposures. The effect 

of the different storage periods can be seen in the initial concentration profiles, which are 

displayed as the blue diamonds in both panels of Figure 5.4.12. The calculated profile for 

a Batch #1 sample shows a uniform concentration profile in the near surface, while the 

profile for the Batch #4 sample shows decreasing concentrations with increasing distance 

into the metal lattice. This is to be expected, as the storage time for Batch #4 samples is 

much shorter than that used for Batch #1. The longer storage times allow tritium 

concentrations to penetrate approximately seven times further into the metal lattice. 

Larger penetration distances lead to approximately uniform concentration profiles in the 

very near surface (< 20μm) of the metal lattice.  
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Figure 5.4.12; Simulated concentration profiles within the metal lattice immediately 

prior to each plasma exposure in a series. The calculated profiles in the left panel 

assumed the same conditions as a Batch #1 sample, while the profiles in the right panel 

used the same conditions as a Batch #4 sample.   

 

The storage period is the first of two important parameters governing the 

measured trend in tritium removed from stainless steel samples with each successive 

exposure. The second parameter is the dwell period between plasma exposures. Because 

the migration of tritium to the surface is expected to be diffusion-limited, longer dwell 

periods allow for a greater quantity of tritium to reach the surface before the next plasma 

exposure. However, the calculated concentration profiles in Figure 5.4.12 show that 

tritium migrates out of the first ~6μm of the metal lattice in both experiments. This 

distance does not reach a depth in the lattice where the concentration profiles are 

significantly different. Therefore, the experimental procedure was not sensitive to the 

initial concentration profile within the metal lattice.  

The experimental procedure was also not sensitive to the vastly different dwell 

periods due to the method of varying these periods. In general, the dwell periods between 
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plasma exposures were decreased with each successive exposure, such that the longest 

dwell periods were between the first several plasma exposures. Tritium removed during 

these first several exposures is likely dominated by tritium originating on the metal 

surface (Fig. 5.4.11). Therefore, the effect of increasing the quantity of tritium removed 

from the metal lattice due to longer dwell periods would be insignificant. To quantify 

this, QTRIMM-P was used to calculate the relative contribution of tritium originating in 

the metal lattice to the quantity removed from the sample during a series of plasma 

exposures.  

Figure 5.4.13 shows the calculated relative contribution of tritium originating in 

the metal lattice to the quantity removed from the sample during a series of plasma 

exposures. The calculation was performed for all Batch #1 samples used, and includes a 

simulation of a Batch #4 sample for comparison. This calculation takes into account the 

varying dwell periods used during the Batch #1 experiments. These varying dwell periods 

give rise to the scatter in the relative contribution from the metal lattice; different dwell 

periods result in different quantities of tritium migrating to the metal surface. Because the 

dwell periods for Batch #1 samples were not varied in a systematic fashion, the 

calculated trends show significant scatter. The calculation results show that tritium 

originating in the metal lattice does not contribute a significant amount to the total 

quantity removed during those exposures. As the concentrations of tritium on the surface 

are depleted due to successive exposures, the contribution of tritium from the metal 

lattice increases. These results suggest that the experimental method used, which 

decreased the dwell periods with each successive exposure, was insensitive to the 

different dwell periods used.  
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Figure 5.4.13; This plot shows the calculated relative contribution of tritium originating 

in the metal lattice to the total quantity removed during each successive plasma exposure.  

The calculation simulates the experimental procedures used for each sample in Batch #1, 

which used varying dwell periods. The scatter present in the plot is due to different 

quantities of tritium migrating to the surface as a result of the different dwell periods. 

Also shown is a simulation of a Batch #4 sample, which used a constant 20min dwell 

period.  

 

For the scenarios calculated above, the method of varying the dwell period is 

insufficient to cause significant changes in the quantity of tritium transported to the 

surface. In order to observe a significant change in the observed trend, long and constant 

dwell periods are necessary for stainless steel samples. Longer, constant dwell periods 
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will significantly affect the quantity of tritium removed during later plasma exposures, 

where the impact of tritium originating in the metal lattice is more significant. Because 

the migration mechanism is diffusion-limited, increasing the dwell periods will result in 

increased quantities of tritium migrating to the surface during a dwell period.  

QTRIMM-P predicts that the quantity of tritium removed from a stainless steel 

sample during a series of exposures increases with increased dwell periods (Fig. 5.4.14). 

Such behavior is demonstrated by a simulation using the loading and storage conditions 

outlined for Batch #4 samples, except for the exposure series with varied dwell periods, 

which adopted Batch #1 loading and storage conditions. Five series of normalized 

quantities of tritium removed from the metal during an exposure series were calculated, 

each with increased dwell periods. The effect predicted by the model is clear and 

expected: increased dwell periods result in larger quantities of tritium removed from the 

sample per exposure. While these scenarios have not yet been measured, this simulation 

is important as it provides the basis for an experimental verification of the diffusion 

model.  
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Figure 5.4.17; Calculated normalized activity removed for a series of plasma exposures 

of stainless steel samples loaded and stored using different conditions. Each series is 

labeled with the dwell periods used. The blue series (labeled as “varied”) used the 

loading and storage conditions for Batch #1, while the rest used the conditions for Batch 

#4. 

 

The preliminary measurements presented above demonstrate the ability of the 

experimental method to reveal the mechanism for tritium migration to the metal’s surface 

during a series of plasma exposures and to measure the quantity of adsorbed tritium. 

Additionally, the ability to describe these data using a combination of QTRIMM-P and 

the surface concentrations of adsorbed water determined from fitting thermal data lends 

weight to the calculated quantity of adsorbed water. As shown in Chapter 4, the quantity 

of adsorbed water is expected to have a significant effect on the total quantity of tritium a 

metal sample can absorb. The quantity of adsorbed water also can influence the observed 
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removal trend. Therefore, the sensitivity of exposing a tritiated sample to pulsed plasma 

may reveal important information regarding the quantity of tritium adsorbing onto 

various metal surfaces.  

In light of the aforementioned sensitivities, the pulsed plasma method was used to 

measure the quantity of adsorbed tritium and the tritium migration mechanisms in 

stainless steel samples with various surface modifications. These modifications include 

mechanical polishing, electropolishing, and selective oxidation. Each modification was 

performed with the intent of reducing the quantity of adsorbed water, which will reduce 

the quantity of adsorbed tritium (§ Ch. 4). All stainless steel samples with these various 

surface modifications were loaded with tritium in one of two loading batches: Batch #6 

(PT = 0.43atm) or Batch #8 (PT = 0.40atm). A sufficient quantity of samples with each 

surface modification were loaded within each batch to allow some samples to be 

subjected to thermal desorption (§ Fig. 4.3.3), while the remaining were subjected to the 

pulsed plasma method. Samples with unmodified, or “As Received”, surfaces were 

included in both loading batches for reference.  

The samples in Batch #8 had various degrees of mechanical polishing. Three 

different polishes were used to create progressively smoother surfaces. These polishes are 

numbered according to an industry standard, where a lower polish number corresponds to 

a smoother surface. The purpose of this loading batch was to investigate the dependence 

of surface roughness on the quantity of adsorbed tritium. Smoother surfaces should have 

less physical surface area. Therefore, less tritium should adsorb onto the surface.  

The measured quantities of tritium removed from stainless steel samples with 

various surface modifications are shown in Figures 5.4.18 and 5.4.19 for samples loaded 
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with tritium in Batch #6 and Batch #8, respectively. All plots have a double logarithmic 

scale, except for the plots showing the data for samples with “As Received” surfaces. 

Plots for samples with “As Received” surfaces have a semi-logarithmic scale. These 

scales were chosen to accentuate the observed trends in the data. Two or three samples 

with each surface modification were used to test the reproducibility and to obtain 

information regarding the overall spread in the data. For Batch #6 samples, the third 

sample was subjected to the pulsed plasma after an extended storage period to measure 

the effect of storage time on the measured trend in tritium removed with each successive 

exposure. The data generally show good reproducibility for samples exposed to the 

pulsed plasma after similar storage periods and loaded with tritium in the same batch. 

Smaller quantities of tritium were observed for samples with extended storage periods. 

This reduction is likely due to tritium migration further into the metal, where the pulsed 

plasma method is not sensitive.  
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Figure 5.4.18; Measured quantities of tritium removed from stainless steel samples with 

sequential plasma exposures. Each panel represents the results collected using samples 

with different surface modifications: (A) unmodified, or “As Received”, (B) mechanically 

polished, (C) electropolished, (D) iron oxide treatment, and (E) chromium oxide 

treatment.  
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Figure 5.4.19; Measured quantities of tritium removed from stainless steel samples with 

sequential plasma exposures. Each panel represents the results collected using samples 

with different surface modifications: (A) unmodified, or “As Received”, (B) Polish #12, 

(C) Polish #8, and (D) Polish #3. Smaller polish numbers denote finer finishes (i.e. 

Polish #3 is the smoothest surface).  

 

The majority of the tritium removed during the first three plasma exposures 

originates on the metal’s surface. This conclusion is draw from the comparison of the 

calculated activity removed using various removal mechanisms, where one of the 

mechanisms assumes all removable tritium resides on the surface. This comparison 

shows similar activities removed for the first three exposures (Fig.5.4.11), even though 

two of the mechanisms allow the metal lattice to resupply the surface with tritium 
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between two exposures. A calculation performed using QTRIMM-P also shows that 

migration of tritium from the metal lattice to the surface becomes more significant only 

after the third plasma exposure (Fig. 5.4.13). The quantity of tritium removed during 

these later plasma exposures is increasingly composed of tritium originating in the metal 

lattice. Therefore, summing the measured quantity of tritium removed during the first 

three exposures may reflect the quantity originally on the surface. Some tritium 

originating in the metal lattice may be present in this summation. However, this 

contribution should be a small fraction of the total amount removed during these 

exposures. 

The total quantity of tritium removed during the first three plasma exposures 

shows a strong dependence on the surface pre-treatment. Figure 5.4.20 shows the 

integrated quantities of tritium removed during these initial plasma exposures for Batch 

#6 (A) and Batch #8 (B) samples. Each datum within these plots is the result obtained 

using a fresh, non-plasma exposed sample. The data collected from samples in Batch #6 

that had extended storage periods generally contained less adsorbed tritium. This is 

expected, as some of the tritium is expected to have migrated into the metal lattice. The 

cause of the observed variability between samples loaded with tritium in the same batch 

and stored for similar periods of time is not clear. This variability may be the result of 

handling the samples, which can potentially remove a significant quantity of adsorbed 

tritium.  
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Figure 5.4.20; These plots show the sum of the tritium removed during the first three 

plasma exposures for various stainless steel samples loaded with tritium in (A) Batch #6 

(PT = 0.43 atm) and (B) Batch #8 (PT = 0.40 atm). Each datum is the result obtained 

using a fresh, non-plasma exposed sample. The numbers in parenthesis on each point 

represent the number of days the sample was stored prior to the experiment.  
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In general, all surface modifications caused a reduction in the quantity of 

adsorbed tritium, except for electropolished (EP) surfaces. EP surfaces contained a 

similar quantity of tritium as the “As Received” samples. The cause of these large surface 

inventories for EP surfaces is unclear. These surfaces were expected to contain less 

adsorbed tritium; the metal surfaces contained enhanced chromium concentrations, 

compared to polished surfaces (§ Fig. 3.4). An increased chromium concentration was 

expected to reduce the surface inventory.
6
 In contrast, samples treated with the iron 

oxidation pre-treatment show a significant reduction in surface inventory. Surface 

analysis showed the pre-treatment partially forms an enhanced iron oxide (§ Fig. 3.4), 

which could be the cause of the reduction in surface inventory.  

All mechanically polished surfaces contained in both loading batches show a 

reduction in surface inventory, when compared to “As Received” surfaces. This reduction 

is expected, as smoother surfaces should contain fewer binding locations for tritium 

adsorption. Unexpectedly, however, smoother surfaces appear to contain more tritium. 

Figure 5.4.21 shows a comparison between the measured surface inventory and the 

measured mean surface roughness for all mechanically polished and “As Received” 

samples included in both loading batches. Aside from the “As Received” surfaces, the 

mechanically polished surfaces generally show decreasing surface inventories with 

increasing surface roughness.  
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Figure 5.4.21; Comparison of the quantity of adsorbed tritium to the surface roughness 

for the mechanically polished and “As Received” samples. Error bars reflect the 

measured spread in the data.  

 

The measured surface inventories shown in Figure 5.4.20 can be compared to the 

surface inventories calculated using QTRIMM-P. This comparison suggests the isotope 

exchange scaling factor used to describe tritium exchange between gaseous molecules 

and surface bound molecules is not unity. The surface inventories for each metal sample 

were calculated using the surface concentrations of water obtained from fitting thermal 

desorption data, the loading conditions for each batch, and the storage time for each 

sample. This calculation assumed an equal probability for isotope exchange reactions 

during the loading phase, which corresponds to equal mole fractions of tritium in the 

loading gas and on the surface at equilibrium (§ Eq. 4.1.6). It was recognized in Chapter 

4 that this assumption is a limiting case. Additionally, this assumption caused the 
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calculated adsorbed water concentrations to be lower than expected (§ Fig. 4.3.4). The 

comparison between the calculated and measured surface inventories is shown in Figure 

5.4.22.  

 

 

Figure 5.4.22; Comparison between the measured and calculated quantities of adsorbed 

tritium present on various stainless steel samples immediately prior to a series of short 

plasma exposures. The calculated quantities were obtained from QTRIMM-P, using the 

quantities of adsorbed water determined by fitting thermal desorption data.  

 

Figure 5.4.22 shows the comparison between the measured and calculated tritium 

surface inventories for samples from Batches #4, #6, and #8, as well as a best-fit line 

through the data points. This correlation shows that the calculated surface inventories are 

~3.6 times higher than the measured values, indicating the model over-predicts the 

quantity of tritium on the surface. The discrepancy between the measured and calculated 
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values is likely a result of assuming equal reaction probabilities when fitting the thermal 

desorption data. Assuming the more realistic scenario of non-equal reaction probabilities 

will lower the tritium surface concentration during the loading phase, which leads to 

lower surface inventories after both the loading and storage phases. However, lowering 

the tritium surface concentration during the loading phase will lower the total calculated 

inventory loaded into the sample. Therefore, in order to describe the thermal desorption 

data and the pulsed plasma data, the quantity of adsorbed water must increase and the 

isotope exchange scaling factor must decrease. Both of these conditions trend towards a 

more realistic picture. Increasing the quantity of adsorbed water would bring the 

calculated values into closer agreement with the expected values (§ Fig. 4.3.4). 

Additionally, non-equal isotope exchange reaction probabilities are more realistic.  

While the quantity of tritium removed during the first three exposures combined 

may indicate the initial tritium surface inventory, the overall trend in tritium removed 

with successive plasma exposures indicates the initial distribution of tritium within the 

metal sample. The measured trends in tritium removed with successive exposures can be 

directly compared by normalizing each data series to the quantity of tritium removed 

during the first plasma exposure in the series. To this end, the data shown in Figures 

5.4.18 and 5.4.19 were normalized in this manner and are replotted in Figure 5.4.23 and 

5.4.24 for samples loaded in Batch #6 and Batch #8, respectively. All plots have a 

double-logarithmic scale, which were chosen to accentuate the observed trends. As in 

Figures 5.4.18 and 5.4.19, these next plots show the results from several different 

samples, which had the same surface finish and were loaded in the same batch. The 
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results of each sample are labeled in each plot with the storage period, which is the time 

between sample loading and the experiment.   

 

 

Figure 5.4.23; Comparison of the normalized quantity of tritium removed from various 

stainless steel samples during a series of plasma exposures. Each panel represents the 

results collected using samples with different surface modifications: (A) unmodified, or 

“As Received”, (B) mechanically polished, (C) electropolished, (D) iron oxide treatment, 

and (E) chromium oxide treatment.  
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Figure 5.4.24; Normalized quantities of tritium removed from stainless steel samples with 

sequential plasma exposures. Each panel represents the results collected using samples 

with different surface modifications: (A) unmodified, or “As Received”, (B) Polish #12, 

(C) Polish #8, and (D) Polish #3. Smaller polish numbers denote finer finishes (i.e. 

Polish #3 is the smoothest surface).  

 

The normalized data have the same trend after the third plasma exposure. This 

trend appears linear on the double logarithmic scale and does not depend on the loading 

batch, surface modification, or storage period. To quantify this, the slope was calculated 

for each series after the third exposure. The average slope of these data points on the 

double-logarithmic scale was calculated to be (-2.1 ± 0.2). The error reported here is the 

standard deviation of the mean. The similarity in the slopes of each data series suggests 
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the same tritium migration mechanism is at work. Because of the power law dependence 

observed for these later data points, this mechanism is likely limited by tritium diffusion 

to the surface from the metal lattice (Fig. 5.4.11). As noted previously, it is during these 

later exposures that tritium diffusion from the lattice becomes significant. During the 

earlier exposures, diffusion from the metal lattice contributes an insignificant amount to 

the quantity removed.  

While the trends in the later plasma exposures are the same, the first several 

plasma exposures show significant differences for the various surface modifications. 

Samples with “As Received” surfaces routinely showed a greater quantity of tritium was 

removed during the first three plasma exposures than was observed for samples with 

other surface modifications. Conversely, samples with electropolished, iron oxide treated, 

and chromium oxide treated surfaces consistently showed less tritium was removed 

during the first several plasma exposures. Finally, all samples with mechanically polished 

surfaces show an intermediate trend, regardless of the degree of polishing.  

Because the first few plasma exposures predominantly remove tritium from the 

metal’s surface, the observed differences are likely a result of the surface modification 

altering either the initial quantity of tritium initially on the surface or the binding energy 

for surface material. Large initial quantities of adsorbed tritium result in an exponential 

removal trend, because each successive plasma exposure predominantly removes tritium 

from the surface. In such a case, the contribution of tritium diffusing from the metal 

lattice is minimal. However, the removal trend cannot only be a function of the quantity 

of adsorbed tritium. This conclusion is reached by observing that the trends for samples 

with electropolished, iron oxide treated, and chromium oxide treated surfaces are the 
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same, yet the quantity of tritium on each of these surfaces is significantly different (Fig. 

