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Abstract:
Construction and calibration of a laboratory facility to study the presence of hydrogen in and on metal
surfaces in an ultrahigh vacuum environment are described. This facility is used for Elastic Recoil
Detection Analysis of hydrogen in the surface layers of titanium alloys. The facility was calibrated by
means of mylar targets with known hydrogen concentration. Questions posed to the calibration
involved the analysis methods to be used on spectra obtained and the accuracies possible with an
aperture of extended dimension collecting recoiled protons from an extended surface on the sample.
Rigorous numerical analyses were applied to determine the acceptable applications for the simplifying
approximations customarily used with smaller diameter apertures and smaller probing beam diameters.
The approximation methods were acceptably accurate for near-surface analysis of a sample, but were
of a limited value for determination of the characteristics of non-homogeneous hydrogen
concentrations at greater depths. Accurate analysis of hydrogen concentration profile in a sample was
limited to a depth dependent upon the material of the sample and the range of the ions in that material. 
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ABSTRACT

Construction and calibration of a laboratory facility to study 
the presence of hydrogen in and on metal surfaces in an ultrahigh 
vacuum environment are described. This facility is used for Elastic 
Recoil Detection Analysis of hydrogen in the surface layers of 
titanium alloys. The facility was calibrated by means of mylar 
targets with known hydrogen concentration. Questions posed to the 
calibration involved the analysis methods to be used on spectra 
obtained and the accuracies possible with an aperture of extended 
dimension collecting recoiled protons from an extended surface on the 
sample. Rigorous numerical analyses were applied to determine the 
acceptable applications for the simplifying approximations customarily 
used with smaller diameter apertures and smaller probing beam 
diameters. The approximation methods were acceptably accurate for 
near-surface analysis of a sample, but were of a limited value for 
determination of the characteristics of non-homogeneous hydrogen 
concentrations at greater depths. Accurate analysis of hydrogen 
concentration profile in a sample was limited to a depth dependent 
upon the material of the sample and the range of the ions in that 
material.
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INTRODUCTION

The current state of technology is such that higher demands are 
placed on the materials used to construct devices employed in everyday 
commerce. One of the most demanding fields of production is that of 
aerospace vehicles. The high specific energy required to transport a 
unit of mass from earth surface to orbit makes the vehicle structure 
one of the most carefully controlled weight elements of the mission. 
The materials used in the vehicle structure are subjected to great 
ranges of temperature variation and considerable stress. In addition 
to the mechanical and thermal stresses imposed during a mission, the 
material is expected to be exposed to hydrogen-rich environments 
throughout the range of temperatures and mechanical stresses.
Hydrogen as a fuel provides the highest specific impulse to the 
mission, and so best fulfills the requirement of minimizing the weight 
of the fuel component of the mission, and reduces the cost of 
transportation of the payload. The materials that best withstand the 
range of temperatures and stresses imposed are titanium alloys. The 
difficulty arises from the affinity of titanium for hydrogen, and the 

wide range of hydrogen solubility in titanium.3 Large quantities of 

hydrogen are readily absorbed by titanium at high temperatures, and, 
if this hydrogen does not outgas before the material cools, the lower 
solubility of the hydrogen at lower temperatures forms titanium 
hydrides within the metal matrix, causing the structure to fail. It 
is therefore highly desirable to determine parameters of hydrogen 
absorption and retention into the surfaces of titanium alloys.



2

Elastic Recoil Detection Analysis is one of the most convenient means 
of studying the concentration of hydrogen within a metal surface.
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CHAPTER I

THEORY OF ANALYSIS METHODS

Elastic Recoil Detection Analysis

Elastic Recoil Detection Analysis (ERDA) is an ion beam surface 

analysis technique.6 The incident ions are presented to the target 

surface at a shallow angle. Forward-scattered ions are collected in a 
particle detector under known geometrical conditions that permit 
analysis of their energies to determine the concentration of the 
species with depth in the target.surface. The geometry of the ERDA 
technique is presented in Figure I. The primary advantage of ERDA is 
that it permits the detection and analysis of light nuclei, in the 
case of these experiments, hydrogen. This technique is readily 
performed with relatively low energy ion beams, and permits probing to 
some depth into the sample to establish a profile of hydrogen 

concentration with depth.
ERDA permits probing a material to determine the presence and 

concentration of hydrogen at various depths. The data obtained from 
an ERDA experiment are a spectrum of particle counts versus energy of 
detected particles. Two examples of ERDA spectra are provided in 
Figure 2. The analysis is not entirely straightforward, and the 
purpose of this work is to describe the considerations that have been 
applied to this experimental method to determine the limits of 

accuracy that are available.
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CYLINDRICAL
MIRROR
ANALYZER

HE ION BEAM
DETECTOR

SAMPLE

Figure I. Schematic view of the ERDA experiment. The helium ion beam 
is admitted through an aperture on the left. The scattering of the 
protons on the surface of the sample and to a depth within the surface 
is detected by means of the particle detector. The stopper foil is 
used to prevent elastically scattered He ions from penetrating to the 
detector. The Cylindrical Mirror Analyzer is used for Auger 
Spectroscopy.

Implementation

In our experiments, the incident ion is Helium (He), with 
energies limited to less than 1.8 MeV. This is a selection made 
primarily to avoid neutron-producing reactions in the target chamber 
and beam line component and secondarily to reduce the electrical 
stress imposed upon the accelerator. The operations reflected in this 
work were primarily for calibration; to increase the consistency of 
the results as much as practicable, most experiments were done at 

approximately 1.6 MeV for the incident He ions.



5

ERDA SPECTRA FROM MYLAR

o 50

Energy [keV]
Figure 2. Spectra demonstrating uniform Hydrogen concentration with 
range of depths sampled. The higher yield spectrum is obtained from 
a sample placed closer to the detector. The spectrum with the higher 
energy at the leading edge is obtained by placing the sample closer to 
the chamber center.

Kinematic Factor. The primary energetic effect of the He ions 
upon Hydrogen (H) in the target is expressed by the product of the 
Kinematic Factor (KF) and the incident energy of the He ions (Equation 
I). The KF is entirely dependent upon the geometry of the collision 
and the masses of the particles involved. The angle from the 
direction of motion of the incident ion through which the recoiling 
ion scatters is referred to as the scattering angle. In our 
experiments, we have used scattering angles in the range of twenty to 
thirty degrees. In this region. Kinematic Factor is represented by a 
slightly convex curve that can be immediately described as a straight 
line. The slight disadvantage faced is that the KF is never greater
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than .568 of the incident particle energy in this range, and to assure 
adequate range of energies of the scattered H ions for detailed 
analysis, we are required to use higher energies of incidence for the 
He ions.

KF =
A M 1M  2

2
( M 1 + M 2 )

2
cos (q>)

Equation I. Forward Recoil Scattering Kinematic Function for the 
Kinematic Factor (KF). Subscript I indicates the incident ion, 2 the 
scattered ion. The angle is the scattering angle in the lab frame, 
measured from the direction of motion of the incident ion.

Scattering Cross Section. Given the characteristics of the 
forward-scattering collisions, an essential consideration is the 
quantitative description of the proportion of the total of original 
particles that may be expected to scatter in a specific direction.

Due to the fact that high incident energies are required and the 
nuclei are of the two lightest species, simple Coulomb field 
scattering does not adequately describe the interactions. To address 
this phenomenon theoretically requires the rigors of partial wave 
analysis, as nuclear attraction potentials affect the scattering 
geometry in the close approach of the light nuclei. This work will 
utilize an application of an extensive and quite comprehensive series 

of experiments conducted and reported by Baglin, et al.1 The intent of 

their work was to provide quantitative data on the absolute scattering 
cross-sections for H from a carefully controlled hydrocarbon polymer. 
These data are presented for a range of energies and scattering 
angles, along with coefficients describing arbitrary polynomial fits
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to the data. These polynomials are primarily applicable to higher 
energy ranges than those used.

<T(E, (p)
Z lZ 2e ( M \ M 2 ̂

2 M 1E X
3cos (<p )

Equation 2. The Rutherford Forward Scattering Cross Section formula. 
The subscript I refers to the incident ion, subscript 2 to the 
scattered ion.

Stopping Power. The rate of energy loss from an ion moving 
through a medium is referred to as the stopping power. This power is 
a function of energy, as the velocity of the ion affects the 
interaction time between the charge of the ion and the relatively 
localized charges in the medium. At higher energies, the interaction 
time at each atomic site in the lattice of the medium is very short. 
Consequently, at higher ion energies, the stopping power value is 
smaller than that in effect at lower energies. The primary mechanism 
of energy loss for high energy ions is due to the interaction with the 
electron fields of the lattice atoms. This effect varies with the 
species of atom in the medium, as the energy level structure of 
different species will have different influences on ions of the same 
energy. At lower energies, the contributions to stopping power by 
nuclear coulomb potentials becomes more important. In this work, the 
energies are such that the electron stopping dominates. For materials 
that are a mixture, the effect of each species is weighted according 
to its proportion in the mixture and the results are added. This
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method of calculation is referred to as Bragg's Rule.2 Stopping power 

is presented in keV per micron.