5.4.20). Therefore, it is possible that the binding energy for tritium is dependent on the 

surface modification. Lower binding energies would correspond to higher removal 

efficiencies, assuming all else is equal. Further, higher removal efficiencies would lead to 

decreased removal trends for the first few exposures. However, in order to make this 

statement definitive, the actual binding energies need to be measured for tritium 

adsorption on each surface.  

The data recorded for samples with “As Received” surfaces in Batch #6 (PT = 

0.43 atm) shows that, after the third plasma exposure, less tritium is removed from the 

surface of a sample stored for a longer period of time (Fig. 5.4.23-A). Additionally, this 

divergence from the data recorded from samples with shorter storage periods increases 

with each successive plasma exposure. These results suggest that, during the storage 

period, tritium depletion from the metal lattice near the surface occurs faster than 

depletion of tritium from the surface itself. This possibility is further supported by 

summing the quantities of tritium removed by the plasma during the first three exposures 

and comparing this sum to the quantity removed during the later exposures (Table 5.4.3). 

These integrals show that the surface inventories, calculated from the first three plasma 

exposures, decrease by 21% during the storage period, while the tritium in the near 

surface decreases by a much larger 64%. Finally, directly comparing the trends in the 

normalized data for Batch #6 and Batch #8 samples with “As Received” surfaces shows a 

progression in the trend with increasing storage time: longer storage times correspond to 

lower fractions of tritium removed during the last several plasma exposures (Fig. 5.4.25).  
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Table 5.4.3; Comparison of the quantities of tritium removed from stainless steel samples 

stored for different periods of time. The middle column represents the sum of the tritium 

removed during the first three plasma exposures in a series, while the rightmost column 

contains the quantities summed over the remaining exposures. The bottom row in this 

table is the calculated relative decrease in tritium during the storage period.  

 First three exposures Exposures #4 - #10 

Storage time = 8 days 222 ± 3 μCi 110 ± 1 μCi 

Storage time = 31 days 175 ± 2 μCi 39.0 ± 0.4 μCi 

% Decrease during storage 21% ± 8% 64% ± 2% 

 

 

Figure 5.4.25; Comparison of the removal trends for three samples with “As Received” 

surfaces, which were stored for increasing periods of time. 

 

Decreasing removal trends with increasing storage times is likely a result of “As 

Received” surfaces trapping tritium on the surface. Surface traps are states that bind 

adsorbed tritium with a higher energy. Because of the higher binding energy, tritons 
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bound in such states may not migrate at room temperature. Therefore, if a significant 

number of trap states are present on “As Received” surfaces, then a large quantity of 

tritium will remain on the surface during the dwell periods between plasma exposures. 

The observed effect of trapped tritium would be exactly as observed in the present data: 

tritium in the near surface will be depleted at a faster rate than tritium on the surface. 

Other authors have measured tritium trapping on stainless steels surface during a storage 

period as well.
13

  

The data collected for the other surface finishes (polished, electropolished, and 

iron oxide) do not show the same variation with storage time (Fig. 4.3.23-B, C, & D), 

suggesting that little to no tritium is trapped on the surfaces of these samples. The lack of 

trap states may be due either to a change in the chemical composition of the metal at the 

surface or to a decrease in the surface roughness. Rougher surfaces contain many defects, 

which may strongly bind tritium to the surface due to an increased number of metal-

tritium bonds. Finally, the measured data for each of these surfaces shows a power law 

trend, which is indicative of an ideal diffusion-limited resupply rate, with no trapping 

mechanisms.  

The measured removal trends shown in Figures 5.4.23 and 5.4.24 can be fit using 

QTRIMM-P in the manner described previously (Fig. 5.4.11). QTRIMM-P includes the 

modified boundary conditions for sample storage and simulated plasma exposures. 

Additionally, it contains one free parameter: the removal efficiency. This efficiency 

represents the fraction of tritium removed from a metal’s surface during a short plasma 

exposure. It is assumed to be a constant throughout a series of plasma exposures. Each fit 

to the data used the quantity of adsorbed water (Q) determined from fitting thermal 
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desorption data. For consistency, each fit only used a Q-value obtained from data 

collected from a sample with the same surface modification and loaded with tritium in the 

same batch. The results of these fits are shown in Figures 5.4.26 and 5.4.27 for samples 

loaded with tritium in Batch #6 and Batch #8, respectively. Only one data series is shown 

in each figure for clarity. The error bars included in each plot represent the measured 

spread in the data and do not include any systematic errors. Finally, the calculated 

removal efficiencies, along with the Q-values used, are shown in Table 5.4.4 for each 

sample. Data from samples with “As Received” surfaces that were stored for a protracted 

period of time were not fit using QTRIMM-P, as the model currently does not contain a 

condition for tritium trapping on the surface.  
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Figure 5.4.26; Comparison between various representative Batch #6 data sets and the fit 

results using QTRIMM-P. Each panel represents the results collected using samples with 

different surface modifications: (A) unmodified, or “As Received”, (B) mechanically 

polished, (C) electropolished, (D) iron oxide treatment, and (E) chromium oxide 

treatment. 
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Figure 5.4.27; Comparison between various representative Batch #8 data sets and the fit 

results using QTRIMM-P. Each panel represents the results collected using samples with 

different surface modifications: (A) unmodified, or “As Received”, (B) mechanically 

polished, (C) electropolished, (D) iron oxide treatment, and (E) chromium oxide 

treatment. 
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Table 5.4.4; Calculated removal efficiencies and quantities of adsorbed water for 

stainless steel samples with various surface modifications and loaded with tritium in two 

separate batches. The quantities of adsorbed water included here were obtained from 

fitting thermal desorption data for samples with the same surface modification and 

included in the same loading batch.  

Loading 

Batch 

Surface 

Modification 

Quantity of  

adsorbed water (μmol/m
2
) 

Calculated removal 

efficiency 

6 “As Received” 15.7 0.34 

6 Polished 10.7 0.63 

6 Electropolished 16.0 0.76 

6 Fe-oxide treat. 6.2 0.91 

6 Cr-oxide treat. 7.7 0.84 

8 “As Received” 31.7 0.41 

8 Polish #12 11.6 0.59 

8 Polish #8 9.1 0.61 

8 Polish #3 19.4 0.52 

 

The resulting fits show good agreement with the measured data, except for the fits 

to data obtained for iron oxide and chromium oxide treated surfaces. For these data sets, 

the model significantly over-predicts the removal trend during the last six plasma 

exposures. This over-prediction indicates that the calculated rate of tritium migration to 

the metal’s surface during each dwell period is too large. This lack of agreement between 

the data and the best fit might be due to the surface modifications performed. These 
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modifications were designed to alter the metal composition in the near surface region. 

The alterations may have been significant enough to affect the permeability of tritium in 

the near surface. The fits to the data suggest that the permeability may have decreased. 

However, to prove this is the case, the permeability of tritium in the near surface region 

would have to be altered in the calculation. Altering this permeability means that fits to 

both the thermal data and the pulsed plasma data would have to be redone.  

The calculated removal efficiencies indicate that tritium removal from 

electropolished samples occurs at the fastest rate, while removal from samples with “As 

Received” surfaces occurs at the slowest rate. The removal rates from mechanically 

polished samples are in between these two extremes and are similar. This trend in 

calculated removal rates quantifies a previously made statement: higher removal 

efficiencies lead to decreased removal trends. It was suggested earlier that these higher 

removal rates may be the result of lower binding energies for tritium adsorbed onto the 

metal’s surface.   

The above data and discussion indicates that modifying a stainless steel surface 

can have a significant impact on the measured tritium removal trend during a series of 

short plasma exposures. Specifically, it was suggested that the measured removal trend is 

sensitive to the initial tritium inventory on the surface, as well as the binding energy for 

tritium on the surface. In the data sets presented above, these parameters were modified 

by performing various pre-treatments to alter the surface. An additional method of 

altering the surface inventory and the binding energy to the surface is to use a different 

substrate metal. Different metals contain different quantities of adsorbed water (§ Fig. 

2.1.4), and therefore, should contain different quantities of tritium. Additionally, the 
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binding energy between a water molecule and different metal atoms may change 

significantly as well. However, altering the substrate metal adds an additional variable to 

the experiment: the permeation rate through the metal lattice. The permeation rate, which 

is a function of a material’s diffusivity and solubility for tritium, is different for the 

different metals. Therefore, the migration of tritium to the surface from the metal lattice 

after a plasma exposure may not be the same for different metals.  

The removal trends and surface inventories were measured for aluminum and 

copper surfaces. These metals were loaded with tritium in Batch #4 (PT = 0.32 atm), 

along with a set of stainless steel samples. The results obtained using these stainless steel 

samples were shown previously (Fig. 5.4.9 and 5.4.10). Absolute and normalized 

quantities of tritium removed by sequential two-second plasma exposures from aluminum 

and copper surfaces are compared to stainless steel in Fig. 5.4.26. Only one aluminum 

and one copper sample were exposed to the pulsed plasma method, while three stainless 

steel samples were used. Therefore, the error bars reported in Fig. 5.4.26 for stainless 

steel represent the measured spread in the data reported in Figures 5.4.9 and 5.4.10, while 

the error bars reported for aluminum and copper samples represent the measurement error 

for each datum.  
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Figure 5.4.26; Absolute (Panel A) and normalized (Panel B) quantities of tritium 

removed from aluminum, copper, and stainless steel samples loaded in Batch #4 (PT = 

0.32 atm).  

 

The results shown in Figure 5.4.26 suggest several conclusions. First, summing 

the quantities of tritium removed during the first three exposures indicates that stainless 

steel contains the most adsorbed tritium and aluminum contains the least. In light of the 

water isotherms measured be Nishikawa et al.
13

, this trend in surface inventory was not 

expected. Nishikawa et al. found that, at a very low relative humidity, aluminum surfaces 

contained the largest quantity of adsorbed water and copper contained the least (§ Fig. 

2.1.4). However, modifying the surface of a metal can result in a significantly different 

surface inventory (Fig. 5.4.20). Therefore, the isotherms may not yield the correct trend 

or even the correct quantity of water adsorbed onto the metal surfaces used in the present 

study.  

The second observation is that the removal trend from each metal shows the 

power law dependence indicative of a diffusion-limited resupply mechanism. 

Additionally, the removal trends after the third exposure appear to be similar for 
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aluminum and copper substrates, while the trend for stainless steel is slightly steeper. To 

quantify this, the slopes of the data on the double logarithmic plot were calculated (Table 

5.4.5). The calculated slopes indicate that while the removal trends are similar, there is a 

distinct difference between the various metal substrates. The calculated slopes suggest 

that tritium is more easily removed from stainless steel surfaces than for aluminum or 

copper surfaces.  

 

Table 5.4.5; Slopes calculated from the data measured for aluminum, copper, and 

stainless steel substrates. These slopes were calculated using the data recorded after the 

third plasma exposure in a series of exposures.  

Substrate metal Calculated slope 

Aluminum -1.8 

Copper -1.5 

Stainless steel -2.1 

 

Chapter 5.4.4: Influence of gold plating metal surfaces on the removal of 

tritium during sustained plasma exposures or during pulsed plasma 

exposures 

Exposing a metal sample, previously loaded with tritium, to either a sustained or a 

pulsed plasma can yield information regarding the tritium inventories on the metal 

surface and in the metal lattice. Additionally, both experimental methods may yield 

information regarding the mechanism for tritium migration to the surface. Exposure to a 

sustained plasma exposure potentially allows for the separation of tritium inventories 
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initially residing on the surface and within the metal lattice. Pulsed plasma exposures 

allow for a finer resolution measurement of the initial surface inventory, and can yield 

information regarding the migration of tritium in the metal lattice near the surface. 

Because of these facts, these experimental methods are well suited for studying the 

influence of gold plating a metal surface on the removal of tritium from the metal sample.  

In an attempt to determine the influence of gold on the migration of tritium, 

aluminum, copper, and stainless steel 316 substrates were electroplated with gold to 

various depths and then loaded with tritium at room temperature. Sample specifications 

and loading conditions were outlined in Chapter 3.2. The following section first presents 

the results obtained from exposing various gold plated metals to a sustained plasma. After 

these results are presented, a set of data taken using the pulsed plasma method will be 

shown. All gold plated metal samples used the following measurements were loaded with 

tritium in one of four different loading batches. The results obtained from samples loaded 

within each batch will be presented chronologically. 

The first set of experiments were performed using gold plated copper samples, 

loaded with tritium in Batch #1 (PT = 0.41 atm). Samples loaded in Batch #1 had a 

significantly different history than samples loaded in other batches. Samples in Batch #1 

were exposed to the DT loading gas for only three hours, while the other loading batches 

had loading times of 24 hours. Additionally, samples in Batch #1 were stored in the same 

vessel for ~3.5 years, while samples in more recent batches were stored for days or 

months. Finally, each of the gold plated copper samples had a gold layer with a thickness 

of 0.8μm, which was the thinnest layer used in this study.  
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Each gold plated copper samples was exposed to a 60-minute sustained plasma 

exposures using different gas pressures. Increasing gas pressures should increase the 

steady state temperature of metal samples within the plasma volume (§ Ch. 5.4.1). 

Increasing the steady state temperature of the metal samples will increase the rate of 

tritium diffusion through the substrate metal lattice. This increased diffusion rate should 

allow the majority of tritium within a copper substrate to diffuse out of the sample (§ 

Table 5.4.2). The results of these plasma exposures are shown in Figure 5.4.27.  

 

 

Figure 5.4.27; Outgassing curves measured during sustained plasma exposures of gold 

plated copper samples loaded in Batch #1. Three argon pressures were used during these 

experiments.  

 

The measured rate of tritium desorbing from the gold plated copper samples (i.e. 

“outgassing rate”) shows two distinct peaks. As noted in Chapter 5.4.2, these two 

components are thought to arise from tritium originating on the surface and in the metal 
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lattice. The prompt release, which is observed as the peak at t ~ 2 minutes, likely arises 

from the plasma quickly removing tritium bound to the surface and dissolved in the near 

surface of the metal sample. For these samples, the “near surface” likely includes the gold 

layer and possibly the underlying nickel layer. The secondary peak, which occurs at t ~ 

20 – 25 minutes, likely arises from tritium dissolved within the metal lattice. By this time 

during the sustained exposure, the sample temperature has reached a significantly higher 

value (§ Fig. 5.4.1). Therefore, the rate of tritium diffusion through the metal lattice will 

have increased significantly, allowing a large fraction of the total inventory to be 

released.  

The presence of two distinct peaks in the outgassing rate is unlike any results 

obtained during sustained plasma exposures of non-plated samples and may be due to the 

loading and storage conditions. The results obtained from non-plated samples show two 

components in the outgassing rate, but the second component is merely a shoulder of the 

large prompt release (§ Fig. 5.4.6). The presence of two distinct peaks in the outgassing 

rate for the gold plated copper samples may be a result of the relatively shorter loading 

time and much longer storage time. Because these samples were loaded with tritium for 

much less time, less tritium should be present within the sample. Further, storing the 

sample for a protracted period of time allowed a significant quantity of tritium to diffuse 

into the substrate metal lattice. Additionally, because the samples were all stored within a 

common container and this container was periodically opened, a significant quantity of 

tritium likely desorbed from the surface into the gas phase. Both diffusion into the lattice 

and desorption from the surface would reduce the quantity of tritium on the surface. 

Significant reduction of the surface inventory would reduce the observed prompt peak in 
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the outgassing rate. Furthermore, because of diffusion into the metal lattice, the 

secondary peak intensity should increase.  

Integrating the outgassing rates over time yields the quantity of tritium removed 

during each sustained plasma exposure. The results show that the total quantity removed 

from the samples decreased with increasing chamber pressure (Fig. 5.4.28). As an 

estimate of the surface inventory, the outgassing rates were integrated over the first five 

minutes of the exposure. This integral is an approximation, as tritium release from the 

metal lattice likely occurs during this time interval. However, the contribution from the 

metal lattice was assumed to be small, compared to the quantity release from the surface. 

The integrals over the first five minutes of the sustained exposure follow the same trend 

as the total integrals: the quantity of tritium decreased with increased pressures. These 

results were not expected, as each sample was assumed to have a similar quantity of 

tritium and an increased chamber pressure should lead to increased steady state 

temperatures. If the samples had the same initial inventory, higher steady state 

temperatures should remove a greater fraction of the total inventory.  
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Figure 5.4.28; Integrals of the outgassing rates measured for gold plated copper 

samples, loaded with tritium in Batch #1.  

  

The next set of gold plated copper samples were loaded with tritium in Batch #2 

(PT = 0.35 atm). Samples contained within Batch #2 were exposed to the DT loading gas 

for 24 hours and stored for four days. As with the samples in Batch #1, each of the copper 

samples in Batch #2 were plated with 0.8μm of gold. After the four-day storage period, 

each sample was subjected to a sustained plasma exposure at three different chamber 

pressures. The measured outgassing rates, total inventories, and approximate surface 

inventories for these samples are shown in Figure 5.4.29.  
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Figure 5.4.29; Outgassing curves measured during sustained plasma exposures of gold 

plated copper samples loaded in Batch #2. The shaded region indicates the interval used 

to obtain the prompt release integrals shown in Panel B. Each sample was plated to a 

thickness of 0.8μm. Panel B shows the total integrated activity for each of the outgassing 

spectra, as well as the five-minute integrals, which estimate tritium released from the 

surface and near surface region. Three argon pressures were used during these 

experiments.  

 

The outgassing rates recorded for these three samples exhibit a lack of separation 

between the two components (Fig. 5.4.28-A). This lack of separation is similar to that 

observed for non-plated samples loaded under the same conditions (§ Fig. 5.4.6). As was 

the case with the non-plated samples, the lack of clear separation in the outgassing rates 

for the gold plated copper samples is likely due to the still very large quantities of tritium 

located in the surface and near surface regions at the start of the plasma experiment. 

Integrating over the prompt peak shows that the approximated surface inventory 

comprises over half of the tritium removed during the entire exposure. This is in stark 

contrast to the previous data for gold plated samples stored for a longer period, where the 
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surface and near surface only contained a maximum of 20% of the total inventory. A 

large surface inventory is expected, as tritium only can diffuse a mean distance of 0.04cm 

into the copper substrate during the 4-day storage period.  