Energy Scaling.. To determine the scattering depth in the target 
that corresponds to a particular energy value in the spectrum, it is 
necessary to analyze the collision in terms of incident energy and 
geometry. The incident ion, referred to subsequently as the probe 
ion, will lose energy according to the stopping power of the medium, 
so collisions that occur deeper in the medium will have a lower energy 
input. The ion scattered from the collision will lose energy 
according to the stopping power of the medium for the particular 
species. The analysis of the ERDA spectrum requires a means of 
modeling the energy loss characteristics of the medium for the two 
ions used in the reaction. The present study is involved with only 
hydrogen as the scattered particle, and with helium ions as the' 

probes.
. Using stopping power data for these species, functions modeling 

the stopping power of the particular medium for the ion under 

consideration are determined.2, 8' 10 These functions then permit the 

determination of the energy of the probe at arbitrarily selected 
points along the path through the medium. From this energy, the 
initial energy' of the hydrogen ion scattered at that position is then 
calculated with the HF. The appropriate stopping power function is 
then employed to calculate the energy with which the scattered proton 
is detected. With the knowledge of the angle of incidence of the 
probe ion to the target surface and that of the scattered ion to the 
surface on exit from the target, it is possible to express a scale of
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energies that correspond to arbitrarily selected scattering depths in 
the sample.

Analysis is greatly simplified by the condition that after 
collision of the He ion with an included H ion that is subsequently 
detected, the incident He ion does not contribute additionally to the 
spectrum. This condition results because of the large energy loss 
from the He ion in such a collision, and further that, the cross 
section, which is an expression describing the probability of 
collision, for a second collision is very small. With certain 
reservations, this condition permits establishment of a correspondence 
of a specific detected proton energy to scattering depth as a (see 
Energy Straggling) one-to-one relation.

Conversion of the energy at the detector to a depth scale is 
made by applying a succession of energy loss processes, most of which 
are not linear. Beginning with a spectrum with a linear abscissal 
scale of energy, we are required to derive a scale relating the number 
of particles detected at a given energy to the depth at which those 
particles originated in the material. In application of the processes 
described, the markings of the abscissal scale of depth will be 
farther apart at the low energy end -reflecting the greater loss of 
energy for a given path length at lower retained energies- and more 
widely separated at the high energy end, because these particles 
originated at a shallower level below the target surface and suffered 
much less energy loss per unit path length than those deeper in the 
sample. This effect is not generally perceptible in spectra from this 

facility, due to limited energy ranges.
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Energy Straggling. Were not the complications of the non- 
linearities of the energy versus depth scales of adequate difficulty, 
several experimental considerations impose additional complexity. We 
presume the incident He ion flux to be essentially monoenergetic.
With very careful numerical computation, it is possible to state an 
absolute energy scale with depth... but this is still burdened with 
the uncertainties of the experimental apparatus from which the 
stopping power data were derived. The same applies to the exiting H 
ion energies. In addition, in passing through a medium, the energy of 
an ion stream is broadened by the statistical characteristics of the 
multiple interactions with atomic electron fields and multiple path 
possibilities to a given point. This is referred to as Energy 
Straggling, hereafter referred to as straggling.

Energy straggling is presented as a statistical variance. The 
distribution might be described as "quasi-Gaussian", though this is 
not a general consensus. The straggling is calculated using the Bohr 

Formula.2, 10 The Bohr Formula returns an expression for a statistical 

variance, in units of keV2. In some materials, for a given ion, 

factors can be calculated that modify the Bohr variance.10 Bragg's 

Rule is used in the calculation of the net effects of the several 
atomic species present in the mixture inducing the straggling. The 
Bohr formula is presented in Equation 3.

VFor the proton, the variance is dependent only upon the medium 
and the distance traversed. For the He ion and heavier ions, factors 
that are dependent upon the energy must be applied. The factors 
applied in this work all reduce the Bohr variance. Since straggling 
has an effect similar to increasing the range of energies possessed by 

He ions incident on an ideal (i.e., straggling-free) medium, this
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means that a particular proton energy may result from collisions 
occurring throughout a range of depths. From this point, straggling 
affects the exiting H ions in the same manner, causing additional 
blurring of the energy versus depth relations.

2 2 .

a B =.26Z j Z 2Nt

Equation 3. The Bohr Formula. The subscript I denotes the probe ion 
atomic number, the subscript 2 that of the scattered ion. N is 
expressed in units of IO18 atoms per cubic centimeter, and t is in 
units of centimeters. The variance is expressed in units of keV2. The 
capital Omega is used later as the symbol of solid angle, the B 
subscript is to relieve possible confusion.

Detector Aperture. The final difficulty is imposed by the 
finite nature of the detector and the necessary precautions dictating 
its design. To eliminate the possibilities of false counts deriving 
from elastic scattering of incident He ions at the target surface, a 
foil is placed over the detector that has stopping power functions 
that prevent transmission of elastically-scattered He but permit the 

passage of recoiling H ions that have escaped the target surface.
This stopper foil causes additional loss of kinetic energy from the 
recoiling ions, expands the low energy end of the depth scale, and 
imparts large additional straggling effects into the spectrum. The 
detector used in these experiments is a solid state passivated 
implanted planar silicon (PIPS) surface-barrier diode. The detector 
electronics reject energy outputs below approximately 70 keV. This 
provides an upper limit on the depth of probing into the material that
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is possible on this system. The finite dimensions of the detector 
itself, and the target chamber in which the experiment is conducted, 
cause the aperture of the detector to present a fairly large solid 
angle to the incoming flux of recoiled H ions.

The scattering angles constitute conical surfaces symmetric 
about the axis of the incident beam. Therefore, ions of the smallest 
scattering angle will be detected on that portion of the aperture 
closest to the beam axis, and the most distal portion of the aperture 
will intercept those ions which have scattered through a larger angle. 
The very non-linear character of the scattering cross-section will 
therefore further affect the resolution of the depth versus detected 

energy scale.

Determination of Hydrogen Concentration Profile

Having greatly complicated an originally simple concept with the 
experimental aspects of the technique, ERDA remains a viable and 
effective experimental method that has no competition in the detection 
of H at depth in a sample, short of using induced nuclear reaction 
techniques. With incident ion energy restricted to less than 1.8 MeVi 
we are constrained to apply our analysis to the near-surface volume of 
the sample, and this fact reduces to a degree the intractability of 
the complications and provides a very useful means of determining H 
concentrations in a range of materials. The final extraction of data 
from an ERDA experiment is done by means of the Yield Equation 

(Equation 4).
Yield Equation. Yr(Ed) represents the count expectation of ion 

species r in the spectrum resulting from an experiment. Ed represents
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the specific energy on the abscissa at which this yield will occur. 
The yield in a channel, that is, at a specific energy bin, is read 
directly from the height of the spectrum in counts at that energy. 
The width of each channel is known from the original amplifier 
settings during data collection. Q is the total incident beam dose, 
in particles, delivered to the target, increased by dividing by the 
cosine of the angle of incidence, measured from the surface normal. 

The cross section,

Y (E )
r d

Equation 4. The ERDA Yield Equation relates the height of the 
spectrum at each channel, in counts, to the concentration at the depth 
corresponding to that particular energy channel. The significance of 
the factors comprising the RHS is discussed in the text. Using the 
measured counts, it is theoretically possible to determine the value 
of the number density, Nr, of the scattered ion species at the depth in 
the target corresponding to the selected energy by using measured 
experimental values and numerical computation.

cos( © _ )
N ( x )  a ( E' , <t> )
r r 0

5 E

represented by sigma, is a function of both the energy of the incident 

ion, at the depth of the collision, and the angle through which the 
recoiling ion is scattered. The units of the cross section are barns 
(b) per steradian, functionally IO"24 cm2. Omega represents the net 
solid angle of the detector measured from the scattering site, in 
units of steradians (Sr). The final distinct experimental factor on 
the right hand side (RHS) of the yield equation is a term describing 
the width.(delta Ed ) of the energy bin, divided by the local value of
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the rate of change of detected energy with change in depth that 

corresponds to the channel energy Ed. It is important to note that 
this entity, dEd/cbc, subsequently referred to as the energy rate, is 
neither a true derivative nor a direct expression of a tabulated 
stopping power, but is calculated from the net effects of all the 
particles and materials involved in the experiment. The reason for 
performing the experiment is embodied in the RHS factor Nr (x) , which is 

the number density of the species r at depth x. By algebraic 

manipulation of -the Yield Equation, it is possible to derive a 
quantitative expression for any of the factors and terms of the 
equation, given known experimental values for the other factors and 
term.

Calibration of the Experiment. Calibration of the apparatus is 
required to provide a well-defined quantitative expression for 
interpreting ERDA spectral yields obtained. The difficulties start 
with those outlined above, that is, those effects produced by the 
changes in the energy of the incident and recoiled particles passing 
through material media. These energy characteristics are used to 
numerically calculate the last factor on the RHS of the Yield 
Equation, which is directly interpreted as a length, the depth 
increment into the sample that is represented by the channel width, at 
the specific energy. Due to the finite dimensions of the target 
chamber and the detector aperture, the detector will intercept 
recoiled particles at a continuum of scattering angles, and the net 
solid angle' of the detector at each distinct scattering angle will 
vary across the range of scattering angles. Given this consideration, 
the single most computationally difficult determination is presented
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by the very non-linear cross-section function. The resolution of 
these practical considerations is addressed in detail in Chapter 3.

Auger Electron Analysis

Two additional surface analysis techniques are used in this 
apparatus, Auger analysis and Rutherford Backscattering Spectroscopy, 

and they require separate equipment and application considerations.
The more important of these to this work is the Auger analysis.

The Auger Effect derives from the quantum mechanical properties 
of the electronic structure of atoms. In operation, an energetic (3 
keV) electron beam is directed onto the sample (target) surface.
These electrons penetrate some distance into the sample, and some 
proportion will interact with electrons at specific energy levels in 
the atoms of the material. Upon appropriate collision of the incident 
electron with a lower shell electron, the lower shell electron is 
ejected from the atom, leaving the atom in an ionized state. An upper 
level electron is brought to collapse into the empty lower-lying 
state, which leaves the atomic system with an excess of angular 

momentum and energy.11 This excess is. relieved to a degree by the 

ejection of a third electron (previously situated in the same shell or 
subshell as the electron that collapsed into the lower vacancy, or a 
higher level) from the atom. The excitation energy of the ion is 
reduced, and ordinary electron transfer effects in the material 
relieve the upper level vacancy. The Auger Transition does not evolve 
any photons, and is so known as a radiationless transition.



16

The Auger Analyzer is used to determine the energies of 
electrons escaping from the target surface under electron beam 
bombardment. The relative number of electrons at each energy is used 
to develop a line spectrum (Figure 10), which is interpreted by 
fitting the relative intensities and energy locations of a group of 

lines to known spectra of elements.7 When the lines and their 

intensities have been accounted for, then the elements required to 
match the quantitative characters of the spectra are present on or 
near the surface of the target material. The greatest value of
Auger Analysis is from the sensitivity of the apparatus to even a 
small presence of a given element. In order to make the best 
quantitative use of Auger analysis, an extremely high vacuum is 
required. Certain common contaminating species, chiefly carbon and 
its compounds and oxygen, can obscure or obliterate information from 
less common materials on the surface and can greatly reduce the 
signatures of the primary element of the target material. Given a 
sufficiently high vacuum, a sample can have the contaminating presence 
reduced by sputtering with argon ions or by heating, as described in 
Chapter 2, The use of the Auger Analyzer in this work is described in 

Chapter 4.

Rutherford Backscattering Analysis

Least used in this work is Rutherford Backscattering (RBS) 

Analysis.6 In RBS, an energetic ion beam is directed at some angle 

against the target surface. The elastically back-scattered ions, He+ 
in these experiments, are detected with a particle detector similar to
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that used in ERDA analysis. The collision geometry is selected by the 
placement of'the particle detector at some angle from the incident 
direction of the ion beam. By definition of backseattering, this 
angle must be greater than ninety degrees. The energy of the 
scattered ion will be mechanically determined by the mass of the 
target nucleus from which it rebounds and the angle through which it 
scatters from the collision.

Using tabulated values for the RBS Kinematic Factor (RKF), for 
He against the elements present in the target and the angle of the 
detector from the beam axis, it is possible to immediately determine 

the energy of the ion beam.10 This was the primary use of RBS in this 

work, the approximate determination of the incident ion energy used to 
produce the ERDA spectra. No stopping foil is required in front of 
the detector as used in RBS, and hence determination of the location 
of the high energy edge of the RBS spectrum for a given element gives 
a direct measure of the incident ion beam energy. The exact location 
of the surface, as expressed in energy, is a difficulty; some 
interpretation of the spectrum is required. Complications arise in 
the presence of overlayers of material, but these are not considered 
in this work, as the most convenient determination of the approximate 
beam energy was by using the tantalum jaw of the sample holder as a 

target.6
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Carbon

Oxygen Titanium

ENERGY [keV]

Figure 3. RBS spectrum of mylar and titanium. Scale must be 
multiplied by two, rendering edges at 380, 560, and 1018 keV. These 
indicate an incident ion energy of 1446, 1485, and 1401 keV, 
respectively. The titanium edge is more easily interpreted, but the 
best energy that can be derived from this spectrum is an approximate 
1420 keV incident energy for the He ions.

RBS is an effective tool in identification of materials and 
structure of the target. For this work, RBS is used solely for the 
approximation of the incident ion energy. The limit of accuracy 
provided by this method permits the prediction of the energy of 
protons scattered from the target surface to within approximately 50

keV.
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CHAPTER 2

EQUIPMENT DESIGN AND CONSTRUCTION

A major proportion of the experimental equipment is composed of 
the vacuum chamber, pumping apparatus, the beam line, and 
instrumentation used to operate the equipment and collect data. The 
vacuum chamber design was largely completed by R. J. Smith, A. Elbe, 
and V. Krasemann. The assembly of the primary chamber and pumping 
apparatus was completed in large part by N. Shivaparan and V. 
Krasemann. Major fabrications were completed by N. Williams, 
including internal apparatus of the chamber, support frames, and 
elements of the vacuum system itself. Upon joining the group, this 
author was involved with addition, of accessory apparatus, assembly of 
instrumentation and support equipment, design and installation of 
specialized components, and fine tuning and repair. The components 
unique to the performance of this work are described in detail, but 
the field of operations provided by the above colleagues is described 

briefly.
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Vacuum Chamber

The vacuum chamber is a spherical design, with 6" conflat 
flanges (CFF) at the poles. Two additional 6" CFFs are located 180 
degrees apart on the chamber equator, with 2.75" CFFs at 90 degree 
points and at each of two locations in each quadrant of the equator, 
each situated 25 degrees from the nearest 90 degree point. The 
chamber is served by a turbo pump and ion pump, appropriately valved, 
and pressure is monitored by a naked ion gauge installed on one 
equatorial flange. Apparatus installed in the chamber include a 
Cylindrical Mirror Analyzer (CMA) for Auger spectroscopy, a particle 
detector mounted on a rotary arm controlled by a rotary feed through 
at the chamber south pole, and a three axis rotary manipulator 
installed on the north pole 6" CFF. Sample access is provided by 
removing the manipulator. The chamber is attached to the beam line at 
one equatorial 90 degree flange. The opposing flange contains a 
viewport equipped with a partial screen of fluorescent glass for 
monitoring beam location in the chamber. A plan view of the chamber, 
at the equator, is presented in Figure 4.

Accelerator and Beam Line

The ion beam utilized in this study is provided by a 2 MV Van de 
Graaff accelerator, connected to the chamber through a differentially
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Figure 4. Plan of the vacuum chamber. (Not to scale). This sketch 
indicates the arrangement of devices about the chamber equator. The 
rotary mounting arm of the RBS detector is in the 155 degree 
scattering position used frequently at this facility, but is readily 
relocated by adjustment of the rotary feedthrough in the bottom 
(south) pole flange of the chamber (not shown). The sample holder is 
installed through the top (north) polar flange of the chamber (not 
shown).

pumped beam line. The ion energy is selected with an analyzing 
magnet, and stabilization is provided through a current sensing 
instrument that trims the accelerator terminal shell voltage to 
maintain the beam on the desired axis. The beam is collimated by 
means of two 2 mm apertures inserted in the beam line approximately 
two meters apart. The first aperture is located just down line from 
the stabilizer sensor, and the second aperture is located at the 
entrance valve to the analysis chamber itself. The volume between 
these two apertures is pumped by a 60 liter per second ion pump, and 
admission of the beam into the chamber has a negligible effect on the 

ultra high vacuum (UHV) in the chamber.



22

Ion Gun and Cylindrical Mirror Analyzer

The ion gun is installed into the chamber at the CFF 25 degrees 
from the beam line entrance in the direction of the CMA.. The ion gun 
was acquired to provide the essential atomic-level cleaning of the 
sample. The ion gun is a flood gun, utilizing the presence of an 
Argon atmosphere in the chamber itself to provide.the feed gas. In 
operation. Argon gas is introduced until the chamber pressure rises to 
approximately I microTorr. The ion gun is then energized and the 
sample is oriented in such a manner that the beam impinges upon the 
sample surface at a grazing angle, permitting the Ar ions to cause 
contaminating particles to recoil from the surface of the sample. In 
these experiments, Ar ions represented a beam intensity of 
approximately .7 microamp on the sample. Cleaning of contaminants 
requires approximately three hours under proper orientation with a gun 
potential of 2 kV and twenty.miIIlamp emission.

The CMA provides the means to determine the presence and amount 
of contaminants on the sample surface. The CMA incorporates an 
electron gun that is used to irradiate the sample surface. Auger 
electrons departing the surface are analyzed to provide a spectrum of 
currents at specific energies. These energies are characteristic of a 
particular element. The relative strengths of currents at each energy 

provides a ready means of determining the relative presence of 
contaminating species, such as Carbon, Oxygen, and Sulfur. Oxygen and 
Sulfur are especially undesirable, and the reason for this is 

described in Chapter 4.
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Residual Gas Analyzer

The chamber is fitted with a UTI IOOC quadrupole mass 
spectrometer for residual gas analysis. The probe of the analyzer is 
mounted inside an adapter extending from a port on the chamber 

equator. This residual gas analyzer (RGA) has been used to determine 
the characteristics of the vacuum in the chamber, and was of 
particular use in calibrating the leak valves for the gas system.

Gas System

The facility includes a system of gas plumbing to introduce 
specialized gases into the chamber, in controlled concentrations. The 
introduction of the gases is through two leak valves attached to the 
chamber through a tee fitting on the port adjacent the CMA 
installation. The two gases utilized in these experiments were argon 
and hydrogen. Due to the desired purity of the hydrogen gas, it is 
introduced through a separate line and leak valve. The argon is 
introduced through a common line and leak valve, not installed at the 
time of this study. The separate gas plumbing systems are purged by 
means of a pair of UHV valves attached to the turbo pump inlet through 
a cross fitting that also supports the thermocouple gauge used to 
monitor roughing pressure in the gas manifold. The regulators and gas 
supply bottles are supported to a plate attached to the frame that 
supports the vacuum chamber. Adjustment of the regulators is 
convenient and change of gas flasks is readily accomplished. R: Smith
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and M . Teter collaborated with the author on the design and 
construction of the gas system.