The total quantity of tritium removed from gold plated copper samples exposed to 

the plasma increases significantly with increasing gas pressure (Fig. 5.4.28-B). As 

discussed previously, increasing the chamber pressure should result in higher steady state 

temperatures, which would allow a greater quantity of tritium to diffuse out of the metal 

lattice. However, a plasma exposure at a pressure of 30 mTorr was expected to remove 

the majority of the tritium initially present within the sample. Such an exposure can raise 

the temperature of a copper substrate to 300°C after 30 minutes (§ Fig. 5.4.6). Holding 

the sample at this temperature for 30 minutes can allow tritium to migrate a mean 

distance of 0.13cm. Considering the samples have a half-thickness of 0.15cm, this steady 

state temperature should allow an average of 87% of the total inventory to be released. 

Therefore, the gold plated copper samples should only contain ~350μCi of tritium. 

However, the data show that samples exposed at 60 and 90 mTorr contained in excess of 

1,000μCi. It is possible that the layer of gold covering the substrate either lowers the 

steady state temperature, or hinders the diffusion of tritium out of the copper lattice. In 

order to determine the cause, the temperature of a gold plated copper sample exposed to a 

sustained argon plasma must be measured for the various pressures.  

The third loading batch, Batch #3 (PT = 0.34 atm), containing gold plated copper 

samples also included gold plated aluminum and stainless steel substrates as well. Each 

of these substrates was plated with gold films of various thicknesses. The thicknesses 

used were 0.8, 1.7, 4.1 and 8.3μm. After loading these samples with tritium, they were 
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subjected to a sustained plasma exposure at a chamber pressure of 60mTorr. The 

outgassing rates measured for each of these substrates, along with the integrated total and 

surface inventories are shown in Figure 5.4.30. The data for the thinnest gold layer on 

copper are not representative of the actual data: an error in the data acquisition occurred 

during the experiment, leading to a loss of data during the first 47 seconds of the 

exposure.  
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Figure 5.4.30; Outgassing rates measured during sustained plasma exposures of gold 

plated (A) aluminum, (B) copper, and (C) stainless steel. The fourth panel (D) shows the 

total quantity of tritium removed during each plasma exposure (lighter shades represent 

5min prompt peak integrals). All experiments were performed at 60mTorr. The inventory 

removed from the 0.8μm gold thickness on copper represents the integrated activity after 

0.8 minutes, due to an error during data collection.  

 

The outgassing rates measured during sustained plasma exposures of aluminum, 

copper, and stainless steel substrates show similar intensity prompt peaks (Fig. 5.4.30). 

Additionally, the data generally show an increasing secondary component with increasing 

gold film thickness, except for the aluminum substrate with the thickest gold film. 

Similar intensities of the prompt peaks suggest that the surface and near surface of each 
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sample contains a similar quantity of tritium. Therefore, varying the gold film thickness 

between 0.8 – 8.3μm has little effect on the quantity of adsorbed tritium. An increased 

secondary component in the outgassing rates suggests that more tritium has been loaded 

into the metal lattice for samples with thicker gold films. This result suggests that thicker 

gold films do not hinder the migration of tritium into the underlying metal substrate.  

To test the reproducibility of the data and trends observed in Figure 5.4.30, 

another batch, Batch #5 (PT = 0.31 atm), of gold plated aluminum, copper, and stainless 

steel substrates was loaded with tritium. Each of these substrates was plated with gold 

films with the same thicknesses as used in the previous loading batch (Batch #3). Batch 

#5 contained a sufficient number of samples to expose fresh samples of each substrate 

and gold film thickness to the plasma, including samples with no gold plating. Samples 

with no gold plating were included as a reference to determine the influence of gold 

plating a substrate metal. The outgassing rates measured for each of these substrates, 

along with the integrated total and surface inventories are shown in Figure 5.4.30. 
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Figure 5.4.31; Outgassing rates measured during sustained plasma exposures of gold 

plated (A) aluminum, (B) copper, and (C) stainless steel. The fourth panel (D) shows the 

total quantity of tritium removed during each plasma exposure (lighter shades represent 

5min prompt peak integrals). All experiments were performed at 60mTorr. 

 

The outgassing rates obtained during sustained plasma exposures of gold plated 

metals loaded in Batch #5 show two distinct components. The separation of these two 

components is similar to the separation observed for the Batch #1 samples (Fig. 5.4.27) 

and the gold plated aluminum samples in Batch #3 (Fig. 5.4.30-A). As discussed 

previously, the components should correspond to tritium removed from the surface 

(prompt peak) and from the substrate metal lattice (secondary peak). Neither component 

appears to depend on the thickness of the gold film covering the substrate; the tritium 
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inventories show little variation with gold film thickness and have no clear trend with 

increasing thickness (Fig. 5.4.31-D). Finally, the outgassing rates and total inventories 

recorded using Batch #5 samples do not agree with the data recorded using Batch #3 

samples. The cause of this discrepancy is currently unknown, but may indicate a larger 

issue of reproducibility between loading batches.  

The final set of gold plated samples was included in Batch #8 (PT = 0.40 atm). 

These samples were stainless steel substrates, plated with a gold film with a thickness of 

1.7μm. This batch also contained non-plated stainless steel samples that were 

mechanically polished to various degrees, including a surface finish that had the same 

surface roughness as the gold plated samples. Comparing the results obtained using the 

gold plated samples and non-plated samples with the same surface finish may determine 

which surface modification reduces the quantity of adsorbed tritium. Instead of exposing 

these samples to a sustained plasma exposure, each sample was subjected to the pulsed 

plasma method. This method allows for a determination of the initial surface inventory, 

as well as the migration mechanism(s) for tritium transport to the metal surface.  

Figure 5.4.32 compares both (A) the removal trends and (B) the surface 

inventories for samples with “As Received”, polished, and gold plated surfaces. For 

clarity, only one data set for a sample with an “As Received” surface and one set for a 

polished surface are included in Figure 5.4.32-A. The error bars for these data series 

reflect the measured spread in the data (Fig. 5.4.24). The surface inventories from all 

samples are shown in Figure 5.4.32-B. Two different gold plated samples were subjected 

to the pulsed plasma method to determine the reproducibility of the measurement. The 

results of both measurements are shown in the figure.  
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Figure 5.4.32; Comparison of the (A) removal trends and (B) surface inventories on gold 

plated stainless steel samples to samples with “As Received” and mechanically polished 

(Polish #3) surfaces.  

 

The comparison between the gold plated and the non-plated stainless steel 

substrates shows that gold plated surfaces contain the least amount of tritium, but have 

the same removal trend as non-plated samples with the same surface roughness. A 

smaller quantity of adsorbed tritium was expected, as gold surfaces are expected to have 

less adsorbed water (§ Fig. 2.1.5). The same removal trend suggests that tritium 

migration to the surface is diffusion-limited. Further, tritium resupply to the surface is 

likely limited by diffusion out of the stainless steel lattice and not from the gold or nickel 

layers on the substrate’s surface. If the surface was resupplied with tritium from the gold 

or nickel layer, the removal trend would be different; both gold and nickel have different 

permeabilities for tritium.  
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Chapter 6 – Inventory of tritium loaded into metal samples 

The total quantity of tritium removed from a metal sample during either thermal 

desorption or a sustained plasma exposure should be related to the total quantity initially 

loaded into the sample. In both experiments, the temperature of the metal increases 

significantly (§ Figs. 4.2.6 & 5.4.1), which increases the rate of diffusion through the 

metal lattice. As estimated in Chapters 4 and 5, this increased rate leads to the 

expectation that the majority of the tritium initially loaded into each sample will be 

removed during either experiment, except for stainless steel samples subjected to a 60-

minute sustained plasma exposure (§ Tables 4.1.1 & 5.4.2). The mean migration distance 

for tritium in stainless steel does not exceed the dimensions of the sample. Therefore, 

removal of the entire tritium inventory from a stainless steel sample during a plasma 

exposure depends on the location of tritium within the sample at the beginning of the 

experiment. If entire tritium inventory is located in the near surface region, a sustained 

plasma exposure can remove it. However, if tritium has migrated deeper within the 

sample, then the 60-minute sustained plasma exposure cannot remove the entire 

inventory of tritium. The tritium inventories removed from aluminum and copper samples 

during either thermal desorption or a sustained plasma exposure are expected to be 

equivalent. Therefore, the results obtained from these different experiments should be 

comparable for each metal. However, thermal desorption experiments are more robust 

and include fewer systematic errors. Therefore, these experiments are used as a measured 

reference for the total quantity of tritium contained within a metal sample.  

The total quantity of tritium contained within each metal should be correlated 

with the conditions used during the loading procedure. During this loading procedure, the 
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metal samples are exposed to a deuterium-tritium (DT) gas mixture at 25°C for various 

amounts of time (§ Table 3.5). For most of the loading batches, the temperature and 

exposure times were kept constant. Each loading batch utilized a slightly different DT 

loading pressure and tritium concentration in the gas, due to either depletion or 

recharging of the available supply. This difference in pressure and composition should 

result in a different quantity of tritium loaded into the metal, assuming all other 

conditions are the same. Increased pressures and/or concentrations should result in 

increased tritium inventories loaded into each metal sample. If this is the case, the loading 

conditions should show a correlation to the measured tritium inventories removed during 

thermal desorption experiments.  

In order for the loading conditions and measured tritium inventories to be related, 

one of two mutually exclusive conditions must be met. The first condition is that little to 

no tritium can be lost from the sample. Under this condition, the majority of the tritium 

that is loaded into a metal sample during the loading period remains bound to the metal 

sample during the subsequent storage period. In this case, the measured tritium inventory 

is equivalent to the initial inventory loaded into the sample. The second condition 

requires that the flux of tritium leaving a metal surface is equal for samples of the same 

metal type with the same surface modification. Equal fluxes away from the sample 

correspond to equal quantities of tritium lost from the sample. Therefore, the measured 

inventory will not be equivalent to the initial inventory. Instead, the measured and initial 

inventories will be correlated. An estimation of the quantity of tritium lost from a sample 

during the storage period will be presented in this chapter. Tritium “loss” from a metal 

sample refers to tritons that have desorbed from the metal sample and are not re-
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adsorbed. These calculations are intended to determine the relative significance of each 

possible mechanism for tritium loss from the sample during the storage period.  

Also in this chapter, three comparisons are made. The first comparison is between 

the tritium partial pressure in the loading gas and the total quantity of tritium removed 

during thermal desorption experiments. This comparison should reveal if any correlations 

exist between the measured total tritium inventories and the loading conditions. The 

second comparison relates the quantity of tritium removed during a sustained plasma 

exposure to the quantity of tritium removed during a subsequent thermal desorption 

performed on the same sample. This comparison determines how effective sustained 

plasma exposures are at removing tritium inventories from metal samples. Finally, a 

comparison is made between the total quantity of tritium removed from samples 

subjected to thermal desorption alone to samples subjected to a sustained plasma 

exposure, followed by thermal desorption. This final comparison should indicate whether 

tritium is lost either during plasma exposures or during the storage period between the 

plasma exposure and subsequent thermal desorption.  

 

Chapter 6.1: Estimation of the quantity of tritium lost from metal 

samples during the storage period 

Tritium is lost from a metal sample during the storage period between loading and 

experiment primarily through two channels: permeation through the storage vessel walls 

and escape from the storage vessel through leaks in the vessel. Both channels require 

tritium to desorb from the sample’s surface into the gas phase within the vessel. Once in 

the gas phase, tritium either will escape directly through leaks in the vessel, or will 
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diffuse through the vessel walls. Diffusion through the storage vessel walls requires 

tritium to first adsorb onto the interior walls of the vessel, prior to diffusion through the 

walls. Both diffusion through the walls and escape through leaks will result in a depletion 

of the tritium inventory contained within the storage vessel. Additionally, tritium within 

the gas phase cannot be captured with the current experimental setup. Therefore, a 

potentially large fraction of the tritium desorbing from the sample will not be measured. 

The following section will show the calculations performed to estimate the quantity of 

tritium lost from a metal sample during the storage period.  

Tritium desorption into the gas phase potentially represents the largest loss of the 

isotope from a metal sample during the storage phase. Additionally, tritium desorption is 

the first step in each of the aforementioned loss mechanisms. Tritium desorbs into the gas 

phase through isotope exchange with water vapor molecules, which are present in low 

concentrations within the storage vessel volume. This isotope exchange mechanism was 

assumed to be rapid, relative to all other transport processes. This assumption, which was 

also made in Chapter 4 (Eq. 4.1.6), simplifies the estimation of the gas phase quantity of 

tritium by relating the mole fractions of tritium on the surface (𝜒𝑠𝑢𝑟𝑓
𝑒𝑞

) to those in the gas 

phase (𝜒𝑔𝑎𝑠
𝑒𝑞

): 

 

𝜒𝑠𝑢𝑟𝑓
𝑒𝑞 = 𝑓 ∗ 𝜒𝑔𝑎𝑠

𝑒𝑞                                      (6.1.1) 

 

The mole fractions are related by an isotope exchange scaling factor (f). This factor 

accounts for non-equal isotope exchange reaction probabilities. For the following 

equations, this factor is assumed to be unity, which represents equal reaction 
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probabilities. While this assumption is not realistic, it allows for the calculation of the 

maximum possible release of tritium into the gas phase. Using this equation, along with 

the measured relative humidity (RH), the partial pressure of tritiated water (pHTO) can be 

calculated: 

 

𝑝𝐻𝑇𝑂 = 𝑃𝑣𝑎𝑝 ∗ (
𝑅𝐻

100%
) ∗ 𝜒𝑠𝑢𝑟𝑓

𝑒𝑞                        (6.1.2) 

 

Here, the vapor pressure of water (Pvap) is included to convert the relative humidity into 

the partial pressure of tritiated water. The quantity of tritium in the gas phase is then 

given by: 

 

𝐴𝑔𝑎𝑠 =
(𝑝𝐻𝑇𝑂 ∗ 𝑉𝑠𝑡𝑜𝑟𝑒)

𝑅 ∗ 𝑇
∗ 𝑁𝑎 ∗ 𝜆                   (6.1.3) 

 

The above equation uses the ideal gas law to determine the quantity of tritium in the gas 

phase (Agas). This quantity depends on the volume of the storage vessel (Vstore), as well as 

the temperature (T) and gas constant (R). The factors of Avogadro’s number (Na) and the 

decay constant for tritium (λ) are included to convert the mass of tritium to units of 

radioactivity.  

Figure 6.1.1 shows the results of using Equation 6.1.3 to calculate the quantity of 

tritium in the gas phase for various mole fractions of tritium on the surface. The results 

show that the quantity of tritium increases linearly with increasing mole fraction, 

assuming all else remains equal. Because of the assumption of equal isotope exchange 
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reaction probabilities (i.e. f = 1), the calculated quantities shown here are the maximum 

possible quantities of tritium that can desorb from a metal during the storage phase. In 

reality, lower reaction probabilities for some isotope exchange reactions allow more 

tritium to remain on the sample’s surface. The reduction in reaction probabilities may 

cause a significant reduction in the calculated quantities of tritium in the gas phase. 

Additionally, this calculation represents an over-estimate of the actual quantity, as it does 

not account for tritium diffusion into the metal lattice of the sample. Diffusion into the 

lattice reduces the quantity of tritium on the surface. This allows tritium in the gas phase 

to re-adsorb onto the surface, in order to re-establish the equilibrium position given by 

Eq. 6.1.1. Re-adsorption reduces the quantity of tritium lost from the sample. Finally, the 

quantity of tritium lost from each metal sample to the gas phase should be the same for 

metals of the same type and having the same surface finish. Therefore, even if a 

significant quantity of tritium is lost from the surface to the gas phase, the same fraction 

of the total initial inventory should be lost from these samples. The measured tritium 

inventories should still show a correlation with the partial pressure of tritium in the 

loading gas.  
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Figure 6.1.1; Calculated quantities of tritium in the gas phase for various mole fractions 

of tritium on a sample’s surface. This calculation assumes equal isotope exchange 

reaction probabilities.  

 

After desorption from a metal sample’s surface, tritium can migrate through the 

gas phase, adsorb onto the storage vessel wall, and subsequently diffuse through the 

vessel wall to the outer environment. This mechanism differs from simple desorption 

from the surface, as tritium diffusing out of the vessel cannot re-adsorb onto the sample. 

In order to determine the rate of tritium diffusing through the storage vessel wall, a 

simple diffusion calculation was used. For this calculation, the flux of tritium through the 

vessel wall was assumed to be in steady state, as the wall is very thin (≤ 1mm). The 

steady state tritium flux through the wall is then given by: 

 

𝐹 =
𝐷

𝑙
∗ (𝑐𝑖𝑛𝑛𝑒𝑟 − 𝑐𝑜𝑢𝑡𝑒𝑟)                            (6.1.4) 
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The steady state flux depends on the diffusivity of tritium through the wall (D), the 

thickness of the wall (l), the tritium concentration on the inner surface (cinner), and the 

concentration on the outside of the storage vessel (couter). Assuming a stainless steel 

container with a wall thickness of 0.5mm, a saturated inner concentration (cinner = 

solubility of steel), and null outer concentration (couter = 0), the steady state flux is 

approximately 10
-6

 μCi/sec. Assuming a saturated inner concentration and null outer 

concentration corresponds to the maximum possible flux of tritium through the vessel 

wall. In reality, the outer concentration is non-zero and related to the concentration of 

tritium adsorbed to the outer surface. Low outer surface concentrations are expected, as 

the outer surface is in contact with humid laboratory air, which will rapidly remove 

tritium from the outer surface. The calculated steady state flux through the vessel wall 

leads to less than 6μCi lost after a storage period of 40 days. This loss mechanism is 

negligible, compared to the measured inventories removed from metal samples.  

The final loss mechanism of tritium to the environment is tritium escaping from 

the storage vessel through leaks in the container. If the storage vessel is not sufficiently 

sealed, humid laboratory air can enter the vessel. The presence of humid air will stimulate 

desorption of tritium from all surfaces within the storage vessel, leading to a higher 

concentration of the isotope in the gas phase. Additionally, leaks offer a direct conduit for 

tritium in the gas phase to escape from the vessel volume.  

While the rate of tritium loss from the storage vessel has not been measured, the 

significance of such a rate can be inferred from the measured data. If tritium is lost 

through leaks in the storage vessels, the measured tritium inventories should show an 

anti-correlation with storage time: increasing storage times should result in decreasing 
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inventories. However, the data do not consistently show such a trend. Figure 6.1.2 shows 

the tritium inventories contained in stainless steel samples with “As Received” surfaces, 

measured using thermal desorption. The figure shows the results from three different 

loading batches (Batches #2, #6, & #8). The results from Batch #8 samples show 

decreasing tritium inventories with increasing storage time, suggesting that tritium is lost 

during this interval. The rate of tritium loss is calculated to be ~40μCi/day. However, the 

inventories contained in two Batch #6 samples, which were measured less than 24 hours 

apart, show a difference of ~200μCi. This suggests two possibilities: different vessels 

have different leak rates, or the samples were not loaded with the same quantity of 

tritium. The results from Batch #2 samples show a difference of 186μCi between 

maximum and minimum. However, this appears to be an outlier and not part of a 

decreasing trend in total inventory with increasing storage period.  
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Figure 6.1.2; Comparison between the measured tritium inventories in stainless steel 

samples with “As Received” surfaces to the storage time between loading and thermal 

desorption 

 

Chapter 6.2 – Comparison of tritium inventories loaded into metal 

samples to the loading conditions 

Comparing the measured tritium inventories to the various loading conditions 

should reveal if any correlation exists between these two parameters. Existence of a 

correlation is expected, as the quantity of tritium loaded into metal samples should 

depend on the tritium partial pressure within the loading gas. Measurement of the total 

quantity of tritium loaded into metal samples is accomplished by subjecting the samples 

to thermal desorption. In these experiments, the samples are heated to high temperatures 

for protracted periods. The combination of high heat and longer times allows tritium to 

migrate out of the metal lattice. The temperatures and dwell times chosen for the 
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experiments are sufficient to allow all tritium to migrate out of the metal lattice. Table 

4.1.1 shows the typical temperatures and dwell times used during a thermal desorption 

experiment, along with the calculated mean tritium migration distances (Eq. 4.1.1). To 

reach the dwell temperatures used, the sample temperature is increased in a roughly linear 

fashion. Tritium is also removed during this portion of each experiment. For simplicity, 

the calculation of mean migration distance does not include this period. However, the 

dwell periods and steady state temperatures alone should be sufficient to remove all 

tritium within the samples used, as each sample has a thickness of 0.3cm.  

Figure 6.2.1 shows the measured tritium inventories for (A) aluminum, (B) 

copper, and (C) stainless steel substrates. All measurements included in this figure were 

obtained using samples with “As Received” surfaces. Other surface modifications were 

not included for two reasons. First, samples with different surface modifications cannot 

be used because the modification influences the total inventory. Second, an insufficient 

number of samples with other surface modifications were loaded with tritium.  
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Figure 6.2.1; Comparison of measured tritium inventories removed from (A) aluminum, 

(B) copper, and (C) stainless steel samples, loaded with tritium under different partial 

pressures. Data from Batch #1 samples are not included in these plots, as the loading 

period was shorter than the other batches.  

 

The data show no correlation with storage time for copper and stainless steel 

substrates, and a possible correlation for aluminum substrates. The data for aluminum 

substrates contains one sample that does not agree with the measured trend, which occurs 

for a partial pressure of 0.31 atm. The measured tritium inventory from the sample loaded 

in this batch is significantly higher than the measured inventories contained in samples 

loaded in all other batches. The cause of this vast difference is unclear, but may suggest a 

problem had occurred during this experiment. The remaining data show increasing 
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inventories for increasing partial pressures, as expected. Measured tritium inventories in 

stainless steel show consistent lower inventories for lower partial pressures, and higher 

inventories for higher partial pressures. However, the inventories recorded for higher 

partial pressures do not demonstrate a continuous trend.  

The lack of correlation observed in each plot may be due to sample handling, loss 

of tritium due to inconsistently sealed vessels, or may be indicative of an issue during the 

loading procedure. As noted in Chapter 4, the quantity of adsorbed tritium significantly 

influences the total inventory within the sample. This surface inventory can be affected 

by handling the sample. During handling, tritium transfers from the metal surface to the 

object in contact with the sample. Therefore, excessive handling can significantly reduce 

the surface inventory, which will have a drastic effect on the total inventory. 

Inconsistently sealed vessels result in varying leak rates of atmospheric air into the 

storage vessels. As noted in the previous section, this could result in a significant and 

random loss of tritium. Finally, the lack of correlation with loading conditions may 

indicate an issue with the loading procedure, such as inconsistent sample loading or an 

error in the diagnostics.  

 

Chapter 6.3 – Determination of the fraction of tritium removed during a 

sustained plasma exposure 

A 60-minute sustained plasma exposure is expected to remove the majority of the 

tritium inventory contained within aluminum, copper, and possibility stainless steel 

samples. This expectation is based on the mean migration distance calculated for each 

metal (§ Table 5.4.2). The migration distances in aluminum and copper are larger than 
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the dimensions on the samples used, suggesting that the majority of the tritium is 

removed. However, these estimations are based on the mean distance. Therefore, a small 

fraction of the initial inventory may remain within the sample after the plasma exposure. 

Additionally, the estimations assume that lattice diffusion limits the removal of tritium 

from each metal. This assumption does not account for the possibility of trap sites, which 

can contain a potentially significant quantity of tritium.  

In order to measure the residual quantity of tritium remaining in each metal 

sample after a plasma exposure, the samples were subjected to thermal desorption as 

well. The temperatures achieved in thermal desorption are much higher than those 

reached during a sustained plasma exposure. Additionally, these higher temperatures are 

sustained for longer periods of time. The combination of the higher temperatures and 

longer dwell periods should allow all tritium to be removed from aluminum, copper, and 

stainless steel samples. Summing the measured residual tritium and the tritium removed 

during the sustained plasma exposure may yield a good approximation of the total 

quantity of tritium initially present within the sample. However, some tritium  may be 

lost during the experimental procedure, as the samples were stored in air for some time in 

between the plasma exposure and thermal desorption. 

A sustained plasma exposure removes an average of 81.1 ± 9.7% of the tritium 

from a sample subjected to a sustained plasma exposure followed by thermal desorption. 

This overall mean removal fraction was calculated from the individual removal fractions 

for each sample. Figure 6.3.1 displays the fraction of tritium removed from various metal 

substrates during a sustained plasma exposure. These fractions are relative to the total 

amount removed during the plasma exposure and during thermal desorption. The scatter 
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in the data may be a result of storing the samples in air for various amounts of time in 

between the plasma exposure and thermal desorption.  

 

  

Figure 6.3.1; Ratio of the tritium removed during a sustained plasma exposure to the 

total amount removed from both the plasma exposure and from subsequent thermal 

desorption. The average fraction removed in the plasma is shown on the plot as well. The 

standard deviation is shown as the shaded region. 

 

The large removal fractions displayed in Figure 6.3.1 confirm the estimation 

presented in Chapter 5 that a 60-minute sustained plasma exposure can remove a 

significant fraction of tritium from metal samples. Further, the large removal fractions for 

stainless steel samples suggest that the majority of the tritium contained within these 

metal samples is located near the surface. This conclusion stems from the calculated 

mean migration distance for tritium in stainless steel during a sustained plasma exposure. 

Because this calculated distance is much smaller than the dimensions of the sample, a 
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sustained plasma exposure is expected to only remove tritium from the near surface of the 

sample.  

 

Chapter 6.4 – Comparison of quantities of tritium removed during 

sustained plasma exposures to the quantities removed during thermal 

desorption 

The combination of a sustained plasma exposure and subsequent thermal 

desorption may only release a fraction of the actual total inventory. A good measure of 

the total inventory is to perform thermal desorption on a fresh, non-plasma exposed 

sample. For direct comparison, this fresh sample must be loaded with tritium in the same 

batch as the sample used for the combined plasma and thermal desorption procedure. 

Comparison of the value obtained from this fresh sample with a separate sample run 

through the combined plasma and thermal desorption procedure indicates how well the 

combined procedure can measure the total inventory. Each of these procedures should 

yield the same information, assuming the loading procedure loads the same quantities of 

tritium into each sample. However, the combined plasma-thermal procedure introduces 

various systematic and random errors, such as tritium adsorption onto the pumps and 

pipes in the vacuum system and prolonged air exposure in between the plasma and 

thermal experiments. 

Figure 6.4.1 shows a comparison between fresh samples run through thermal 

desorption and separate fresh samples run through both experiments. To construct this 

plot, each data point requires the results from two separate samples. In order to compare 

the results for the two samples, each sample had to be loaded with tritium in the same 
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loading batch, be the same metal type, and have the same surface finish. Data points 

falling on the black correlation line indicate that the tritium inventory removed in the 

combined plasma and thermal desorption procedure is the same as the quantity removed 

during thermal desorption of a fresh sample from the same loading batch. With the 

exception of one data point, all of the data are below the correlation line, suggesting that 

the combined plasma and thermal procedure only records a fraction of the inventory 

released from thermal desorption alone. 
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Figure 6.4.1; Comparison between the total amount of tritium removed with a sustained 

plasma exposure following by thermal desorption and the amount removed from a fresh 

sample with thermal desorption alone. Data points falling below the diagonal guideline 

indicate less tritium is removed with the combination of plasma and thermal experiments. 

Data are shown by loading batch and do not distinguish between aluminum, copper, 

stainless steel, or gold-plated samples.  

 

This discrepancy between procedures is not the result of prior sample handling or 

storage time; instead, it may indicate a loss of tritium in the plasma system and possibly 

to laboratory air. Handling tritiated metal samples prior to an experiment may influence 

the measured results by removing a portion of the surface inventory. This may result in a 

random error, as some samples were handled more than other samples. While handling 
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the samples may result in a loss of tritium from the surface, it is not thought to be a 

significant source of error. Many of the samples were in contact with other metal surfaces 

and laboratory air for approximately twenty minutes prior to insertion into the oven in the 

thermal desorption setup. Some of these samples still show good correlation between the 

combined procedure and thermal desorption alone. For example, all of the samples 

loaded in Batch #3 were exposed to laboratory air and in contact with a clean metal 

surface for approximately 20 minutes prior to insertion into the oven in the thermal 

desorption setup. In the case of the samples exposed to the plasma prior to thermal 

desorption, this air exposure took place immediately prior to thermal desorption of the 

sample. While many of these samples were in contact with both air and a clean metal, 

some show good correlation between procedures and some do not (Fig. 6.4.1). Therefore, 

the cause of the spread must be elsewhere.  

The discrepancy between the combined plasma and thermal procedure and 

thermal desorption of fresh samples is not due to the length of the time spent in storage. 

All samples were stored within small metal containers, which were assumed to be sealed 

during storage. However, as noted previously, these vessels may not have sufficient seals. 

In order to relate the quantity of tritium removed from samples subjected to either 

procedure, the ratio of inventories removed during each procedure was plotted against the 

storage times (Fig. 6.4.2). This ratio was calculated by dividing the total inventory 

removed during a sustained plasma exposure and the subsequent thermal desorption by 

the inventory removed from a separate, fresh sample during thermal desorption alone. If 

the inventories removed during each procedure are the same, the ratio will equal unity. If 
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less tritium is removed during the combined procedure, as is the case for most of the data 

(Fig. 6.4.1), then the ratio will be less than unity.  

 

 

Figure 6.4.2; The ratio of inventory removed from a sample during the combined plasma 

and thermal procedure to the inventory removed from a separate, fresh sample during 

thermal desorption is compared against the storage time (A) prior to the first experiment, 

whether plasma or thermal, or (B) in between the plasma and thermal experiments. If the 

combined procedure yields the same quantity of tritium removed as thermal desorption 

alone, the calculated ratio equals unity.  

 

Plots of the ratio of inventories removed during each procedure against the 

storage periods either prior to the first experiment or in between the plasma and thermal 

experiments show vertical spreads for samples in each loading batch (Fig. 6.3.2). These 

vertical spreads indicate that samples with similar storage periods result in vastly 

different removal ratios, indicating that the storage time does not introduce a systematic 

error in the data. These results suggest two possibilities, although others may exist. First, 
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the seals on each storage vessel vary from vessel to vessel. Second, tritium is adsorbed 

onto the various pumps and pipes contained in the plasma setup.   

The discrepancy between the combined plasma and thermal procedure and 

thermal desorption of fresh samples may indicate a loss of tritium in the plasma system. 

Tritium removed from metal samples during a plasma exposure must travel through a 

series of pipes and vacuum pumps prior to detection by the Tritium Monitor (Fig. 5.3.1). 

These pipes and pumps constitute a large surface area for tritiated species to adsorb. 

Additionally, there are many bends in the pipes, which may encourage the adsorption of 

tritium onto the pipe’s surfaces. The adsorption of tritium onto these surfaces during a 

plasma exposure would represent a systematic loss of the isotope during an experiment.  

A systematic loss of tritium during a plasma experiment may be accounted for by 

dividing the data by a constant fraction. This fraction represents the fraction of tritium 

counted during a plasma exposure. The detectable fraction was determined by 

minimizing the sum of the squared differences between the results obtained from samples 

subjected to the combined plasma and thermal procedure and the thermal procedure 

alone, while varying the constant fraction. The results of this minimization are shown in 

Figure 6.4.3 for a best-fit detection fraction of 0.64. This figure is the same type of plot as 

Figure 6.4.2, which correlated the results obtained in the combined procedure to the 

thermal procedure alone. Comparison of Figures 6.4.2 and 6.4.3 reveals that inclusion of 

a constant detection fraction shifts each data point to a higher value on the ordinate. This 

shift begins to center the spread in the data on the correlation line, suggesting that there is 

a systematic loss of tritium during each plasma exposure. However, the spread in the data 
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is still quite large, indicating that loss of tritium to the experimental plasma setup is not 

the cause of the random scatter in the data. 

 

 

Figure 6.4.3; Comparison between the scaled quantity removed during a sustained 

plasma exposure following by thermal desorption and the amount removed from a fresh 

sample with thermal desorption alone. The integrated results from the plasma 

experiments were increased by a constant fraction. Data points falling below the 

diagonal guideline indicate less activity removed with the combination of plasma and 

thermal experiments. Data are shown by loading batch and does not distinguish between 

aluminum, copper, stainless steel, or gold-plated samples. 
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Chapter 7: Summary and conclusions 

The goals of the present work were to measure the influence of the metal surface 

on the total absorption of tritium and quantitatively characterize the migration of tritium 

across the thin film of adsorbed water. To accomplish these goals, two experimental 

techniques were used: thermal desorption and plasma stimulated desorption. Each 

experimental technique probed a different aspect of tritium migration through metal 

substrates. Thermal desorption was primarily used to measure the total inventory of 

tritium within each metal substrate. Plasma stimulated desorption was used to measure 

the quantity of tritium adsorbed onto the surface and dissolved in the near surface. 

Additionally, this relatively new technique allowed for a determination of the migration 

mechanism for tritium transport to the metal surface. To describe the experimental data, a 

quantitative model was developed. This model, which was termed “QTRIMM”, was 

based on Fickian diffusion through a metal lattice. Using this model, the tritium 

concentration profiles throughout a metal sample can be calculated. These concentrations 

also include the high surface concentrations observed by many authors. The results 

obtained using both experimental techniques, and the comparisons of these results to the 

output of QTRIMM, lead to several conclusions.  

The results obtained from thermal desorption experiments highlight the necessity 

of including the surface layers of adsorbed water. These layers are responsible for the 

high concentrations of tritium in the surface and near surface regions measured by many 

authors. In the present study, a comparison was made between the tritium inventories 

measured using thermal desorption and an expectation of the quantity of tritium loaded 

into each metal sample. This expectation did not include the surface layers of adsorbed 
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water. The results of this calculation significantly under-predicted the data, indicating 

that the surface layers of adsorbed water must be included in the physical picture. 

Quantitative models that do not describe tritium migration through the adsorbed water 

layers cannot accurately predict tritium migration at low temperatures.  

Data measured during thermal desorption experiments show that modifying the 

metal surface significantly influences the total tritium inventory. For these experiments, 

the surfaces of stainless steel substrates were modified by mechanical polishing, 

electropolishing, selective oxidation treatments, or gold plating. Each of these treatments 

only affected the first ~10nm of the metal lattice, with the exception of gold plating. 

These thin films of gold were 0.8μm thick and required an interfacial nickel layer of 6μm. 

With the exception of electropolishing, samples with each of these surface modifications 

contained less tritium, when compared to samples with unmodified surfaces. Several of 

the mechanically polished samples contained less than half the tritium content as samples 

with unmodified surfaces. Modification of the metal surface significantly influences the 

total inventory, because over 30% of the initial inventory is expected to reside on the 

metal surface. This estimate arises from the results of fitting thermal desorption data with 

QTRIMM.  

The output of QTRIMM was fit to thermal desorption data by varying the 

quantity of water adsorbed to the surface of the metal sample until the calculated and 

measured total tritium inventories agreed. This procedure was applied to all thermal 

desorption data. The resulting surface concentrations of adsorbed water were lower than 

expected, when compared to isotherms reported by Nishikawa et al. In fact, the 

calculated isotherms represent sub-monolayer coverages of water on the metal surface. 
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Even at the low relative humidity used during the loading procedure, more than a 

monolayer was expected. The low results obtained from QTRIMM fits to the data were 

attributed to the limiting assumption of equal reaction probabilities for isotope exchange 

between tritium in the gas phase and protium in the adsorbed water layers. Using more 

realistic reaction probabilities will increase the calculated surface concentrations of 

adsorbed water. 

Comparison of the total inventories measured using thermal desorption to the 

tritium partial pressures used to load the samples suggests a problem may exist with 

either the loading and/or the storage procedures. Ideally, the loading conditions and 

measured inventories should be correlated. However, no strong correlation was observed. 

The lack of correlation indicates either that tritium is lost during the storage period or that 

a flaw exists within the loading procedure. Loss of tritium to the environment during the 

storage period is unlikely to have the observed effect. Estimations of the loss mechanisms 

indicated that little tritium escapes the storage vessel by diffusing through the wall and no 

anti-correlation exists between the measured tritium inventories and the storage time. An 

anti-correlation between the measured inventories and storage time is expected if each 

storage vessel leaks tritium at similar rates. However, non-equal leak rates may explain 

the observed variance in the thermal desorption data.   