Instrumentation

Operation of the chamber requires a number of controllers and 
data collection instruments. This equipment is installed on three 
vertical racks that are capable of some motion for ease of access to 
the chamber and an additional shelf under the beam line. The 
controllers include those for the two ion pumps and the turbo pump, 
the ion gauge, and the ion gun. The CMA includes a number of 
controllers, one for the electron gun, one for the electron 
multiplier, and the computer interface for controlling the Analyzer 
itself. Operation of these instruments is not described here.

The essential feature of all of the data collection instruments 
is that they be calibrated prior to undertaking an experiment. The 
calibration of the particle detection and data recording apparatus 
used in ERDA is capable of a precision of at best an 8 keV width. In 
these experiments, it is preferable to use 512 channels recording I 
keV width energy bin per channel, as the energies of scattered protons 
will be below 900 keV in this facility, and the presence of the 
stopper foil limits all energies to below 550 keV. This will provide 
the best resolution possible across the entire detected energy range. 
Any further resolution would be of small intrinsic value, due to 
limited resolution imposed by straggling effects in the stopper foil.
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Sample Holder

The essential fixture of this work is embodied in the sample 
holder. The original intent of the construction of this facility was 
to provide a means of analyzing hydrogen uptake characteristics of 
aerospace Titanium alloys. Chapter 4 deals in some detail with the 
application of the system to Beta 21S titanium alloy. The pertinent 
points driving the design of the sample holder were related to the 
form of the materials to be studied, that is, flat plates of thickness 
on the order of a millimeter, and the fact that the ERDA process is 
extremely sensitive to geometry.

Initial trials of the equipment were undertaken using a titanium 
foil welded to two tantalum rods that supported the foil in the path 
of the ion beam and provided conduction of high amperage currents to 
the foil for Joule heating. ERDA spectra were obtained, but it was 
considered to be an unreliable means of testing the depth distribution 
of hydrogen concentration as the foil warped considerably on the first 
heating. This rendered a sample with an angle of incidence that 
varied widely through as much as ten degrees. We were able to 
identify a frank presence of hydrogen on the surface of the titanium, 
but the distortion of the profile toward the low energy end of the 
spectrum might have evolved from a dwindling hydrogen content below 
the top layer, or from the considerable variation in angle of 
incidence of the ion beam to various parts of the irradiated surface.

The evolved design of the sample holder addresses these
concerns:
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The thickness of the sample materials does not permit Joule 
heating.

The samples must be maintained in a closely determined 
geometrical relation to the ion beam, particle detectors, and other 
equipment.

The samples will be raised to temperatures above 900C.
The samples must be readily changed and undamaged by the 

mounting process.

The sample holder is, briefly, a vertically oriented rigid stalk 
of machined aluminum attached to the manipulator at its upper end.
The bottom of the sample holder is. a horizontal shelf, rendering an 
"L" shape. In concept, the sample is held between two jaws, the lower 
fixed rigidly to the shelf at the bottom end of the aluminum stalk.
The upper.jaw is free to move vertically along the stalk. This feature
is of intrinsic necessity, since at high temperatures, the thick 
sample will expand and exert large forces on a rigid structure. The 
desirable additional feature of this provision is that the sample is 
inserted readily, without damage or distortion. To insert the sample, 

the upper jaw is lifted sufficiently to clear the edges of the sample 
and the sample is inserted into the notches provided in each jaw as 
the upper jaw is lowered. These notches are so formed as to provide
alignment of the front (working) surface of the sample to the same
plane in spite of jaw movement. The vertical edges of the jaw notches 
are so located by the construction of the aluminum stalk that the 
rotational axis of the sample holder passes very near to the vertical 
axis of the sample face. Sample heating is provided by high voltage 
electron current from a thoriated tungsten filament supported by the 

fixed lower jaw.
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The essential elements of the design derived directly from the 
high sample temperatures required in the experiments. The jaws that 
support the samples are folded from tantalum foil. The rectangular 
foil is folded along two parallel lines to render a squared "u" cross 
section. The two parallel strips are notched to hold the sample.
This design permits the sample to rise to high temperatures with 
minimum conduction to the support material, but the shape of the 
notches permits an easily-repeatable location to the edge of the 
sample that is retained by the notches. The tantalum foils are 
insulated by machinable ceramic plates. One plate fills the "u" except 
for the end across which the sample edge lies. The other plate is 
opposite the first on the outside of the horizontal portion of the 
jaw, serving to sandwich the foil and render a rigid structure. The 
lower jaw has a large area removed between the two fold lines, in 
order to provide clearance from the filament leads.

The sample temperature is monitored by means of a chromel-alumel 
thermocouple welded to the filament side of the sample. The sample 
current is monitored through a molybdenum wire welded to the lower 
tantalum jaw. This wire is routed to a terminal block that is 
attached to the lowest extreme of the aluminum stalk. The wiring for 
the electrical circuits is routed up the face of the aluminum stalk by 
molybdenum wire ties. The aluminum stalk, ceramic insulators, and 
wires are protected from radiant heat by a tantalum foil heat shield 
insulated by ceramic spacers. The entire sample holder is further 
insulated from the sample holder, providing several insulating 

barriers for the sample and jaws.
Sample heating is required for the elimination of surface 

contaminants, for providing appropriate temperature conditions for 
studies of hydrogen absorption, and as an aid in sputtering the sample
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for removal of Sulfur, which is an endemic contaminant of Titanium 

alloys.9 The electron beam heating provided by this sample holder 

provides high heating power, without the side effects of too general 
heating of the sample holder and the instruments in the chamber. The 
design of the jaws holding the sample is such that the heat is largely 
isolated to the sample and the outer extreme of the jaws. It is for 
this reason that the thermocouple is attached directly to the sample, 
as a location even at the end of the jaw next to the sample edge will 
not closely reflect the current sample temperature. Using the 
electron beam heating, it is possible to raise the sample temperature 
to several hundred degrees centigrade in a few seconds, shut off the 
heating current and filament, and have the sample temperature relax to 
approximately two hundred degrees on the time scale of a minute. This 
rapid temperature cycling is very useful in experimental operations.

During sample heating, an adjustable high voltage power supply 
and an adjustable regulated current power supply, conveniently located 
on a mobile cart, are attached to feedthroughs on the sample 
manipulator flange. For initial heating, the sample is raised to a 
potential of 1000 volts with respect to one side of the filament and 
chamber ground. The current regulating power supply is then used to 
increase the filament temperature until a high voltage current of 
approximately 10 milliamps at 900 volts is measured. Temperature is 
monitored by means of a voltmeter attached to the thermocouple. As 
the temperature approaches the desired level, the voltage supply to 
the sample is reduced until the desired steady-state level is 
obtained.. Fine adjustments on heat input are effected by adjustments 

to the filament current, which affects the electron emission rate.
The advantage of using the adjustable high voltage supply is that
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continuous heat loss to the chamber can be, with practice, nicely 
balanced, and the chamber is not subjected to extensive heating from 
an intense filament temperature, nor is the sample holder insulation 
barrier reduced by condensation of metal from the filament. In 
practice, the filament will survive months of sample changes before 
requiring replacement.

ERDA Detector Mounting

The geometric sensitivity of the ERDA technique is such that it 
is very desirable to have a detector at a fixed location in the 
chamber, rather than by utilizing a positiohable stopper foil on the 
moving RBS detector. The detector mount is positioned through an 
equatorial CFF port on the chamber, and located twenty-five degrees 
from the port opposite the beam aperture into the chamber. The 
detector itself is supported concentric to the port axis, and mounted 
inside a machined aluminum housing that is supported by a steel 
cantilever attached to the inside surfacfe of the flange that also 
carries the feedthrough for the detector cable. The location of the 
detector housing on the bar is adjustable, and for these experiments, 
the detector aperture was located eighty millimeters from the chamber 
center. The detector aperture itself is 6.426 millimeters in 
diameter, and is covered with an aluminum stopper foil eight microns 
thick. The detector mounting, with, the aperture and foil attached, 
constitutes a closed box about the detector itself. The box is 
vented, but nearly light tight. This has the additional effect of 
protecting the detector itself from metallization caused by
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experimental procedures conducted in the chamber. The stopper foil is 
readily changed. In the event that an experiment requires a stopper 
foil of a different thickness, the aperture and foil can be replaced 
together, so that very rapid changing and preservation of the aperture 
foils is facilitated.

The detector, as described, presents an aperture subtending 5.07 
milliSteradians to a scattering point at the center of the chamber.
The orientation on the twenty-five degree point is expected to yield a 
nominal average scattering angle of twenty-five degrees. Two 
difficulties arise directly to mar the situation from this ideal. The 
shroud of the CMA extends so closely to the line-of-sight of the 
detector that a large portion of the aperture is occulted by the CMA 
for scattering points located near the chamber center. At points 
closer to the beam aperture than the chamber center, the occultation 
increases until no scattered protons reach the detector. The second 
problem occurs because the low incident angles of the probing ion beam 
to the sample surface produce a very elongated area of illumination, 
hereafter referred to as the "footprint". This renders the detector, 
with sample positioned for maximum yield and, hence, minimal beam 
time, exposed to a range of scattering angles. This situation is 
further complicated by the fact that the detector aperture itself 
subtends an included angle of approximately five degrees from any 
point located in the working area at the center of the chamber. This 
renders the calibration of the equipment an interesting exercise. The 
solution to these features is described in Chapter 3, under "Cross

Section".
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Chamber Baking Oven

This chamber is designed to be opened frequently for sample 
changing and for use in more than one research project at a time.
After a very few openings, attainment of ultrahigh vacuum requires a 
bake out. An oven was constructed that permits rapid assembly and 
disassembly. The oven itself is three sided. The base is permanently 
mounted beneath the chamber, attached to the supporting frame work 
with a screw-and-washer arrangement that permits differential 
expansion between the aluminum oven base and the steel chamber frame. 
At the ends of the long axis of the chamber, two side panels are 
attached to flanges on the ends of the oven base, forming a three 
sided box that encloses the ends of the chamber completely but permits 
ready access to the chamber. One end panel cantilevers out to enclose 
the end of the CMA instrument, and to permit easy single operator 
assembly, this panel is provided with a pivot brace. For assembly, 
the operator attaches the pivot to the oven brace and the attachment 
on the end panel, then lifts the panel into place. The operator then 
inserts the securing bolts through the mating flanges. The remaining 

three sides of the oven are closed by thermal reflecting blankets and 
layers of insulating blankets.

Heat is provided by two electrical radiant heaters that are 
placed on the oven base before the oven is closed. Supplementary 
heating for the extremes of the chamber is provided by heat tapes.
One tape is attached to the ion pump and sublimation tee. The other 
tape is- placed on the probe mounting adapter (PMA) of the RGA, to 
ensure that the temperature of the of RGA enclosure remains at least 
as high as that of the main chamber to prevent damage to the RGA by
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condensation of volatiles. During baking, the temperature of the 
detectors is monitored to ensure that the detectors do not rise above 
150 C . In order to ensure even heating, the RGA and ion pump are also 
monitored. Control of heat levels is controlled through three 
variacs, one controlling the primary radiant heaters, and one each 
additional on each of the supplementary heat tapes.
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CHAPTER 3

CALIBRATION OF THE ERDA FACILITY

After achieving operation of the facility, it was still 
necessary to determine the quantitative values of the data obtained. 
The complications of the non-linear characteristics of the factors of 
the. yield equation and the additional order of complications that are 
imposed by the physical characteristics of the measuring apparatus 
require considerable unraveling to determine the actual limits of 
contributions of each of the error sources. We are then prevented 
from drawing general conclusions from individual happy events when 
unknown variations caused compensating errors, under specialized 
conditions. The aggressive determination of the limits of each of the 
non-linearities described in Chapter I required considerable 
programming and computation time. As the effort was primarily to 
provide some assurance to the author that conclusions were not wrong, 
the full extent of the investigations is not included. This chapter 
serves as an analysis of the experimental considerations of the 
application of the yield equation to a mylar sample.

Calibration Standard

A calibration standard was prepared with a twelve micron thick 
mylar film. By manufacturing practice, the number density of hydrogen 
atoms in mylar is well known. The mylar is also a vacuum proof and
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durable material that will submit to handling. It was unknown what 
effects extended irradiation would have upon the hydrogen density of 
the material. The experiments proceeded in a manner to elicit that 
information, at the same time that the data were collected for 

calibration. In the initial proof of concept experiment, the mylar 
was not rigidly attached to a flat plate, and the buckling that 
occurred under beam heating confused the results to an extent. In 
addition, the charge deposited by the beam was not measured, primarily 
due to poor conduction by the mylar of the deposited beam charge to 
the sample holder. Without regard to the loss of precision of . 
scattering geometry and charge deposition, the experiment did 
demonstrate a successful installation of the ERDA detector and 
operation of the data collection equipment.

The calibration experiments were repeated twice, each time with 
a different sample. These samples were prepared to constrain the 
mylar to a planar form by cementing the mylar foil to a titanium plate 
with colloidal silver. This provided excellent conduction from the 
mylar to the sample holder, good thermal contact between the mylar and 
the titanium substrate, which served as a heat sink and provided means 
for temperature data collection, and supported the mylar in the same 
geometrical configuration as would be used for one of the alloy 
samples to be experimented upon in the future. The sample face 
available to irradiation measured eight millimeters high, and sixteen 
millimeters parallel to the beam axis. This facilitated analysis of 
the effects of finite beam footprint on the sample on the final yield 
calculations. This also served to calibrate the exposure 
characteristics of future alloy samples, which are expected to be 
sixteen millimeters wide, in order to shorten the collection time of



35

the spectra. Samples of the spectra obtained are presented in Figure 
2, Chapter I.

Calibration Experiments

The■experiments performed on mylar were organized to provide 
information pertaining to the size of the beam footprint, the 
dependence of the spectrum upon the central scattering angle from the 
footprint, and the amount of occultati'on of the aperture from 
scattering sites in different locations along the beam axis. The 
irradiation of the mylar by the beam was expected to have an effect 
upon the hydrogen concentration. The heating caused by the beam 
impingement was expected to degrade the stochiometric characters of 
the mylar and free hydrogen from the sample and so distort the 
spectra. To collect the necessarily statistically significant data 
required considerable net exposure, and so these data were collected 

in segments, characterized by small deposited charge increments. 
Analysis demonstrated that the aging effect is very linear over 
repeated exposure. Comparison of the specific yields from successive 
exposures indicates that (at 50 nanoampere beam current, amounting to 
3.88 * IO16 particles per square centimeter per second ) the yield from 
an area of mylar will be reduced approximately 18 percent by a net 
exposure of 11.6 microcoulombs (9.05 * IO14 particles per square 
centimeter). This aging effect is depicted in Figure 5. The rich 
concentration of hydrogen in mylar, Ci0H8O4, provides a very useful 
spectrum with only one microCoulomb of irradiation. The aging of the 
mylar does not noticeably affect the individual spectra, for even at
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the higher beam currents, aging causes a slight softening of the 
shoulder of the high energy edge in subsequent exposures.

The aging of the mylar under irradiation provided a very 
beneficial effect. The mylar darkens with repeated exposures. This 
effect is not an indication of total dose on an area, but rather of 
the average beam current during the exposures. Half the exposure at 
three times the beam current will produce a darker stain than twice 
the exposure at one third the current. The higher beam current raises 
the temperature of the titanium substrate only about 5 degrees C. The 
benefit from this staining effect is that the stains are images of the 
beam footprints. These images indicated that the motion of the 
manipulator was not exactly parallel to the beam axis, but 
approximately one degree off. This is interpreted from the variations 
in the density of the stain that correspond to the motion of the 
manipulator for successive exposures at different positions along the 
beam. From these we can deduce that the beam incidence was not the 
intended 15 degrees, but close to 16.5 degrees. This agrees closely 
with the setting on the manipulator rotation axis, which was 
arbitrarily adjusted to compensate for a presumed error in 
determination of the setting of the manipulator at a parallel to the 
beam. These images also provided a calibration of the manipulator 
axis settings into chamber coordinates, which were essential for 
accurate numerical determination of the effects of the non-linearities 

outlined in Chapter I.
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Figure 5. The aging of mylar sample with successive exposures. 
Sequential exposures were made at two different locations. The upper 
series indicates the higher yield at larger scattering angles compared 
to that from a lower scattering angle. The net effect of this aging 
on spectral shape is minimal. Specific Yield is calculated by 
division of the net spectrum area by the net deposition of He ions.

Calibration of the Yield Equation

The yield equation will provide the structure for this analysis, 

and is repeated here for convenience (Equation 5).
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Equation 5. The Yield Equation, repeated for convenience from Chapter 
I. The yield calculated is for a single energy channel of-width delta 
Ed.

Constant Factors

With existing spectra obtained from mylar, and the known 
concentration of hydrogen (Nr) in the mylar film, the calibration 
proceeds by reverse process of solution of the yield equation. Nr is a 

constant,■3.5027 * IO18 atoms per micron per square centimeter. The 
number of particles counted in a specific energy channel of the 
spectrum is expressed as Yr. In these experiments, the channel width is 
I keV. The grazing angle of the incident helium ions is known from 
the manipulator setting. The two values used in these experiments are 
15 degrees for the spectra in Figure 2, and 16.5 degrees for all 
others presented in this work. This represents a constant numerical 
factor for the experiment, which is included with the total incident 

particle count.
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Depth Scale and Energy Rate

Two values are required for analysis of spectral yield at a 
given energy channel, and are calculated at the same time. These 

calculations are based upon tabulated stopping power data for mylar.10 

The stopping power is itself a function of particle energy, and so 
these curves are nonlinear. The stopping power of a medium for a 
particle at high energy is much lower than that for the same particle 
at lower energy. The rate of change of stopping power increases 
rapidly for particle energies below I MeV. The spacing of the energy- 
levels provided in the tables is too coarse to permit accurate 
calculation of the particle energies at intermediate depths. 'In order 
to facilitate the calculations and to render the method general, the 
tabulated values are fitted with an arbitrary curve to provide for 
closely spaced calculations. These functions were adopted for 
analysis after testing to demonstrate that calculated values would 
closely reproduce the stopping range values tabulated with the 