The pulsed plasma method represents a new technique to measure adsorbed 

tritium and to probe the mechanisms for tritium migration to the surface. In this method, 

a metal sample, previously loaded with tritium, was exposed to short pulses of RF 

plasma. The results show that the plasma is capable of removing ~80-90% of the 

adsorbed tritium within three two-second pulses. Comparing these results with various 
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analytical models and with QTRIMM indicated that the quantity of tritium removed 

during these first several pulses originated on the surface. Finally, subjecting a sample to 

a number of plasma pulses reduced the prompt response observed during a subsequent 

sustained plasma exposure. Increasing the number of plasma pulses resulted in decreasing 

prompt responses. This prompt response was attributed to adsorbed tritium, as tritium 

dissolved within the metal lattice did not have sufficient time to reach the surface to 

contribute to the prompt response. Therefore, the pulsed plasma provided an excellent 

method for measuring the quantity of adsorbed tritium.  

The tritium surface inventories measured using the pulsed plasma method showed 

the same trend in surface inventory as observed for the total inventory, which was 

measured using thermal desorption. In general, a sample with greater total inventory had 

a larger surface inventory as well. This result was expected, as the concentrations of 

tritium on the surface and in the metal lattice should be linked at the interface between 

these two regions. Assuming a rapid equilibrium arises across this interface, the tritium 

concentrations on the surface and in the metal lattice at the interface are linked through 

the ratio of the tritium solubilities in each region. Therefore, at a constant temperature, if 

the surface concentration of tritium is low, then the total inventory should be low as well.  

The observed trend in the quantity of tritium removed from the surface with each 

successive plasma pulse indicates the distribution of tritium within the metal sample at 

the time of the experiment. Additionally, this removal trend may yield information 

regarding the mechanism for tritium migration to a metal surface. The data show removal 

trends that have a power-law dependence with the successive plasma exposures. It was 

observed that the removal trend was the same after the third plasma pulse for stainless 
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steel samples with various surface modifications. Further, the removal trends measured 

using aluminum and copper samples are similar to the trends observed using stainless 

steel samples. Similar removal trends indicate that the same physical process is occurring 

in each sample, regardless of the surface modification. The removal trends differed in the 

results obtained during the first few plasma exposures for stainless steel samples with 

different modifications. These differences were attributed to differences in the quantities 

of water adsorbed to each surface.  

The observed power law dependence was shown to be indicative of a mechanism 

limited by tritium diffusion out of the underlying metal lattice. Therefore, the data were 

fit with QTRIMM-P, which is the QTRIMM model that contains additional boundary 

conditions for sample storage and simulated plasma exposures. This model assumes 

tritium migrates to the metal surface after a plasma exposure at a rate limited by diffusion 

out of the metal lattice. QTRIMM-P was fit to the data by using the quantity of adsorbed 

water determined from fitting thermal desorption data and varying the tritium removal 

efficiency. The resulting fits show excellent agreement for all samples, except for 

stainless steel substrates with either selective oxidation pre-treatment. The general 

agreement between the model and the data confirms the conclusion that tritium is 

resupplied to the surface at a rate limited by diffusion out of the metal lattice.  

The experimental results highlighted in this chapter demonstrate the importance 

of understanding tritium adsorption onto the metal surface, especially for low to ambient 

temperatures. At these temperatures, a significant quantity of water resides on all metal 

surfaces. Tritium dissolution in such layers accounts for a large fraction of the total 

quantity of tritium present within a metal exposed to a tritium atmosphere. The results 
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obtained in this study also highlight various surface modifications that can hinder the 

migration of tritium into a metal. Specifically, the data show that mechanically polishing 

a metal surface yields the largest reduction in tritium inventory. This study also 

demonstrated the capabilities of using a pulsed plasma to study the interaction of tritium 

with metal surfaces. This method provided a vast amount of information regarding the 

migration of tritium in the near surface and regarding the tritium inventory on the metal 

surface. Even so, the full extent of this experimental method has likely not been 

determined yet. Finally, the quantitative model developed in this work is, to the author’s 

best knowledge, the first model that links the tritium concentrations in the adsorbed water 

layers to the concentrations in the metal lattice.  

While the experimental results and quantitative analysis presented in this work 

represent a significant contribution to the understanding of tritium interactions with metal 

surface, much work still must be accomplished. First, the cause of the observed 

variability in the measured tritium inventories must be determined. Variability in the data 

exists for samples loaded in different batches, as well as samples loaded within the same 

batch. The root causes for these discrepancies likely lie with either the loading or the 

storage procedure. Therefore, measurements are required to determine the extent of 

tritium loss during the storage period. 

After verification that the total inventory can be reproduced between loading 

batches, a set of experiments must be designed to fully characterize the effect of plating 

metal substrates with thin layers of gold. In the present study, the effect of such plating 

was not fully understood. First, the results were not reproducible between loading 

batches. This observation may result from the more global issue with loading and/or 
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storage conditions addressed previously. Second, the results indicated that thin gold films 

do not hinder the migration of tritium. Rather, these films may encourage the absorption 

of tritium. At best, the thin gold films are transparent to tritium migration. In other words, 

plating a metal with thin gold films neither reduces nor enhances absorption. Instead, the 

rate of tritium absorption is determined by the permeation of tritium into the substrate 

metal lattice. Finally, the gold films showed evidence of multiple voids within the gold 

layer. These voids may be responsible for the observed transparency of gold films. Future 

measurements should investigate the gold plating process and perhaps explore different 

methods of gold plating, which would reduce the void volume within the gold layers.   

Both experimental setups need to be optimized. The thermal desorption 

experimental setup requires less modification. Additional effort is required to control the 

oven temperature with the LabVIEW program. Currently, the heating rates are slightly 

non-linear and are not equal to the user-defined value. Future versions of the oven control 

program should correct both of these discrepancies. The low-pressure plasma setup 

requires more drastic modifications. First, the base pressure of the vacuum must be 

reduced. This will reduce the influx of water into the chamber, which may alter the 

experimental results. In order to probe the resupply rate of tritium to the metal surface, 

the future setup should include the possibility for adding small quantities of water vapor 

to the gas supply, either during the dwell periods or continuously throughout a pulsed 

plasma experiment. Second, the design of the gas flow after the vacuum chamber must be 

restructured. The new setup should streamline the gas lines, such that all pumps and gas 

lines are in a linear configuration, with no bends should in the gas flow. Additionally, the 
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Tritium Monitor should be placed as closely to the vacuum vessel as possible, to 

minimize loss of tritium to the piping walls and pumps.  

The final major experimental change should be in optimizing the selective 

oxidation setup. The stainless steel samples, which underwent each selective oxidation 

procedure, did not produce the desired results. The cause of this was attributed to 

incorrect oxygen concentrations in the gas stream. Even so, enhanced iron concentrations 

were found on only a few samples and were not uniform across the surface. Optimization 

of this setup would allow both iron and chromium oxide surfaces to be formed.  

QTRIMM requires updating as well. The current version of this quantitative 

model contains limited boundary conditions, which describe the loading and storage 

procedures, as well as simulated plasma exposures. Additional boundary conditions are 

necessary to describe water stimulated desorption, thermal desorption, tritium desorption 

during a sustained plasma exposures, and tritium desorption and equilibration during the 

storage phase. Each of these conditions would describe different experimental conditions, 

which may enhance the understanding of tritium migration across metal surfaces.  
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Appendix A: Diffusivity and Solubility Parameters 

 The following appendix lists the diffusivity and solubility parameters reported by 

various authors for aluminum, copper, stainless steel, and gold. The data are organized as 

follows: the results from previous studies are shown first in each table. Following this, 

the average results from Causey’s compilation are shown. Finally, the averages computed 

in the present study are shown. Studies excluded during computation of this average are 

highlighted in red text. All references listed are included in the bibliography shown 

previously.  
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Diffusivity Data 

Table A.1; Literature collection of diffusivities for aluminum 

Pre-exponent 

(m
2
/sec) 

Activation energy 

(kJ/mol) 

Temperature  

range (°C) 

Author (year) 

 

1.1x10
-5

 40.9 360 – 630 Eichenauer
60

 

1.4x10
-6

 35.7 200 – 560 Furuyama
61

 

1.75x10
-8

 16.2 30 – 600 Young
31

 

12 140 400 – 530 Ransley
62

 

2x10
-6

 50.2 570 – 630 Matsuo
63

 

2.5x10
-6

 90 450 – 590 Papp
64

 

4.58x10
-6

 37.0 300 – 640 Ichimura
65

 

1.9x10
-5

 40 450 – 590 Papp
66

 

1.30x10
-3

 67 375 – 450 Csanady
67

 

1.01x10
-5

 47.7 450 – 625 Outlaw
68

 

2.6x10
-5

 58.7 300 – 400 Hashimoto
69

 

6.1x10
-5

 54.8 173 – 408 Saitoh
70

 

9.2x10
-5

 55.25 12 – 55 Ishikawa
71

 

2x10
-8

 16.0 -------- Causey
32

 

1.45x10
-6

 30.0 -------- Average 
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Table A.2; Literature collection of diffusivities for copper 

Pre-exponent 

(m
2
/sec) 

Activation energy 

(kJ/mol) 

Temperature  

range (°C) 

Author (year) 

2.26x10
-7

 29.3 227 – 927 Tanabe
72

 

6.12x10
-7

 36.5 450 – 925 Katz
73

 

6.6x10
-7

 37.4 470 – 1200 Reiter
74

 

7.3x10
-7

 36.8 450 – 925 Katz
73

 

6.2x10
-7

 37.8 430 – 640 Eichenauer
75

 

6.8x10
-6

 47.3 250 – 500 Ransley
62

 

1.06x10
-6

 38.5 200 – 440 Perkins
76

 

1.13x10
-6

 38.9 450 – 925 Katz
73

 

1.15x10
-6

 40.8 430 – 640 Eichenauer
75

 

1.06x10
-6

 38.4 200 – 440 Guthrie
77

 

1.1x10
-6

 38.5 270 – 650 Eichenauer
78

 

8.2x10
-8

 23.3 230 – 830 Furuyama
61

 

9.0x10
-7

 43.5 -13 – 727 Hagi
79

 

2.74x10
-4

 56.8 26 – 49.5 Ishikawa
80

 

1x10
-6

 38.5 -------- Causey
32

 

7.9x10
-7

 38.6 -------- Average 
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Table A.3; Literature collection of diffusivities for stainless steel 316 

Pre-exponent 

(m
2
/sec) 

Activation energy 

(kJ/mol) 

Temperature  

range (°C) 

Author (year) 

1.8x10
-6

 52.7 25 – 222 Austin
38

 

5.9x10
-7

 51.9 500 – 1200 Reiter
74

 

6.32x10
-7

 47.8 227 – 927 Tanabe
72

 

7.3x10
-7

 52.4 276 – 692 Grant
81

 

4.2x10
-6

 64 330 – 580 Sugisaki
82

 

1.74x10
-6

 52.8 300 – 600 Tanabe
83

 

3.82x10
-7

 45.5 250 – 600 Forcey
84

 

4.7x10
-7

 46.3 150 – 450 Hashimoto
85

 

4.79x10
-7

 51.59 230 – 440 Li
86

 

1.3x10
-6

 54 600 – 900 Kishimoto
87

 

1.2x10
-5

 85 227 – 757 Dolinski
88

 

4.7x10
-7

 54 200 – 400 Louthan
89

 

2x10
-7

 49.3 -------- Causey
32

 

7.2x10
-7

 52.9 -------- Average 
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Table A.4; Literature collection of diffusivities for gold 

Pre-exponent 

(m
2
/sec) 

Activation energy 

(kJ/mol) 

Temperature  

range (°C) 

Author (year) 

4.67x10
-8

 29.63 75 – 400 Ishikawa
80

 

5.6x10
-8

 23.6 5 – 112 Maestas
90

 

5.6x10
-8

 23.6 -------- Causey
32

 

5.1x10
-8

 26.6 -------- Average 

 

Solubility Data 

Table A.5; Literature collection of solubilities for aluminum 

Pre-exponent 

(mol/m
3
/atm

1/2
) 

Activation energy 

(kJ/mol) 

Temperature 

range (°C) 

Author (year) 

3954 27.4 400 – 630 Eichenauer
91

 

4878 29.7 400 – 630 Eichenauer
91

 

400 63.9 200 – 630 Ichimura
65

 

111 58.2 400 – 600 Eichenauer
78

 

7 17.3 465 – 620 Ransley
92

 

29 39.7 -------- Causey
32

 

4416 28.5 -------- Average 
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Table A.6; Literature collection of solubilities for copper 

Pre-exponent 

(mol/m
3
/atm

1/2
) 

Activation energy 

(kJ/mol) 

Temperature 

range (°C) 

Author (year) 

1674 40.0 430 – 635 Eichenauer
75

 

1435 38.0 430 – 635 Eichenauer
75

 

6116 31.2 227 – 927 Tanabe
72

 

1657 54.7 600 – 1027 McLellan
93

 

118 36.0 270 – 650 Eichenauer
78

 

211 37.7 400 – 1000 Sieverts
94

 

627 37.6 287 – 727 Hagi
79

 

504 38.9 -------- Causey
32

 

1691 39.3 -------- Average 
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Table A.7; Literature collection of solubilities for stainless steel 316 

Pre-exponent 

(mol/m
3
/atm

1/2
) 

Activation energy 

(kJ/mol) 

Temperature  

range (°C) 

Author (year) 

89 12.1 300 – 600 Tanabe
83

 

763 15.7 227 – 927 Tanabe
72

 

477 18.5 250 – 600 Forcey
84

 

353 15.7 276 – 692 Grant
81

 

62 10.2 703 – 903 Sugisaki
95

 

103 14.5 150 – 450 Hashimoto
85

 

820 12.5 230 – 440 Li
86

 

719 12.5 600 – 900 Kishimoto
87

 

26 5 277 – 757 Dolinski
88

 

262 13.1 227 – 927 Reiter
74

 

169 6.9 -------- Causey
32

 

342 13.0 -------- Average 
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Table A.8; Literature collection of solubilities for gold 

Pre-exponent 

(mol/m
3
/atm

1/2
) 

Activation energy 

(kJ/mol) 

Temperature  

range (°C) 

Author (year) 

986 15.6 700 – 900 Thomas
96

 

2 15.7 693 – 1050 McLellan
93

 

4.96x10
4
 99.4 -------- Causey

32
 

986 15.6 -------- Average 
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Appendix B: Derivation of the equations used in QTRIMM 

A model based on Fickian diffusion of tritium through the metal lattice was 

developed. In this model, the tritium concentrations throughout a metal are solved 

numerically. Additionally, the model includes a condition for solute diffusion through 

different, but interacting media. Different, but interacting media include examples like 

water adsorption on metal surfaces and different metals bound to one another. In each 

case, a solute like hydrogen can migrate from one media to the next. The diffusion model 

includes a condition for the migration across the interface between two such media. The 

numeric solution uses an intermediate time step and divides the solid into N number of 

cells. For simplicity, the model uses a one-dimensional solution. The quantity of solute in 

each cell can be determined by multiplying by the cell thickness (Δx) and the surface area 

of the sample used in an experiment.  

 

 

Figure B.1; Division of solid into equal spaced cells 

 

 

Δx 

x    i  

xi, ci      i+1  

x
i+1
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The concentration in each cell is determined from a flux balance of tritium 

entering and leaving each cell. Because of this, the flux is calculated at the intermediate 

positions, 𝑖 ±
1

2
 (Fig. B.1). The rate of change in the solute concentration in each cell is 

determined by combining Fick’s Laws (Eqs. 2.2.4 and 2.2.5) to yield:  

 

𝜕𝑐

𝜕𝑡
= −

𝜕𝐹

𝜕𝑥
                               (B. 1) 

 

The finite-difference fluxes at the intermediate positions are: 

 

𝐹
𝑖+
1
2
= −𝐷

𝑖+
1
2
(
𝑐𝑖+1 − 𝑐𝑖
𝑥𝑖+1 − 𝑥𝑖

)                           (B. 2) 

𝐹
𝑖−
1
2
= −𝐷

𝑖−
1
2
(
𝑐𝑖 − 𝑐𝑖−1
𝑥𝑖 − 𝑥𝑖−1

)                           (B. 3) 

 

Using Equations B.1 – B.3, the rate of change of the concentration in cell “i” is written 

as: 

Note: primes in the following equations denote the next time step 

 

𝑐𝑖
′ − 𝑐𝑖
𝛥𝑡

= −𝜃

(𝐹
𝑖+
1
2

′ − 𝐹
𝑖−
1
2

′ )

𝛥𝑥𝑖
 −

(1 − 𝜃) (𝐹
𝑖+
1
2
− 𝐹

𝑖−
1
2
 )

𝛥𝑥𝑖
                           (B. 4) 

 

This equation allows for an intermediate time step. The degree of implicitness (θ) 

determines whether a forward (𝜃 = 1), reverse (𝜃 = 0), or median (𝜃 = 0.5) time step is 
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used. A time-centered solution generally yields the most stable solution. Unstable 

solutions are characterized by large, unphysical fluctuations in the concentration at a 

particular point. These fluctuations can occur if the time step is too large. The large time 

step will cause the calculation of the change in concentration to be either slightly larger 

or smaller than the expected value. Because of this small error, during the next iteration, 

the calculation will “overcompensate” and the error will become much larger. This 

negative feedback loop can eventually cause the solution to reach a singularity. Stable 

solutions allow the use of any combination of time and distance step, without the 

“penalty” of a negative feedback.  

Equation B.4 can be expanded into a system of linear equations (Eq. B.5). This 

system of equations has the past and future time steps placed on opposite sides of the 

equality.  