stopping power.10

Calculation of Depth Scale. It is ill-advised to determine the 
energy at the depth increment selected in a single calculation. The 
obvious method is to select a small depth increment, say, five hundred 
angstroms, and divide by the sine of the grazing angle for the length 
of the path increment, and then to subtract the product of that length 
with the stopping power at the incident energy from the incident 
energy. Even with very small step sizes, the values obtained quickly 
diverge from those described in the tabulated data.
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This work employs an iterative technique. The approach is to 
select an energy step size, and use the length of the path increment 
as a control input. From the quotient of the energy step and the 
stopping power associated with the incident energy, a change in length 
is calculated. The current energy is decremented by the energy step, 
and the location of the particle along the path increment is itself 
increased by the calculated change in length. The process is repeated 
until the difference between the location of the particle and the end 
of the path increment becomes less than one half of the last 
calculated change in length. At this point, the program assigns to 
the sample depth an energy equal to the current particle energy 
decremented by the proportion of the energy step that corresponds to 
the proportion of the remaining path length to the length of the last 
calculated change in length. The program then passes on to the 
calculations leading to the energy to be associated with the next 
sampling depth. This method provides a very close fit to the range 
tables for the modeled particle in the selected stopping medium. The 
provision of the logic switch that performs the final, abbreviated, 
extrapolation reduces the execution time slightly, but remarkably 
reduces the overshoot of the calculations that occur even with small 
step sizes if the calculation is permitted to proceed until a small 
overshoot is detected. This improvement in resolution permitted the 
quick execution of a series of experiments that demonstrated the 
acceptability of several approximations that are described below. An 
energy step of 3 keV provides excellent resolution and appears to be 

close to an optimum value.
The previously described module is executed three times in the 

calculation of the depth scale of the spectrum. The first execution 
determines the energy of the probe ions at the selected depths into
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the sample surface. The second execution employs the stopping power 
function for the scattered proton in the sample medium. The module 
applies the kinematic function to the energy of the probe ion to 
calculate the initial energy of the scattered proton, and then employs 
a selected scattering angle to determine the path length of the 
particle to exit from the sample surface.

The third application calculates, in the same way, the energy of 
the proton at the detector, after having passed through the aluminum 
stopper foil. The program returns, at this point, a list of numbers. 
For each of the selected sampling depths, the. program reports the 
energy of the probe ion at that depth, the energy of the proton 
arriving at the detector from that depth, and the net energy 
straggling variance of the particle energies along the three paths. 
This information permits us to scale the spectrum for particles 
arriving at the detector through that scattering angle, and to 
calculate the energy rate with depth at that energy. The output of 
this energy scaling program for an experiment with an initial He 
energy of 1.626 MeV incident at a grazing angle of 16.5 degrees upon a 
mylar surface is depicted in Figure 3 Detector energies were 
calculated for protons scattering at 22, 25, 28, and 30 degrees and 
detected through an 8 micron aluminum stopper foil. Simulations 
indicated that in the energy range of these experiments, the net 
effect on detected energy of 'the off-normal incidence of scattered 
particles on the stopper foil is negligible. The variation in angle 
of incidence across the aperture is roughly five degrees. The energy 
step used in these calculations is sufficiently small to detect the 
effects of a five degree variation from normal, but greater 
■inclinations are not of measurable effect at our detector.
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Determination of Energy Rate. Upon examination of energy scale 
curves similar to those in Figure 6, it was observed that all have 
similar structure. The figure presents the data for a probe energy 
that could be used in this facility. At lower incident energies, the 
curvature of each of the depth energy curves is apparently less,

Scattering Depth [micron]

Figure 6. Detected energy of scattered protons for scattering angles 
of 22, 25, 28, and 30 degrees from initial He ion energy of 1.626 MeV. 
The slope of the line for each scattering angle at each depth 
indicates the rate of change of proton energy for a change in 
scattering depth. The horizontal portion at depths greater than .16 
micron is an artifact, but does reflect the extinction of detection 
for those particles at energies below approximately .060 MeV.

because the probing depth is so shallow, due to particle extinction, 
that the curvature is not apparent. For greatest numerical precision, 
it would be necessary to perform the calculation of the last factor of
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the yield equation, that is, the channel width divided by the energy 
rate, dynamically throughout the range of energies studied. However, 
the coarseness of the energy resolution and the very small curvature 
at this and lower incident energies renders this factor virtually 
constant for the purposes of spectrum analysis. The procedure 
employed will then be limited to using a linear approximation to the 
energy rate for a given scattering angle.

Effect of Energy Straggling. The Bbhr variance existing at the 
detector is approximately 360 keV2 at all energies. The stopper foil 
contributes nearly all of this value, as the calculation of the 
straggling effects on protons through aluminum are best described by 

the Bohr formula.2, 10 To determine this value, the straggling was 

calculated for each depth increment along the three paths described 
above, with correction factors and formulae appropriate to the 
particle and the medium applied in each application of the program. 
Bohr variances are added in quadrature, and the variation across the 
considered range is of little interest, as it amounts to less than 

five percent of the average straggling.
For experimental analysis, the straggling contributes a "wing" 

to each side of a single spectral line. The standard deviation of 
energies for 360 keV2 is approximately 19 keV, so the minimum width of 
a spectral line will be 38 keV, plus the approximate 8 keV FWHM of the 
energy response of the detection and recording system used in this 
facility. In addition, per Chebyscheff's Theorem, a given particle 
energy will contribute measurably to the spectrum for at least three 
times the standard deviation on each side of the energy line. Hence, 
using the 8 micron aluminum stopping foil of these experiments, a
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given spectral line will contribute counts across as much as 61 keV of 
spectrum on each side of the putative energy.

Solid Angle Calculations

The■solid angle subtended by the detector from the scattering 
point determines the proportion of the total number of scattered 
particles that are intercepted by the detector. All calculations must 
be based upon a statistical interpretation of the physics of the 
scattering phenomenon, and the size of the total sample intercepted 
determines the confidence of the measurement. As noted in Chapter I, 
the aperture of the detector is of a finite size, and, theoretically, 
the larger the aperture the bigger the sample. Practically, this is 
not possible, and, not desirable. The larger the detector aperture, 
the wider the range of scattering angles the detector samples from.
As was mentioned previously, the scattering cross section and 
kinematic factors are strongly dependent upon the scattering angle, 
and so the particles intercepted by a larger detector will have a 
greater range of energies at a greater range of intensities, and so 
the analysis will be limited to that provided by a large particle 
count but with very little energy resolution, corresponding to a very 
poor determination of the concentration of hydrogen at a given depth 

in the sample.
Contributing to the potential confusion of information available 

at the detector, the ion beams used in practical experiments are of a 
finite diameter. In most materials, hydrogen is not so plentiful as 
in mylar, but a much smaller concentration is of interest in aerospace 
alloys. A smaller detector will require a much longer exposure, and
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obtaining a much smaller beam of higher current density is more 
difficult than the application of a larger diameter beam. Therefore, 
the beam footprint on a practical sample at angles of incidence 

providing the best analysis will have a considerable extent in space.4

The'variation of scattering angles intercepted by the detector 
used in these experiments is presented in Figure 7. This figure 
depicts the range of scattering angles intercepted by the detector for 
scattering points along the axis of the chamber that lies parallel to 
the beam. Smearing of the symbols in the y direction is primarily a 
result of coincidence of coordinates from separate exposures. At the 
center of the footprint, the scattering takes place along a vertical 
line that is the length of the beam diameter. (1.7 mm). A larger beam 
diameter would have the effect of increasing this smearing primarily 
along the angle (vertical) axis. The very slight smearing of the 
symbol along the beam axis is caused by the misalignment of the beam 
from the chamber axis by approximately .4 degree.

Data from eleven sample locations are depicted in the figure. 
Each sample location contributes a group of three columns of symbols 
spaced three millimeters apart. The heavily printed column in the 
center of each group indicates the location of the center of the beam 
footprint during the exposure at that particular location. Five 
groups of three angles are plotted for each location. Each group 
extends six millimeters along the beam axis, due to the small grazing 
angle. The more darkly printed symbols occur at the center of the 
beam footprint in that particular exposure. More positive y 
coordinates are closer to the detector aperture.

In this series of experiments, the solid angles subtended by the 
detector aperture from the scattering point at the center of the beam
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Chamber y Coordinate [mm]

Figure 7. Scattering angle ranges intercepted by detector for 
scattering points located along beam axis (chamber y axis). Abscissa 
indicates distance of scattering point from geometric center of the 
chamber. Each y coordinate represents a single scattering point. The 
three symbols at each abscissa value indicate the scattering angle 
from that point (in order from top to bottom) to the aperture edge 
most distal from the beam axis, the aperture center, and the most 
proximal aperture edge.

footprint ranged from 4.5 miIlisteradian (mSr) to 6.3 mSr. The 
minimum solid angle from the edge of the beam most distant from the 
detector was 4.1 mSr, and the greatest solid angle from the closest 
edge of the beam (at the far right in the figure) was 6.8 mSr. Solid 
angles used in calculations must be corrected for the angle of the 
scattering rays off the normal of the aperture foil, producing an 
effective elliptical aperture for those scattering points nearest the 
detector. The correction applied to the aperture area is that for the
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center point, as it is an effective average for all rays. The 
aperture incidence for none of the tested rays was more than four 
degrees at the extreme.

In application to the yield equation., the solid angle of the 
detector must be determined for each scattering angle. Due to the 
axial symmetry of the scattering process, each scattering angle 
irradiates a specific vertical band across the aperture. For this 
analysis, it was considered possible to subdivide the beam cross 
section into small elements and calculate the scattering angle from 
each of these elements to small vertical bands of the aperture and 
return an effective solid angle for each scattering angle for each 
beam element. Examination of Figure 7 quickly negates the utility of 
such an approach. For preparation of the figure, the scattering angle 
calculations were carried out for points at the edges of the beam 
section corresponding to the cardinal points and center of a clock 
face. The contribution of the four distal points to the total 
particle count would be infinitesimal, and at even those extremes, the 
variation in scattering angles and solid angles is too small to 
warrant the calculation. The calculations used for calibration are 

discussed below.

Scattering Cross Section Calculations

The scattering cross section is the most sensitive and difficult 

of the factors to be determined in the solution of the yield equation. 
The "curves presented in Figure 8 demonstrate the changes in the cross 
section with variations in energy and scattering angle. The solid 
line in each of the four plots represents the classical Rutherford
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value for the cross section at each of the four angles. The short 
dashed line depicts the arbitrary curves provided by Baglin, et al.1 
This work will utilize a cross section function depicted by the long- 
dashed lines in the figure. These values are obtained through a 
function that adjusts the value returned by the Rutherford formula to 
closely approximate the data reported.1 The curves provided do not 
lend themselves to a surface function, required in this work, so the 
data points supplied were utilized in the adoption of appropriate 
adjustment terms, which are linear in energy and angle. The function 
appropriate to this facility is presented in Equation 6.

A number of studies were completed to determine the most 
effective method of calculating the cross sections to be used in this 
calibration. At the range of energies for which our experiments will 
yield useable data, the change in cross section per degree change in

a (e , (p) a
Rutherford

+ 20 + 1600 * (E - 1.1) + 3.0 * (<p - 20.)

Equation 6. The adjusted Rutherford forward scattering cross section. 
This adjustment retains the characteristics of the value obtained from 
Rutherford calculation (Equation 2), and adds a value (in millibarns) 
that returns a value in closer agreement with the experimentally 
determined cross section.1 The energy is that of the incident ion, in 
MeV, and the angle is the scattering angle, in degrees.

scattering angle is on the order of 10 millibarns (mb) (Figure 8) 
amounting to less than four percent. In comparison with the change in 
detector energy for the same change in scattering angle (on the order 
of five percent, Figure 8) the effects scale comparably. The 
important consideration is the difference in sign of the derivatives. 
Scattering through a larger angle gives a larger yield at a lower
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energy. Larger scattering angles do not permit as deep a probing of 
the surface as smaller scattering angles (Figure 6), but will give a 
greater number of counts for the same beam dose (quantity of charge 
delivered by the He ions).
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Figure 8. The forward recoil cross section functions. Each of the 
four graphs represents a different scattering angle. From top to 
bottom, left to right, the angles modeled are 20 degrees, 25 degrees, 
30 degrees (upper right), and 35 degrees. The cross section used in 
this study is the long dashed curve in each graph. The solid curve 
represents the Rutherford cross section, the short dashed curve 
indicates the fitting functions supplied in [Baglin, et al]. The 
adopted function varies strictly monotonically across the energy-angle 
surface.

This effect immediately explains the different shapes of the two 
spectra of Figure 2. The high energy edge of the spectrum salient is
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at approximately 300 keV, and that of the lower yield spectrum is at 
approximately 350 keV. In these two experiments, the taller spectrum 
resulted from placing the beam footprint closer to the detector than 
in the lower spectrum. In cursory inspection of the two spectra, both 
made from the same mylar sample at about 1.55 MeV, the steeper slope 
of the salient toward lower energies is a direct result of the rapid 
extinction of particles scattering through wider angles from deeper in 
the sample. These observations direct the calculation of the 
scattering cross sections for each experiment and the application of 
these cross sections to the detector solid angles.

Calibration Calculations

Approach. In order to elicit the necessary understanding of the 
phenomena, straggling was temporarily disregarded. The beam section 
was subdivided into nine pencils, each with a radius one-third of the 
overall beam radius. This was to permit the examination of the effect 
of a finite beam size on analysis. It also facilitates the 
examination of the commonly used method of assuming that the beam 

scatters from a single point on the target.4, 1 The scattering angles 

from the center of these incident pencils to selected points on the 
aperture were collected for calculation of the scattering cross 
section by solid angle product for each pencil to each of three areas 
on the aperture. This expands the yield equation RHS to twenty-seven 
terms. This expansion serves to render the inescapable and generally 
intractable straggling effects into recognizable quantified forms that 
do not merely block progress.
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Beam Analysis. By a trick of algebra, nine circular-section 
pencils with radii of one-third the radius of the actual beam have 
together the same area as the full radius beam section. The center 
axes of eight of these pencils correspond to the vertices of a regular 
octagon within the section of the beam. The ninth pencil is coaxial 
with the beam axis. A schematic representation of this division is 
presented in Figure 9. This division permits a very accurate analysis 
of the beam without resorting to explicit numerical integrations. As 
may be observed from Figure 7, the vertical displacement of scattering 
points caused by their separation across the beam section has 
negligible effect on the scattering angles. The displacement parallel 
to the beam axis has the effect of shifting the range of scattering to 
the very edges of the aperture by less than two degrees, even in the 
most aggravated test made. Bearing in mind that the contribution from 
these edges is zero, the selection of the nine pencils is a much more 
appropriate measure, and corresponds closely to the physicality of the 
problem. The consideration of data calculated from the center pencil

only, as in a very high beam current density, or from the distributed 
areas about the center axis,, permits us to present the hypothesis that 
it is necessary for accuracy to analyze the beam in a distributed 

fashion.

Aperture Analysis. Preliminary numerical analysis indicated 
that the aperture installed on the ERDA detector cuts approximately 
three whole value scattering angle surfaces from sample locations 
used. As can be observed from Figure 7, the range of scattering 
angles intercepted by the aperture ranged from slightly more than
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twenty degrees to just under thirty degrees. With our knowledge of 
the actual scattering geometry bearing a one millimeter uncertainty, 
fractional splitting of scattering angles across the entire aperture 
becomes moot. Further numerical analysis demonstrated that, even with

Figure 9. Schematic diagrams of the divisions in the detector 
aperture and beam section. On the left, crosses mark the centers of 
the aperture points selected for vector analysis of the scattering 
process and calculation of solid angles for each dominant scattering 
angle encountered in experiments. The areas on each side of center, 
marked with the vertical line, is each 29% of the area. On the right, 
the beam is divided into nine partly-overlapping pencils each parallel 
to the beam axis. This division permits calculations to proceed at 
the limit of accuracy possible from the mechanical apparatus of the 
sample vacuum chamber.

high precision calculations, the I keV resolution of the detector 
system does not respond to inclinations of under four degrees at the 
aperture foil, and the variation in cross sections across a one degree 
range at the highest scattering angles achieved is only five percent 

of the base value.

Three aperture points were selected to anchor the numerical 
vector calculations of the scattering angles and effective solid 
angles (Figure 9). These points are located along the horizontal 
axis of the aperture, which deviates from the scattering cone axis to 
aperture center radius by less than six degrees. These points are the

DIVISION OF
DETECTOR
APERTURE

DIVISION OF 
BEAM SECTION 
(NOT TO SCALE)
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aperture center and at two-thirds the radius out from the center 
toward each edge. Using the angle averaging considerations mentioned 
previously, the aperture areas assigned to the three points, from most 
distal to proximal are: 9.461, 13.483, and 9.461 square millimeters, 
respectively. During the calculation of the scattering angle to each 
of these points from the axis of each of the nine beam pencils, this 
area is used to calculate the solid angle subtended by that portion of 
the aperture at the scattering point. The value of the area for each 
aperture division is modified by vector means to account for the 
effect of projection angle.

Yield Equation' Expansion. The last four factors on the RHS of 
the yield equation may now be collected and calculated. Using each of 
the products calculated from the aperture solid angles and the 
corresponding scattering cross sections; the product is multiplied by 
I keV, the width of the energy channel of the detector apparatus. By 
examination of Figure 7, the slope of the curve corresponding to the 
scattering angle of the particular term is readily determined. 
Exhaustive calculation could yield values (at a given depth) for the 
rates of Change of detected energy per increment of depth. It is 
readily apparent that the three curves are locally parallel, and so 
the energy rate term in the denominator of the yield equation is an 
effective constant for each particular experiment. An adequate linear 
approximation to the collective slope of the curves is taken to be 

1.32 MeV per micron.
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Scattering Depth [micron]
Figure 10. Detected particle energy as a function of scattering depth 
in a mylar sample. Probing beam is He ion calculated at 1.603 MeV, 
average intensity of 1.43*105 particles/(cm2 sec). Scattering angles 
sampled are, from top to bottom, 25 degrees, 26.8 degrees, and 28.5 
degrees.

The cross section by solid angle products for the beam pencils 
are variable. One of the primary questions posed to this study was 
related to the effect of using an approximation that the entire 
probing beam current scatters from a single point, and into the angle 
at the aperture center. To answer this question, the analysis was 

carried out in considerable detail. The approximation is commonly in 
use, and bears testing. Proceeding in the direct line to a 
calculation for a single point, a problem is discovered with the form 

of the yield equation.
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In the expansion of the RHS, each pencil represents one ninth of 
the total beam dose. In Figure 11, the calculated products for the 
calibration experiment are presented. The scattering angle to each of 
the selected aperture points is calculated, and the calculated cross 
section (a function of depth and scattering angle) is multiplied by ■ 
the calculated solid angle for that portion of the aperture from that 
particular pencil axis at the target surface and plotted in final 
calculation units'. Considering the plotted points as elements of a 
sequence from left to right, the top sequence- depicts the products for
26.8 degree scattering angle, and, proceeding to lower product values, 
those for 28.5 and 25 degrees, respectively. The top sequence, for
26.8 degrees, represents the products for scattering to the center of 
the aperture, which is weighted at 40 percent of aperture area.