 

−𝜃𝐷
𝑖−
1
2

′

𝛥𝑥𝑖(𝑥𝑖 − 𝑥𝑖−1)
𝑐𝑖−1
′ + [

𝜃𝐷
𝑖+
1
2

′

𝛥𝑥𝑖(𝑥𝑖+1 − 𝑥𝑖)
+

𝜃𝐷
𝑖−
1
2

′

𝛥𝑥𝑖(𝑥𝑖 − 𝑥𝑖−1)
+
1

𝛥𝑡
] 𝑐𝑖

′ −

𝜃𝐷
𝑖+
1
2

′

𝛥𝑥𝑖(𝑥𝑖+1 − 𝑥𝑖)
𝑐𝑖+1
′

=

(1 − 𝜃)𝐷
𝑖−
1
2

𝛥𝑥𝑖(𝑥𝑖 − 𝑥𝑖−1)
𝑐𝑖−1 + [−

(1 − 𝜃)𝐷
𝑖+
1
2

𝛥𝑥𝑖(𝑥𝑖+1 − 𝑥𝑖)
−

(1 − 𝜃)𝐷
𝑖−
1
2

𝛥𝑥𝑖(𝑥𝑖 − 𝑥𝑖−1)
+
1

𝛥𝑡
] 𝑐𝑖

+

(1 − 𝜃)𝐷
𝑖+
1
2

𝛥𝑥𝑖(𝑥𝑖+1 − 𝑥𝑖)
𝑐𝑖+1                           (B. 5) 
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One can simplify the above equation by setting the following: 

Note: Primes still carry through (i.e. if D has a prime, α and β have primes) 

𝛼𝑖 =

𝐷
𝑖−
1
2
∗ 𝛥𝑡

𝛥𝑥𝑖(𝑥𝑖 − 𝑥𝑖−1)
                           (B. 6a) 

𝛽𝑖 =

𝐷
𝑖+
1
2
∗ 𝛥𝑡

𝛥𝑥𝑖(𝑥𝑖+1 − 𝑥𝑖)
                           (B. 6b) 

 

Substituting these into Equation B.5 results in… 

 

−𝜃𝛼𝑖
′𝑐𝑖−1
′ + (𝜃𝛽𝑖

′ + 𝜃𝛼𝑖
′ + 1)𝑐𝑖

′ − 𝜃𝛽𝑖
′𝑐𝑖+1
′

= (1 − 𝜃)𝛼𝑖𝑐𝑖−1 + [1 − (1 − 𝜃)𝛼𝑖 − (1 − 𝜃)𝛽𝑖]𝑐𝑖

+ (1 − 𝜃)𝛽𝑖𝑐𝑖+1                                                 (B. 7) 

 

This set of linear equations contains N-2 equations, where N is the maximum number of 

equations in the set. Each equation in the set will solve for the concentration at the next 

time step for a particular location within the metal. Two additional equations are 

necessary to solve for the boundary conditions. These equations occur at indices of i=0 

and i=N and will be discussed later.  

Solving the system of linear equations is done by putting the equations into matrix 

form and solving for the concentrations at the next time step using the Gaussian 

elimination method. An algorithm, known as the Thomas Algorithm, was used to perform 

the elimination. Before changing the above equation into its matrix form, we will further 

simplify it using: 
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𝑃𝑖 = −𝜃𝛼𝑖
′                                                                                                                   (B. 8a) 

𝑄𝑖 = 𝜃𝛼𝑖
′ + 𝜃𝛽𝑖

′ + 1                                                                                                  (B. 8b) 

𝑅𝑖 = −𝜃𝛽𝑖
′                                                                                                                   (B. 8c) 

𝐿𝑖 = (1 − 𝜃)𝛼𝑖𝑐𝑖−1 + [1 − (1 − 𝜃)𝛼𝑖 − (1 − 𝜃)𝛽𝑖]𝑐𝑖 + (1 − 𝜃)𝛽𝑖𝑐𝑖+1      (B. 8d) 

 

Using these equations, the system of equations (Eq. B.7) becomes: 

𝑃𝑖𝑐𝑖−1
′ + 𝑄𝑖𝑐𝑖

′ + 𝑅𝑖𝑐𝑖+1
′ = 𝐿𝑖                             (Eq. B. 9) 

The matrix equation to solve then becomes… 

 

(

 
 

𝑄0
𝑃1
0
0
0

𝑅0
𝑄1
𝑃𝑖
0
0

    

0
𝑅1
𝑄𝑖
𝑃𝑁−1
0

0
0
𝑅𝑖
𝑄𝑁−1
𝑃𝑁

0
0
0

𝑅𝑁−1
𝑄𝑁 )

 
 

(

  
 

𝑐0
′

𝑐1
′

𝑐𝑖
′

𝑐𝑁−1
′

𝑐𝑁
′ )

  
 
=

(

 
 

𝐿0
𝐿1
𝐿𝑖
𝐿𝑁−1
𝐿𝑁 )

 
 
                           (B. 10) 

 

This equation contains only one degree of freedom. The left and right off-diagonal 

coefficients correspond to the solute, or tritium, flux across the left and right boundaries 

of each cell, respectively. All three elements will be present for a time-centered solution. 

Using a forward or a reverse difference solution causes either the right (Ri) or left (Pi) 

elements to be zero. Solving this system of equations yields the tritium concentrations at 

each location within a metal solid, for a given set of boundary and initial conditions.  

Tritium diffusion across an interface between two media requires the modification 

of some of the coefficients in Equation B.10. These coefficients must be modified in such 

a way as to maintain the interface condition outlined in Chapter 4. This condition states 

that the tritium concentrations on either side of the interface are related by the ratio of the 
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solubilities for tritium in each region. The other implicit condition is that the total 

quantity of tritium throughout the system must be conserved. Using these conditions, the 

equations for the modified boundary conditions can be derived.  

In order to maintain mass balance throughout the system, the concentration at the 

interface must be given by the rate of solute entering and exiting the cell (i.e. flux 

balance). In the diffusion model, the interface between two solvents is placed within one 

cell (i=M). The concentration at the interface is then given by the average of the 

concentrations on the right (𝑐𝑀
𝑅 ) and on the left (𝑐𝑀

𝐿 ) sides of the cell, because half this 

cell is one solvent and half is the other.  

 

𝑐𝑀 =
(𝑐𝑀
𝑅 + 𝑐𝑀

𝐿 )

2
                                   (B. 13) 

 

Using Sievert’s law (Eq. 4.1.11), the tritium concentrations at the interface are related by 

the solubilities for tritium in each region: 

 

𝑐𝑀
𝐿

𝑆𝐿
=
𝑐𝑀
𝑅

𝑆𝑅
                                                 (B. 14) 

Or… 

𝑐𝑀
𝐿 =

𝑆𝐿

𝑆𝑅
∗ 𝑐𝑀

𝑅 = 𝑆𝑅 ∗ 𝑐𝑀
𝑅                     (B. 15) 
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Therefore, the concentration at the interface is: 

 

𝑐𝑀 =
1

2
(𝑆𝑅 + 1)𝑐𝑀

𝑅                              (B. 16) 

𝑐𝑀
𝑅 = (

2

𝑆𝑅 + 1
) 𝑐𝑀 = 𝜑𝑅 ∗ 𝑐𝑀         (B. 17) 

 

Similarly… 

 

𝑐𝑀
𝐿 = (

2 ∗ 𝑆𝑅
𝑆𝑅 + 1

) 𝑐𝑀 = 𝜑𝐿 ∗ 𝑐𝑀         (B. 18) 

 

The flux in and out of the interface cell must utilize 𝑐𝑀
𝐿  and 𝑐𝑀

𝑅… 

 

𝐹
𝑀+

1
2
= −𝐷

𝑀+
1
2
∗ (
𝑐𝑀+1 − 𝑐𝑀

𝑅

𝑥𝑀+1 − 𝑥𝑀
) = −𝐷

𝑀+
1
2
∗ (
𝑐𝑀+1 − 𝜑𝑅 ∗ 𝑐𝑀
𝑥𝑀+1 − 𝑥𝑀

)     (B. 19) 

𝐹
𝑀−

1
2
= −𝐷

𝑀−
1
2
∗ (
𝑐𝑀
𝐿 − 𝑐𝑀−1
𝑥𝑀 − 𝑥𝑀−1

) = −𝐷
𝑀−

1
2
∗ (
𝜑𝐿 ∗ 𝑐𝑀 − 𝑐𝑀−1
𝑥𝑀 − 𝑥𝑀−1

)     (B. 20) 

 

Using the same definitions shown above for α and β (Eq. 6), the modified equations 

around an interface are shown below. In these equations, the highlighted terms indicate 

where the equations change around an interface, as compared to the equations for a 

homogeneous solid presented previously (Eq. B.7).  
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For i = M-1 

−𝜃𝛼𝑖
′𝑐𝑖−1
′ + (𝜃𝛽𝑖

′ + 𝜃𝛼𝑖
′ + 1)𝑐𝑖

′ − 𝜃𝛽𝑖
′𝜑𝐿𝑐𝑖+1

′

= (1 − 𝜃)𝛼𝑖𝑐𝑖−1 + [1 − (1 − 𝜃)𝛼𝑖 − (1 − 𝜃)𝛽𝑖]𝑐𝑖 + (1

− 𝜃)𝛽𝑖𝜑𝐿𝑐𝑖+1                                                                  (B. 21) 

 For i = M 

−𝜃𝛼𝑖
′𝑐𝑖−1
′ + (𝜃𝛽𝑖

′𝜑𝑅 + 𝜃𝛼𝑖
′𝜑𝐿 + 1)𝑐𝑖

′ − 𝜃𝛽𝑖
′𝑐𝑖+1
′

= (1 − 𝜃)𝛼𝑖𝑐𝑖−1 + [1 − (1 − 𝜃)𝛼𝑖𝜑𝐿 − (1 − 𝜃)𝛽𝑖𝜑𝑅]𝑐𝑖 + (1

− 𝜃)𝛽𝑖𝑐𝑖+1                                                                            (B. 22) 

 For i = M+1 

−𝜃𝛼𝑖
′𝜑𝑅𝑐𝑖−1

′ + (𝜃𝛽𝑖
′ + 𝜃𝛼𝑖

′ + 1)𝑐𝑖
′ − 𝜃𝛽𝑖

′𝑐𝑖+1
′

= (1 − 𝜃)𝛼𝑖𝜑𝑅𝑐𝑖−1 + [1 − (1 − 𝜃)𝛼𝑖 − (1 − 𝜃)𝛽𝑖]𝑐𝑖 + (1

− 𝜃)𝛽𝑖𝑐𝑖+1                                                                       (B. 23) 

 

The coefficients to insert into the matrix equation (B.10) are: 

 For i = M-1 

𝑅𝑖 = −𝜃𝛽𝑖
′𝜑𝐿 

𝐿𝑖 = (1 − 𝜃)𝛼𝑖𝑐𝑖−1 + [1 − (1 − 𝜃)𝛼𝑖 − (1 − 𝜃)𝛽𝑖]𝑐𝑖 + (1 − 𝜃)𝛽𝑖𝜑𝐿𝑐𝑖+1  

 For i = M 

𝑄𝑖 = 𝜃𝛽𝑖
′𝜑𝑅 + 𝜃𝛼𝑖

′𝜑𝐿 + 1 

𝐿𝑖 = (1 − 𝜃)𝛼𝑖𝑐𝑖−1 + [1 − (1 − 𝜃)𝛼𝑖𝜑𝐿 − (1 − 𝜃)𝛽𝑖𝜑𝑅]𝑐𝑖 + (1 − 𝜃)𝛽𝑖𝑐𝑖+1 

 For i = M+1 

𝑃𝑖 = −𝜃 ∗ 𝛼𝑖
′ ∗ 𝜑𝑅 

𝐿𝑖 = (1 − 𝜃)𝛼𝑖𝜑𝑅𝑐𝑖−1 + [1 − (1 − 𝜃)𝛼𝑖 − (1 − 𝜃)𝛽𝑖]𝑐𝑖 + (1 − 𝜃)𝛽𝑖𝑐𝑖+1 
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The remaining coefficients are unchanged from the form derived for a homogeneous 

solid (Eq. B.8).  

In order to solve for the concentration profiles in a metal sample, two more 

equations are necessary. These equations are the boundary conditions. Since the metal 

samples used in this study were symmetric and rectangular, the diffusion model only 

needs to extend to the center of the sample; the other side of the sample is a mirror image. 

In order to solve for the concentration at the centerline, the fluxes into or out of, this cell 

are equal, but have opposite signs (i.e. opposite directions). Therefore, the rate of change 

in the concentration at the centerline of the samples is given by: 

 

𝑐𝑁
′ − 𝑐𝑁
𝛥𝑡

= −𝜃 (

𝐹
𝑁+
1
2

′ − 𝐹
𝑁−

1
2

′

𝛥𝑥𝑖
) − (1 − 𝜃)(

𝐹
𝑁+
1
2
− 𝐹

𝑁−
1
2

𝛥𝑥𝑖
)                  (B. 24) 

 

Inserting the expressions for the fluxes given by Equations B.2 and B.3 yields the rate of 

change in the concentration at the centerline:  

 

𝑐𝑁
′ − 𝑐𝑁
𝛥𝑡

= −

2𝜃𝛥𝑡𝐷
𝑁−

1
2

′

𝛥𝑥𝑁(𝑥𝑁 − 𝑥𝑁−1)
(𝑐𝑁
′ − 𝑐𝑁−1

′ )

−

2(1 − 𝜃)𝛥𝑡𝐷
𝑁−
1
2

𝛥𝑥𝑁(𝑥𝑁 − 𝑥𝑁−1)
(𝑐𝑁 − 𝑐𝑁−1)            (B. 25) 
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Simplifying this equation using Equations B.6a and B.6b yields: 

 

(1 + 2𝜃𝛼𝑁
′ )𝑐𝑁

′ + 2𝜃𝛼𝑁
′ (𝑐𝑁−1

′ )

= [1 − 2(1 − 𝜃)𝛼𝑁]𝑐𝑁 + 2(1 − 𝜃)𝛼𝑁(𝑐𝑁−1)              (Eq. B. 26) 

 

This relation can be put directly into the matrix equation (Eq. B.10) using the following 

definitions: 

 

𝑃𝑁 = −2𝜃𝛼𝑁
′                                                                             (B. 27a) 

𝑄𝑁 = 1 + 2𝜃𝛼𝑁
′                                                                        (B. 27b) 

𝑅𝑁 = 0                                                                                       (B. 27c) 

𝐿𝑁 = [1 − 2(1 − 𝜃)𝛼𝑁]𝑐𝑁 + 2(1 − 𝜃)𝛼𝑁(𝑐𝑁−1)           (B. 27d) 

 

The final step is to set a boundary condition for the surface (𝑖 = 0). Several 

boundary conditions were used, depending on the location of the first interface. The first 

interface occurs within the first cell (𝑖 = 0) for samples with several layers of adsorbed 

water. For gold plated samples, which have a very thin water layer, the first interface 

occurs deeper within the solid.  

The model uses slightly different surface boundary conditions, depending on 

whether the model calculates the concentration profiles simulating the loading phase or 

during a storage phase. During the loading phase, the surface concentration is assumed to 

be constant. During the storage phase, this concentration is allowed to vary. In both cases, 
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the flux of tritium across surface-gas interface was assumed zero; no tritium is assumed 

to leave the sample. The derivations for the various conditions are shown below. 

 

Condition 1: Inclusion of an adsorbed water layer on the metal’s surface 

Multiple monolayers of adsorbed water develop on most metal surfaces exposed to a 

humid atmosphere. This layer is distinct from the bulk metal and has a much higher 

solubility for tritium. Therefore, in order to model tritium migrating from the bulk metal 

into the surface, one should use the interface equations outlined above. Assuming that a 

rapid equilibrium develops across the surface-metal lattice interface, the concentrations 

on either side of the interface are related by the ratio of the solubilities for tritium in each 

region.  

The thickness of the metal substrate is much larger than the thickness of the 

adsorbed water layer. In order to account for this significant difference in size and to 

reduce the calculation time, two different cell sizes were used: one for calculating the 

concentrations in the bulk (𝛥𝑥) and the other to calculate the surface concentration (𝛿𝑥). 

Due to the small thickness of the water layer, tritium concentrations likely equilibrate 

rapidly in this layer relative to the bulk metal. Assuming this rapid equilibration and 

using the small water layer thickness, the surface-metal interface was placed entirely in 

the first cell (𝑖 = 0) of the discretized solid (Fig. B.2).  
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Figure B.2; Depiction of concentrations at the interface of two different media, assuming 

the interface is located in the first cell 

 

During the storage phase, the rate of change in the tritium concentration in the 

first cell (𝑖 = 0) is given by: 

 

𝑐0
′ − 𝑐0
𝛥𝑡

= −𝜃 (
𝐹0.5
′ − 𝐹−0.5

′

𝛥𝑥0
) − (1 − 𝜃) (

𝐹0.5 − 𝐹−0.5
𝛥𝑥0

)                                  (B. 28) 

 

However, since we assume that the flux of tritium across the surface-gas interface is null, 

this equation becomes: 

𝑐0
′ − 𝑐0
𝛥𝑡

= −𝜃 (
𝐹0.5
′

𝛥𝑥0
) − (1 − 𝜃) (

𝐹0.5
𝛥𝑥0

)                                                                (B. 29a) 

Inserting the definitions for the flux: 

 

𝑐0
′ − 𝑐0 =

𝜃 ∗ 𝐷 ∗ 𝛥𝑡

𝛥𝑥0(𝑥1 − 𝑥0)
(𝑐1
′ − 𝑐0

′𝜑𝑅) +
(1 − 𝜃) ∗ 𝐷 ∗ 𝛥𝑡

𝛥𝑥0(𝑥1 − 𝑥0)
(𝑐1 − 𝑐0𝜑𝑅)          (B. 29b) 
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In the same manner as before, this equation is simplified by condensing many of the 

constants into one: 

 

𝛽0 =
𝐷 ∗ 𝛥𝑡

𝛥𝑥0(𝑥1 − 𝑥0)
=

2 ∗ 𝐷 ∗ 𝛥𝑡

𝛿𝑥(𝛿𝑥 + 𝛥𝑥)
                                                                      (B. 30) 

 

In this equation, the difference, 𝑥1 − 𝑥0, is expressed in terms of both the different cell 

thicknesses for the surface (𝛿𝑥) and bulk metal (𝛥𝑥). Using this equation, the above 

concentration difference can be written as: 

 

𝑐0
′ − 𝑐0 = 𝜃𝛽0(𝑐1

′ − 𝑐0
′𝜑𝑅) + (1 − 𝜃)𝛽0(𝑐1 − 𝑐0𝜑𝑅)          (B. 31) 

 

 

Separating the time steps and condensing like concentration terms, one obtains: 

 

−𝜃𝛽0𝑐1
′ + (1 + 𝜃𝛽0𝜑𝑅)𝑐0

′ = (1 − 𝜃)𝛽0𝑐1 + [1 − (1 − 𝜃)𝛽0𝜑𝑅]𝑐0          (B. 32) 

 

This equation can be inserted directly into the matrix equation (Eq. B.10) using the 

following equations: 

𝑃0 = 0                                                                        (B. 33a) 

𝑄0 = 1 + 𝜃𝛽0𝜑𝑅                                                     (B. 33b) 

𝑅0 = −𝜃𝛽0                                                                (B. 33c) 

𝑆0 = (1 − 𝜃)𝛽0𝑐1 + [1 − (1 − 𝜃)𝛽0𝜑𝑅]𝑐0       (B. 33d) 



285 

 

 

 

This boundary condition allows the concentration within the surface cell to vary over 

time. Because a different distance step is used for the first cell, the equation for the next 

cell (𝑖 = 1) will have different coefficients. In their simplified forms, they are: 

 

𝛼1 =
𝐷 ∗ 𝛥𝑡

𝛥𝑥1(𝑥1 − 𝑥0)
=

2 ∗ 𝐷 ∗ 𝛥𝑡

𝛥𝑥(𝛿𝑥 + 𝛥𝑥)
       (Eq. B. 34a) 

𝛽1 =
𝐷 ∗ 𝛥𝑡

𝛥𝑥2
                                                    (Eq. B. 34b) 

 

Beyond the first cell, all the coefficients are equal to β1, as the diffusion coefficient, the 

time step, and the distance steps do not change beyond this point.  

For the loading phase, the surface concentration is assumed to remain constant in 

time. In order to incorporate this fixed concentration into the solution matrix, we assume 

a linear relation between the concentrations in the first three cells (Fig. B.4): 

 

𝑐1
′ − 𝑐0𝜑𝑅
𝑥1 − 𝑥0

=
𝑐2
′ − 𝑐0𝜑𝑅
𝑥2 − 𝑥0

                 (B. 35) 

Separating terms for different time steps yields:  

 

𝑐1
′

𝑥1 − 𝑥0
−

𝑐2
′

𝑥2 − 𝑥0
= 𝑐0𝜑𝑅 (

1

𝑥1 − 𝑥0
−

1

𝑥2 − 𝑥0
)                 (B. 36) 
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This can be inserted into the matrix equation (Eq. B.10) by using the following equations: 

 

𝑃1 = 0                                                                        (B. 37a) 

𝑄1 =
1

𝑥1 − 𝑥0
=

2

𝛿𝑥 + 𝛥𝑥
                                     (B. 37b) 

𝑅1 = −
1

𝑥2 − 𝑥0
= −

2

𝛿𝑥 + 3 ∗ 𝛥𝑥
                      (B. 37c) 

𝑆1 = 𝑐0𝜑𝑅(𝑄0 + 𝑅0)                                              (B. 37d) 

These equations set the surface boundary conditions in the system of equations defined 

by Equation B.9.  

 

Condition 2: Modeling the quantity of tritium loaded into gold plated samples 

The model’s boundary condition for gold surfaces must differ from the condition 

used for other metal surfaces because of the uniqueness of gold among the metals 

included in this study. Very little water adsorbs onto gold surfaces. Because of this, no 

surface layer of adsorbed water was assumed to exist on the surface of gold plated metals. 

This allowed a larger, and constant, distance step to be used throughout the sample. In 

addition to the larger distance step, the initial cell (𝑖 = 0) does not contain an adsorbed 

water/bulk metal interface, because no layer of adsorbed water exists. Instead, the first 

interface considered in the model occurs between the gold layer and an additional thin 

(6μm) nickel layer deeper within the sample. A nickel layer is necessary to bond the gold 

film onto various metal substrates, but is thin relative to the substrate metal sample. 

Because of the presence of this nickel layer, a second interface is located even deeper into 

the sample between the nickel layer and the substrate metal.  
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The migration of tritium across each interface was assumed to occur rapidly, 

allowing the concentrations to be related through the solubility ratios at each location. 

Figure B.3 shows an illustration of a concentration profile that may develop inside a gold 

plated sample, assuming that the tritium solubility in the substrate metal is less than the 

solubility in gold. This figure also illustrates the location of each interface and the 

concentrations on either side of each interface.  

 

 

Figure B.3; Illustration of calculation schematic for gold plated metals 

 

The equations used to calculate the concentration profiles during the loading 

phase are similar to those shown above, which include an adsorbed water layer. There are 

two differences between those equations and the ones necessary for gold plated samples. 

First, since there is no interface in the initial cell, the interface conditions (Eq. B.20) 

should not be included. Second, the same distance step size (Δx) is used throughout a 

gold plated sample. Therefore, the boundary equation is simplified, compared to the case 

with water adsorption (Eqs. B.35 – B.37). The resulting boundary equation becomes: 
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𝑐1
′ − 𝑐0
𝑥1 − 𝑥0

=
𝑐2
′ − 𝑐0
𝑥2 − 𝑥0

                                       (B. 38) 

 

Placing different time steps on either side of the equality, one obtains: 

 

𝑐1
′

𝑥1 − 𝑥0
−

𝑐2
′

𝑥2 − 𝑥0
= 𝑐0 (

1

𝑥1 − 𝑥0
−

1

𝑥2 − 𝑥0
) 

This can be inserted into the matrix equation (Eq. B.10) by using the following equations: 

 

𝑃0 = 0 

𝑄0 =
1

𝑥1 − 𝑥0
=
1

𝛥𝑥
 

𝑅0 = −
1

𝑥2 − 𝑥0
= −

1

2 ∗ 𝛥𝑥
 

𝐿0 = 𝑐0(𝑄0 + 𝑅0) 

 

The remaining equations to solve for the concentrations throughout the sample are 

unchanged from those presented previously (Eqs. B.7 – B.9).  

Figure B.4 shows a calculated concentration profile for a gold plated, stainless 

steel sample. Again, due to the low hydrogen diffusivity of steel, the concentration 

profiles do not penetrate the substrate metal very far. The concentrations within the gold 

and nickel layers appear flat due to the higher diffusivities and very short distances. Both 

of these factors contribute to a steady state arising quickly within each layer. Also shown 

on this plot are the mean concentrations used at the interfaces.  
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Figure B.4; Calculated concentration profile after a 24-hr loading period of a gold 

plated stainless steel sample 

 

MATLAB program code for QTRIMM 

The following pages contain the QTRIMM code used to calculate the tritium 

concentration profiles in aluminum, copper, or stainless steel during (1) the loading 

period, (2) the storage period, and (3) in between simulated plasma exposures. These 

phases simulate the pulsed plasma experimental procedure. As such, the boundary 

conditions used were those for metal substrates containing layers of adsorbed water. In 

order to model the concentration profiles in gold plated samples, one can change the 

boundary conditions in the following TotalActivity function using the equations shown in 

the previous section. All program code shown below was written in MATLAB 2015. 

Each of the above calculation phases was written as a separate function within 

MATLAB. By writing each phase a separate function, the programs are streamlined and 

can be called separately, if desired.  
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function A = TotalActivity(metal, xt, P, Q, tload, profile) 

% This function computes the total quantity of tritium loaded into a 

% stainless steel sample, using the loading pressure (P - Torr), the 

% loading time (tload - hrs), and the quantity of adsorbed water 

% (Q - mol/m^2). Additionally, the program calculates the total activity 

% for either aluminum, copper, or stainless steel substrates. 

 

% The program solves for the concentrations throughout a solid by solving a 

% system of linear equations of the form CA*c = d. 

 

% Catch statement if user enters in an incorrect string 

if strcmp(profile,'no') || strcmp(profile,'yes') 

    % Do nothing yet 

else 

    disp('Please enter "yes" or "no" to specify the output.'); 

end 

 

% Define the local variables 

dML = 2.76e-10;         %thickness of a water monolayer (m) 

Na = 6.022e23;          %Avogadro's number (#/mol) 

rho = (1e15*1e4)/Na;    %adsorbed water layer density (mol H2O/m^2/ML) 

R = 0.00831;            %gas constant (kJ/mol/K) 

T = 298;                %room temperature (K) 

theta = 0.5;            %degree of implicitness 

dx = 1e-6;              %distance step (m) 

tload = tload*3600;     %loading time (sec) 

X = 0.0015;             %sample half thickness (m) (0.0005) 

SA = 9.18e-4;           %sample face surface area (m^2) (2.25e-4) 

 

if strcmp(metal,'Al') 



291 

 

 

 

    % Bulk parameters for Al. The time step must be 1sec for stability 

    dt = 1; 

    Sbulk = 4416*sqrt(xt*P/760)*exp(-28.5/(R*T)); 

    Dbulk = 1.45e-6*exp(-30/(R*T)); 

elseif strcmp(metal,'Cu') 

    % Bulk parameters for Cu. The time step must be 1sec for stability 

    dt = 1; 

    Sbulk = 1691*1000*sqrt(xt*P/760)*exp(-39.3/(R*T)); 

    Dbulk = 7.9e-7*exp(-38.6/(R*T)); 

elseif strcmp(metal,'SS') 

    % Bulk parameters for SS. The time step can be greater than 1sec & the 

    % solution is still stable. 

    dt = 30; 

    Sbulk = 342*sqrt(xt*P/760)*exp(-13/(R*T)); %bulk solubility (mol/m^3) 

    Dbulk = 7.18e-7*exp(-52.9/(R*T));       %bulk diffusivity (m^2/sec) 

else 

    disp('You can only enter in Al, Cu, or SS'); 

    return; 

end 

 

% Condition to set surface solubility = 0 if no water exists (i.e. Q = 0) 

dxs = 0;    %Initialize surface thickness 

if Q == 0 

    % Case for a single, homogenous solid 

    Ssurf = Sbulk; 

    dxs = dx; 

else 

    % Case includes a layer of adsorbed water 

    dxs = (Q/rho)*dML*2;      %surface thickness (m) 

    %dxs is doubled because, in the solution, the initial cell is half 

    %water and half bulk. Therefore, in order to account for the water 
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    %layer correctly, the thickness has to be doubled 

    Ssurf = (xt*rho*2)/dML; %surface solubility (mol/m^3) 

end 

 

% Solubility ratio 

Sr = Ssurf/Sbulk;                       %solubility ratio 

 

% Below are constants relating the concentrations at the interface 

PL = (2*Sr)/(Sr+1); 

PR = 2/(Sr+1); 

 

% Define the indexes to use 

%Note: Matlab arrays start at index = 1 

distIndexMax = round(X/dx); 

timeIndexMax = tload/dt+1; 

 

% Define distance array 

x = zeros(1,distIndexMax); 

if Q==0 

    x(1) = dx; 

else 

    x(1) = dxs; 

end 

for i=2:distIndexMax 

    x(i) = i*dx; 

end 

 

% Define initial concentration profile 

c = zeros(1,distIndexMax); 

% If Q = 0 (i.e. no surface water), then the surface solubility is null. 

% Therefore, only bulk concentrations are considered. 
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c(1) = 0.5*(Ssurf + Sbulk); 

for i = 2:distIndexMax 

    c(i)=0; 

end 

 

% Define the coefficent arrays 

% The system of linear equations generates a tri-diagonal matrix, 

% meaning that elements populate the main diagnoal and the two diagonals 

% on either side of this. All other elements in the coefficient matrix are 

% zero. However, the following solution utilizes the Thomas Algoritm to 

% solve for the concentrations at the next time step, instead of using a 

% built-in Matlab solver. The algoritm is used because Matlab's solvers may 

% not produce the correct solution. 

 

% Initialize coefficient arrays 

a = zeros(1,distIndexMax); 

b = zeros(1,distIndexMax); 

 

% Initialize the arrays to be used in the Thomas algorithm 

gamma = zeros(1,distIndexMax); 

d = zeros(1,distIndexMax); 

delta = zeros(1,distIndexMax); 

 

% Define a constant to simplify the coefficients 

alpha = Dbulk*dt/(dx*dx); 

 

% Define the coefficients (a & b), and the first array for the Thomas 

%Algorithm (gamma). The rest of the Thomas Algorithm arrays will be defined 

%within a for loop for time, as these arrays change with time. 

a(2) = -2/(dxs+3*dx); 

b(2) = 2/(dxs+dx); 
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a(distIndexMax) = -2*theta*alpha; 

b(distIndexMax) = 1+2*theta*alpha; 

gamma(2) = a(2)/b(2); 

 

for i=3:distIndexMax-1 

    a(i) = -theta*alpha; 

    b(i) = 2*theta*alpha+1; 

    gamma(i) = a(i)/(b(i)-gamma(i-1)*a(i)); 

end 

 

% Calculate mass for mass conservation check 

M = (PL*c(1)*dxs*SA)/2; 

M = M + (PR*c(1)*dxs*SA)/2; 

for i = 2:distIndexMax 

    M = M + c(i)*dx*SA; 

end 

M = 2*M;    % double to account for both sides of the sample 

 

%Initialize variables to be used during the mass conservation check 

Minitial = M; 

mass = 0; 

Min = 0; 

c2 = 0; 

c3 = 0; 

 

%time loop 

for h = 2:timeIndexMax 

    %update time variable 

    %t = h*dt; 

 

    c2 = c(2); 
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    c3 = c(3); 

 

    %update flux at the centerline to use for mass conservation 

    flux = -Dbulk*(c(distIndexMax)-c(distIndexMax-1))/dx; 

    mass = mass + flux*SA*dt; 

 

    %define solution side of matrix equation 

    d(2) = c(1)*(2/(dxs+dx)-2/(dxs+3*dx))*PR; 

    d(distIndexMax) = (1-2*(1-theta)*alpha)*c(distIndexMax)+... 

        2*(1-theta)*alpha*c(distIndexMax-1); 

    for i = 3:(distIndexMax-1) 

       d(i) = (1-theta)*alpha*c(i-1)+(1-2*(1-theta)*alpha)*c(i)+... 

           (1-theta)*alpha*c(i+1); 

    end 

 

    delta(2) = d(2)/b(2); 

    for i = 3:(distIndexMax) 

        delta(i) = (d(i)-delta(i-1)*a(i))/(b(i)-gamma(i-1)*a(i)); 

    end 

 

    %Define the concentration at the centerline of the sample 

    c(distIndexMax) = delta(distIndexMax); 

    %Calculate the new concentrations. Because of the solution method of 

    %the Thomas algorithm, this for loop must run backwards because the 

    %concentration at the centerline is known (above equation). 

    for i = (distIndexMax-1):(-1):2 

        c(i) = delta(i) - gamma(i)*c(i+1); 

    end 

 

    %calculate the mass entering the sample during the loading period 

    Min = Min + 2*((c(2)-c2)*(dx/dt)-theta*Dbulk*(c(3)-c(2))/dx-... 
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        (1-theta)*Dbulk*(c3-c2)/dx)*SA*dt; 

 

    %calculate mass for mass conservation check 

    M = (PL*c(1)*dxs*SA)/2; 

    M = M + (PR*c(1)*dxs*SA)/2; 

    for i = 2:distIndexMax 

        M = M + c(i)*dx*SA; 

    end 

    M = M - mass; 

    M = 2*M;    % double to account for both sides of the sample\ 

 

    %end of time loop 

end 

 

%%%%%   OUTPUT OPTIONS   %%%% 

%Mass check: (Final mass) - (Mass loaded into the sample) - (Initial mass) 

%Result should return zero. 

%A = M - Min - Minitial; 

 

%Return the total mass loaded into the sample 

%A = M*6.022e23*1.78e-9/3.7e4; 

 

% Output either the concentration profile or the total activity 

if strcmp(profile,'yes') 

    A = c; 

elseif strcmp(profile,'no') 

    A = M*6.022e23*1.78e-9/3.7e4; 

end 

 

%plot the final concentration profile 

%plot(x,c); 
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% end of function 

end 

Published with MATLAB® R2015b 

function A = StoragePeriod(metal, xt, P, Q, tstore, inputC) 

% This function will calculate the tritium concentration profiles 

% throughout a metal during a storage period. No tritium is assumed to be 

% lost from the sample during the storage period. The initial concentration 

% profile can be either manually input into the code, or can use the 

% TotalActivity program to calculate the profiles after a loading period. 

% If the TotalActivity program is used, make sure the output is set to give 

% the concentration profile and not the total activity. 

 

% The program solves for the concentrations throughout a solid by solving a 

% system of linear equations of the form CA*c = d. 

 

% Define the local variables 

dML = 2.76e-10;         %thickness of a water monolayer (m) 

Na = 6.022e23;          %Avogadro's number (#/mol) 

rho = (1e15*1e4)/Na;    %adsorbed water layer density (mol H2O/m^2/ML) 

R = 0.00831;            %gas constant (kJ/mol/K) 

T = 298;                %room temperature (K) 

theta = 0.5;            %degree of implicitness 

dx = 1e-6;              %distance step (m) 

tstore = tstore*3600*24;    %storage time (sec) 

SA = 9.18e-4;           %sample face surface area (m^2) 

 

%Note: tload is not converted from hours to seconds here, because it will 

%be converted in the TotalActivity function when that function is called. 

http://www.mathworks.com/products/matlab
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%Otherwise, tload would be multiplied by 3600 twice; once here and once in 

%the TotalActivity program 

 

% Define the transport parameters for tritium in the bulk of each metal 

if strcmp(metal,'Al') 

    % Bulk parameters for Al. The time step must be 1sec for stability 

    dt = 1; 

    Sbulk = 4416*sqrt(xt*P/760)*exp(-28.5/(R*T)); 

    Dbulk = 1.45e-6*exp(-30/(R*T)); 

elseif strcmp(metal,'Cu') 

    % Bulk parameters for Cu. The time step must be 1sec for stability 

    dt = 1; 

    Sbulk = 1691*1000*sqrt(xt*P/760)*exp(-39.3/(R*T)); 

    Dbulk = 7.9e-7*exp(-38.6/(R*T)); 

elseif strcmp(metal,'SS') 

    % Bulk parameters for SS. The time step can be greater than 1sec & the 

    % solution is still stable. 

    dt = 30; 

    Sbulk = 342*sqrt(xt*P/760)*exp(-13/(R*T)); %bulk solubility (mol/m^3) 

    Dbulk = 7.18e-7*exp(-52.9/(R*T));       %bulk diffusivity (m^2/sec) 

else 

    disp('You can only enter in Al, Cu, or SS'); 

    return; 

end 

 

% Surface thickness (m) 

%dxs is doubled because, in the solution, the initial cell is half 

%water and half bulk. Therefore, in order to account for the water 

%layer correctly, the thickness has to be doubled 

dxs = (Q/rho)*dML*2; 
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% Surface solubility (mol/m^3) 

Ssurf = (xt*rho*2)/dML; 

 

% Solubility ratio 

Sr = Ssurf/Sbulk; 

 

% Below are constants relating the concentrations at the interface 

PL = (2*Sr)/(Sr+1); 

PR = 2/(Sr+1); 

 

% Define the indexes to use 

%Note: Matlab arrays start at index = 1 

storeIndexMax = tstore/dt+1; 

 

% Define starting concentration profile 

% This profile must be passed into the function as one of the arguments. I 

% have not explicitly included an option for the function to calculate the 

% profile resulting from a loading period. By specifying a user-defined 

% array as the starting point for the storage calculation, the program is 

% more versitle. 

c = inputC; 

 

% Set maximum distance index to be the length of the concentration array 

distIndexMax = length(c); 

 

% Define a distance array for plotting purposes 

x = zeros(1,distIndexMax); 

if Q==0 

    x(1) = dx; 

else 

    x(1) = dxs; 
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end 

for i=2:distIndexMax 

    x(i) = i*dx; 

end 

 

% Define the coefficent arrays 

% The system of linear equations generates a tri-diagonal matrix, 

% meaning that elements populate the main diagnoal and the two diagonals 

% on either side of this. All other elements in the coefficient matrix are 

% zero. However, the following solution utilizes the Thomas Algoritm to 

% solve for the concentrations at the next time step, instead of using a 

% built-in Matlab solver. The algoritm is used because Matlab's solvers may 

% not produce the correct solution. 

 

% Initialize coefficient arrays 

a = zeros(1,distIndexMax); 

b = zeros(1,distIndexMax); 

 

% Initialize the arrays to be used in the Thomas algorithm 

gamma = zeros(1,distIndexMax); 

d = zeros(1,distIndexMax); 

delta = zeros(1,distIndexMax); 

 

% Define constants to simplify the coefficients 

alpha = Dbulk*dt/(dx*dx); 

alpha2 = ((2*Dbulk*dt)/(dx*(dxs+dx))); 

beta1 = ((2*Dbulk*dt)/(dxs*(dxs+dx))); 

 

% Define the coefficients (a & b), and the first array for the Thomas 

%Algorithm (gamma). The rest of the Thomas Algorithm arrays will be defined 

%within a for loop for time, as these arrays change with time. 
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a(1) = -theta*beta1; 

b(1) = 1 + theta*beta1*PR; 

gamma(1) = a(1)/b(1); 

 

a(2) = -theta*alpha2*PR; 

b(2) = 1 + theta*alpha2 + theta*alpha; 

cm2 = -theta*alpha; 

gamma(2) = cm2/(b(2)-gamma(1)*a(2)); 

 

a(distIndexMax) = -2*theta*alpha; 

b(distIndexMax) = 1+2*theta*alpha; 

 

for i=3:distIndexMax-1 

    a(i) = -theta*alpha; 

    b(i) = 2*theta*alpha+1; 

    gamma(i) = a(i)/(b(i)-gamma(i-1)*a(i)); 

end 

 

% Calculate mass for mass conservation check 

M = (PL*c(1)*dxs*SA)/2; 

M = M + (PR*c(1)*dxs*SA)/2; 

for i = 2:distIndexMax 

    M = M + c(i)*dx*SA; 

end 

M = 2*M;    % double to account for both sides of the sample 

 

%Initialize variables to be used during the mass conservation check 

Minitial = M; 

mass = 0; 

Min = 0; 

c2 = 0; 
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c3 = 0; 

 

for h = 1:storeIndexMax 

 

    c2 = c(2); 

    c3 = c(3); 

 

    %update flux at the centerline to use for mass conservation 

    flux = -Dbulk*(c(distIndexMax)-c(distIndexMax-1))/dx; 

    mass = mass + flux*SA*dt; 

 

    %define solution side of matrix equation 

    d(1) = (1-(1-theta)*beta1*PR)*c(1) + (1-theta)*beta1*c(2); 

    d(2) = (1 - theta)*alpha*c(3) + (1-(1-theta)*alpha-(1-theta)*alpha2)*c(2)... 

        + (1-theta)*alpha2*c(1)*PR; 

    for i = 3:(distIndexMax-1) 

        d(i) = (1-theta)*alpha*c(i-1) + (1-2*(1-theta)*alpha)*c(i) + ... 

            (1-theta)*alpha*c(i+1); 

    end 

    d(distIndexMax) = (1-2*(1-theta)*alpha)*c(distIndexMax) + ... 

        2*(1-theta)*alpha*c(distIndexMax-1); 

 

    delta(1) = d(1)/b(1); 

    for i = 2:distIndexMax 

        delta(i) = (d(i)-delta(i-1)*a(i))/(b(i)-gamma(i-1)*a(i)); 

    end 

 

    % Calculate new concentration profile 

    %Define the concentration at the centerline of the sample 

    c(distIndexMax) = delta(distIndexMax); 

    %Calculate the new concentrations. Because of the solution method of 



303 

 

 

 

    %the Thomas algorithm, this for loop must run backwards because the 

    %concentration at the centerline is known (above equation). 

    for i = (distIndexMax-1):(-1):1 

        c(i) = delta(i) - gamma(i)*c(i+1); 

    end 

 

    %calculate the mass entering the sample during the loading period 

    Min = Min + 2*((c(2)-c2)*(dx/dt)-theta*Dbulk*(c(3)-c(2))/dx-... 

        (1-theta)*Dbulk*(c3-c2)/dx)*SA*dt; 

 

    %calculate mass for mass conservation check 

    M = (PL*c(1)*dxs*SA)/2; 

    M = M + (PR*c(1)*dxs*SA)/2; 

    for i = 2:distIndexMax 

        M = M + c(i)*dx*SA; 

    end 

    M = M - mass; 

    M = 2*M;    % double to account for both sides of the sample 

 

    % End of storage time loop 

end 

 

A = c; 

%plot(x,c); 

 

% End of function 

end 

Published with MATLAB® R2015b 

http://www.mathworks.com/products/matlab
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function A = ShortPlasmaExposures(metal, xt, P, tload, tstore, Nplasma, tplasma, Q, ep) 

% This function calculates the tritium concentrations throughout the metal 

% during three phases: Loading, Storage, and in between each Plasma 

% exposure. The program simulates each plasma exposure by removing a 

% fraction (ep) of the surface activity. This fraction is a variable 

% parameter. The other variable parameter is the quantity of water on the 

% surface (Q). This quantity is assumed to be constant throughout the 

% calculation. Finally, no tritium is assumed to be lost during the storage 

% period or in between each plasma exposure; it is however, allowed to 

% redistribute throughout the solid. All other assumptions are 

% common to the method (see notebook or TotalActivity program) 

 

% Declare variables used for fitting. In order for lsqnonlin to be used to 

% fit a series of short plasma exposures, these variables must be passed as 

% an array of variables. When calling lsqnonlin, the guess values will also 

% be entered in as an array, with Q being the first element and ep being 

% the second. 

%Q = var(1);     % Quantity of adsorbed water (mol/m^2) 

%ep = var(2);    % Tritium removal efficiency in the plasma 

 

% Use the TotalActivity program to calculate the concentration profiles 

% during the loading procedure. The last input argument for this function 

% tells the function to return the concentration profiles and not the total 

% activity. 

c = TotalActivity(metal,xt,P,Q,tload,'yes'); 

 

% Calculate the concentration profile after the storage period between the 

% loading period and the experiment date. Make sure that the program 

% outputs the concentration profile and not the total activity. 

c = StoragePeriod(metal,xt,P,Q,tstore,c); 
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% Initialize an array to hold the calculated quantities of tritium removed 

% during each plasma exposure 

AR = zeros(1,Nplasma); 

AR = AR'; 

 

% Calculate the "storage" time between each plasma exposure (i.e. the dwell 

% period). Because this parameter is passed to the StoragePeriod function, 

% the time must be in days. StoragePeriod converts days to seconds. tplasma 

% must be entered in as minutes 

tplasma = tplasma/(60*24); 

 

% Define a few parameters to calculate the quantity of tritium removed 

R = 0.00831;            % gas constant (kJ/mol/K) 

T = 298;                % sample temperature (K) 

dML = 2.76e-10;         % thickness of a water monolayer (m) 

Na = 6.022e23;          % Avogadro's number (#/mol) 

rho = (1e15*1e4)/Na;    % adsorbed water layer density (mol H2O/m^2/ML) 

dxs = (Q/rho)*dML*2;    % surface thickness (m) 

SA = 9.18e-4;           % sample surface area 

Ssurf = (xt*rho*2)/dML; % Surface solubility (mol/m^3) 

 

% Define the transport parameters for tritium in the bulk of each metal 

if strcmp(metal,'Al') 

    Sbulk = 4416*sqrt(xt*P/760)*exp(-28.5/(R*T)); 

elseif strcmp(metal,'Cu') 

    Sbulk = 1691*1000*sqrt(xt*P/760)*exp(-39.3/(R*T)); 

elseif strcmp(metal,'SS') 

    Sbulk = 342*sqrt(xt*P/760)*exp(-13/(R*T)); %bulk solubility (mol/m^3) 

else 

    disp('You can only enter in Al, Cu, or SS'); 
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    return; 

end 

 

% Solubility ratio 

Sr = Ssurf/Sbulk; 

 

% Below are constants relating the concentrations at the interface 

PL = (2*Sr)/(Sr+1); 

PR = 2/(Sr+1); 

 

% Calculate the quantity of tritium removed during each exposure 

for p = 1:Nplasma 

    % moles of tritium on the surface prior to the plasma exposure 

    Ni = (dxs/2)*SA*c(1)*PL; 

    % moles of tritium removed during a plasma exposure 

    Nrem = ep*Ni; 

    % new surface concentration after the plasma exposure 

    c(1) = 0.5*((Ni-Nrem)/((dxs/2)*SA)+c(1)*PR); 

 

    % record quantity of tritium removed during this exposure 

    AR(p) = Nrem*6.022e23*1.78e-9/3.7e4*2; 

 

    % Calculate the new concentration profiles after the dwell period 

    c = StoragePeriod(metal,xt,P,Q,tplasma,c); 

 

    % End of plasma exposure loop 

end 

 

% Return the array of normalized activities removed 

A = AR/AR(1); 
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% End of function 

end 

Published with MATLAB® R2015b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.mathworks.com/products/matlab
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Appendix C: LabVIEW programs 

The programs contained in this appendix were used to record data during a 

plasma exposure or a thermal desorption experiment. The program used to collect data 

during a plasma experiment (Fig. C.1) was written by the present author. This program 

monitors and records the vacuum chamber pressures, the floating voltage on the sample, 

and the current from the Tritium Monitor. Each of these parameters was input into the 

LabVIEW environment using a National Instruments NI9229 ADC. This ADC contained 

four separate and isolated channels capable of measuring voltage. Two timed “for loops” 

are used in this program: one to collect data and the other to record the data. Timed loops 

in LabVIEW will execute the code within the loop every user-defined interval of time. 

Use of two loops is not strictly necessary, as the time intervals programmed into each 

loop are the same. However, use of two loops is advantageous for experiments in which 

one would like to monitor an experiment at a faster rate than writing the data to file. The 

program shown connects to the NI9229 hardware module using LabVIEW’s DAQ 

Assistant. The DAQ Assistant allows the user to define the operation parameters of the 

NI9229 ADC, such as the number of hardware channels used and the timing settings. For 

the present program, the timing settings were set to “N Samples” and will read two 

samples at a rate of 2-Hz. All four channels of the NI9229 were used. A true/false case 

structure was placed around the DAQ Assistant, in order to switch between the high and 

low pressure gauges, depending on the current pressure. The full scale of the low pressure 

gauge is 10 mTorr. Therefore, the case structure compares the pressure recorded on the 

previous loop to 10. If the previous pressure is less than 10 mTorr, the comparator returns 

a “true” signal, which switches the case structure over to another DAQ Assistant. This 
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second DAQ Assistant is setup in the same fashion as the first, except that the pressure is 

recorded from the low pressure gauge.   

 

 

Figure C.1; Front panel (top) and block diagram (bottom) for LabVIEW program used to 

collect data for the plasma setup 
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Figure C.2 shows the connectivity of the NI9229 to the various instruments. Both 

pressure gauges were capacitance manometers, which output a voltage proportional to the 

pressure within the chamber. The voltage output from the low pressure gauge was equal 

to the pressure within the chamber, while the output from the high pressure gauge 

required a scaling factor of 100. Current from the Tritium Monitor was recorded by 

connecting the NI9229 ADC to the 2-V analog output on the Keithley multimeter.  

 

 

Figure C.2; Connection diagram showing how each device is connected to the National 

Instruments hardware.  

 

The LabVIEW program shown in Figure C.1 does not convert the voltage 

recorded from the Keithley into either amps or tritium concentration. Instead, these 

conversions are done off-line. Conversion from the voltage recorded by LabVIEW to 

current was accomplished by generating a calibration curve from the measured peak 

heights recorded during several pulsed plasma experiments. The peak heights were taken 
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from the front display of the Keithley multimeter and compared to the peak maxima 

recorded by LabVIEW. The resulting calibration curve shows a linear relation, as 

expected (Fig. C.3). The calibration equation is shown in the figure.  

 

 

Figure C.3; Calibration curve for converting measured voltages from the Keithley’s 2-V 

analog output to pico-amps. This curve was generated from data collected during several 

pulsed plasma experiments.  

 

The LabVIEW program designed to control the thermal desorption experiment 

and collect data is shown in Figures C.4 (front panel) and C.5 (block diagram). Other 

members of the research group wrote this program, in collaboration with the present 

author. These changes included the conditions for automatically stopping the program 

upon completion of the experiment and updating the constants and equations used to 
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control the output power to the thermal desorption oven. The front panel for this program 

is shown in Figure C.4. 

 

 

Figure C.4; Front panel for LabVIEW program used to collect data during the thermal 

desorption experiment  

 

The program contains three separate timed for loops, which all run 

simultaneously. The first loop, shown in Figure C.5, contains two DAQ Assistants: one to 

record the temperature and one to record a signal from the β-ram and mass flow 

controller (MFC). In order to run two DAQ Assistants in LabVIEW, the user must 

specify an order of operation. To do this, one must wire the “error out” of the first DAQ 

Assistant to the “error in” of the second DAQ Assistant. In the current program, the 

temperature is recorded first, followed by the voltage signal from the β-ram and the MFC. 
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Each DAQ Assistant was set to record one sample on demand. Within the temperature 

DAQ Assistant, two channels were defined. These channels corresponded to two 

thermocouples, which were used to record the sample and oven temperatures, 

respectively. The DAQ Assistant for voltage input also had two channels. The first 

channel recorded data from the β-ram, while the second recorded the mass flow rate of 

helium through the MFC. An output DAQ Assistant is included at the bottom of this for 

loop. This output DAQ Assistant contained two channels. The first channel was used to 

set the power to drive the thermal desorption oven, while the second was used to set the 

mass flow rate through the MFC. A scaling factor of 40 was required to convert voltage 

to mass flow rate. The case structure around this output DAQ Assistant was in place to 

automatically shut the oven and helium flow off after an experiment was finished. A 

“manual” shut off switch was also placed on the front panel, as an emergency shut off for 

the oven and flow rate.  
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Figure C.5; Data acquisition for loop within the thermal desorption program 

 

The data recorded from the β-ram were converted to concentration by user-

defined calibration constants and were averaged to smooth the data. The calibration 

constants were not used in the present study, as the data obtained during each individual 

experiment were normalized to the quantity of tritium measured from aliquots taken out 

of the sparger at the end of the experiment. The data were averaged using the following 

formula: 

〈𝐴〉 = 𝐴(𝑡) ∗
𝑔

1000
+ 𝐴(𝑡 − 𝛥𝑡) ∗

1000 − 𝑔

1000
                                  (𝐶. 1) 
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Here, the averaged quantity of tritium (〈𝐴〉) depends on the quantity recorded during the 

current time step (A(t)), the quantity recorded during the previous time step (A(t-Δt)), and 

a user-defined constant (g). For all experiments, this constant was set to 50.  

The thermal desorption oven was controlled using a separate timed for loop, 

which ran simultaneously with the one shown in Figure C.5. This loop contained a node, 

which allowed the user to write commands in a C-based syntax. This node, shown in the 

center of Figure C.6, contains the equations outlined in Chapter 4.2 for setting the output 

power to the oven. The case structures surrounding this node were in place to shut off the 

oven, once the heating periods were finished.  

 

 

Figure C.6; Oven temperature control loop 
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Finally, as was done in the program used to record data during a plasma 

experiment, a timed loop was defined to write data to file. This loop executes less often 

than the previous two loops, as control of the oven requires a much faster time step than 

was required for writing data to file.  

 

 

Figure C.7; For loop to write data to file during a thermal desorption experiment 

 

Figure C.8 is a diagram illustrating how each device was connected to National 

Instruments ADC hardware modules. Three different modules were used: NI9211, 

NI9205, and NI9263. Each module has a specific purpose. The NI9211 module is 

designed to record signals from thermocouples. The NI9205 module is a voltmeter. 

Finally, the NI9263 module can output a voltage in the range of ±10V. This final module 

was used to power the thermal desorption oven and to set the desired helium flow rates.  
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Figure C.8; Connection diagram showing how each device is connected to the National 

Instruments hardware. Diagram shows both data inputs and outputs.  