Continuing in the direct line, the customary approximation is 
that calculation of the yield is accomplished by taking the scattering 
angle from the point at which the center of the beam scatters from the 
target sample and the center of the aperture. The usual conclusion is 
that, given the area of the aperture, one divides by the square of the 
radius to the center of the aperture to arrive at the solid angle.
This conclusion is readily supported by taking the sums of the three 
product values for each scattered pencil. Applying the appropriate 
weighting, one arrives at a value of 2.527 mb. Taking only the cross 
section product for the scattering from the center axis of the beam to 
the aperture center, and scaling to the entire aperture area, one 
obtains a value of 2.526 mb. This argument is quite convincing. In a 
mathematical expression, the corrected yield equation is presented in 

Equation 6.
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0 2 4 6 8

Beam Pencil
Figure 11. Scattering cross section by solid angle products for nine 
elements of probing beam. Each column of three symbols represents 
the scattering from a single beam pencil. The top sequence of points, 
left to right, indicates the products for a scattering angle of 26.8 
degrees to the center zone of the aperture. The middle sequence is 
for 28.5 degrees, and the lowest sequence is for 25 degrees. The 
scattering angle to the center of the aperture for each pencil was 
within the range of 26.5 to 27.1 degrees. The scattering points are 
cyclic. The far left-hand point in each sequence represents 
scattering from the pencil closest to the aperture, the point at 
position 5 is farthest from the aperture. The right-hand point is 
that for the central beam axis. The values of the product, in 
miIlibarns, are those for scattering from the target surface. At .1 
micron depth, the values for each point are approximately .2 
miIlibarns greater.
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Q
Yr (Ed ) = N ( x )

cos( 0 )  dEj
A

dx

i

Equation 7. The Yield Equation, restated to reflect the effect of an 
aperture that intercepts a range of scattering angles. The equation 
returns a value of yield that is dependent not only upon the 
particular depth, but also upon the selected energy. The yield 
appears as a product of factors known to be constant at the depth 
indicated by x, and the sum of the scattering cross section by solid 
angle products for each beam pencil at that particular depth.
Subscript j refers to the beam pencil. Subscript i refers to the 
aperture area for the scattering angle (aperture subdivision). The 
new factor "xii" in the outer sum of A indicates the effect of the 
kinematic factor and straggling on this particular contribution to the 
spectrum at this selected energy. In this work, the customary 
subscript r, indicating that the equation applies to a particular 
species of several in the spectrum, is superfluous, as the only 
species considered is hydrogen.

Interpretation of Spectra. The accurate interpretation of a 
spectrum taken with a relatively large detector is not possible, 
without taking into account the energy straggling and the several 
scattering angles intercepted by the detector. In the ideal case, 
with a detector of fractional millisteradian aperture, and a very 
tightly collimated probe beam, a peak of approximately 25 keV full 

width half maximum might be obtained.1 With the detector installed in

this facility, the effective signature of a thin film bearing
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plentiful hydrogen is at best three peaks. . In the case of a single 
layer of hydrogen, these three peaks would be discernible. Due to the 
overlap because of straggling, in the case of macroscopic hydrogen 
distributions, the response of the three spectra is a single broad 
peak, dominated by the response from the center of the aperture. The 
contribution of each of these separate peaks to this single peak is a 
function of the cross section area product for that particular 
scattering angle. Further subtle effects result from energy shifting 
and particle loss in the aperture stopper foil under some conditions 
controlled by the position of the sample with respect to the detector.

This can be immediately perceived from Figure 11. The 
calibration spectrum obtained from Mylar is presented in Figure 12.
It is necessary to view this spectrum as a superposition of three 
separate spectra. Each of the detector aperture divisions will 
intercept protons scattered through a different range of scattering 
angles. Because of the angular dependence of the kinematic factor and 
cross section, each aperture division will produce a different 
spectrum, in terms of particle count and energy.

A demonstration of this effect is provided in Figure 13. The 
three spectra represent the data from three experiments conducted at 
the same incident beam energy and grazing angle. The differences in 
energy and yield directly reflect the different relative positions of 
the detector and the beam footprint. If a spectrum were to be 
produced for only one scattering angle into a smaller detector 
aperture, the shifts in the high energy edge and the change of 
particle counts between locations would be more sharply defined. The 
inseparability of the three contributions limits the precision 
available to the analysis. The knowledge of the three contributions
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does permit accurate interpretation of a spectrum, directly from the 
spectrum.

100

200ENERGY [ KeV ]

Figure 12. Calibrating spectrum obtained from mylar foil cemented to 
titanium substrate. Incident ion energy is 1.72 MeV at a grazing 
angle of 16.5 degrees. The three vertical lines centered near 305 keV 
represent the energies of protons scattered from a single depth but 
into the three different scattering angles intercepted by the 
detector. . The 305 keV line corresponds to the contribution from 
the aperture center and contributes 40% of the spectral yield from 
this particular depth in the mylar.

For the continuous and constant distribution of hydrogen present 
in the mylar, it can be understood that the spectrum is itself a sum 
of these three contributions scattered from each molecular layer.
This might be visualized as placing three spectra with coinciding 
energy axes in a column. For the same energy scale on the abscissae, 
the effect of the top layer of hydrogen would appear at a higher
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energy for the aperture divisions intercepting protons scattered 
through smaller angles. Since each layer of hydrogen contributes a 
quasi-gaussian distribution of particle counts to the spectrum, the 
energy location of the surface is determined from the point on the 
high energy edge that is midway between the noise level (near zero 
counts) and the point at which the spectrum records the highest number 
of counts. In the practical case of our larger detector aperture, 
this point is approximately coincident with the point on the energy 
axis at which the high energy edge attains half the maximum value.

50 100 150 200 250 300 350 400 450 500 550
ENERGY [keV]

Figure 13. ERDA spectra of mylar. The labels indicate manipulator 
setting parallel to the beam axis, with larger numbers nearer to the 
detector and producing larger scattering angles. The spectrum labeled 
"Y = 20" is from Figure 12, repeated for comparison. Note that the 
smaller scattering angles of the spectrum labeled "Y = 10" produce a 
smaller yield and the high energy edge of the spectral salient occurs 
at higher energy. The spectrum labeled ”Y =16" indicates an 
intermediate range of scattering angles between the two extremes.
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For analysis of the mylar spectra, it is convenient to match the 
top of the spectral salient, ignoring the small ripples, with a 
straight line. Another straight line is matched to the high energy 
edge of the salient and extended to intersect the line matching the 
top. In the case of Figure 12, this intersection is at approximately 
75 counts, 340 keV. In practice, this procedure will yield an energy 
value that is essentially the same for all of the mylar spectra 
obtained under the same geometric conditions.

To locate the spectrum energy corresponding to a sample depth of 
zero, it is appropriate to determine the point at which the high 
energy edge reaches a value near 38 counts. In the spectrum of Figure 
12, this occurs very near to 400 keV. As the geometric parameters of 
the experiment are known, this value calculates to an incident He ion. 
energy of approximately 1.72 MeV, a 7.3 percent greater energy than 
that calculated from RBS spectra. This calculation, being based upon 
this spectrum and the calculation of the scattering angles to the 
subdivisions of the aperture and the physics of the problem, is 
considered more reliable than the interpretation of RBS spectra 
(Figure 3).

Calculation also indicates that the energies detected at the 
three scattering angles are at 40 keV intervals (Figure 10). The Bohr 
variance for the energies in this experiment is 367 keV2, which 
provides a standard deviation of 19 keV, implying that the highest 
energy included in the spectrum will occur in the vicinity of 497 keV. 
This energy derives from the 440 keV detected energy of protons 
scattered from the surface through 25 degrees, plus three standard 
deviations. Examination of the spectrum corroborates this 
interpretation.
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Calibration of System. To calibrate the system from the spectra 
obtained from mylar, it is necessary to perform the summation of the 
cross section solid angle product terms separately for each of the 
three scattering angles. Each of these provides a contribution to a 
single distributed peak corresponding to each molecular layer in the 
sample, centered about the energy detected by the center of the 
aperture. This concept permits the calibration.

This calculation shall be performed on that portion of the 
spectrum area in the range of 246 to 366 keV, to average the 
calibration across the contributions from all three aperture 
subdivisions. This area is 8060 counts. Completing the sum on the 
RHS of the yield equation, and using the known density of hydrogen in 
mylar of 3.503 * IO18 protons per square centimeter per micron, 
completion of the calculation yields a calibrating value of .1968, a 
pure number. In use, this factor is multiplied with the number of 
counts from the spectrum, and the product on the RHS of the yield 
equation, with appropriate factors and terms, is completed up to the 
unknown concentration of hydrogen. In dividing the LHS by the product 
of the known factors and terms on the RHS, a concentration in units of 
atoms per square centimeter per micron will be returned. This process 
is illustrated in Equation 8.

Repeating this calculation for a single channel in the same 
portion of the spectrum renders a calibrating value of .1946. We 
accept a value of .195 as being universally applicable. This is not 
entirely sufficient, because inspection of the spectrum indicates that 
at deeper probing depths, the response is not uniform, even though the 
concentration of hydrogen is known to- be. This slope toward lower 
energies is an instrumental characteristic.
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8060[coM/ite] A:

~7
3.024 *  10 [coulomb]

—  —

-1 9 coulomb
1.602 *  10

ion
cos( 1 6 .5 )

[
2 .53  *  IO - 2 7 [cm 2 ]] .001[ M c V  ]

1.32
MeV

L m  J
iV * 120

Equation 8. The yield equation in application to the calibrating 
spectrum of Figure 12. The factor 120 on the RHS reflects that this 
calculation is being carried out on the yield integrated over 120 
channels. The factor k calibrates the system, and is dimensionless. 
In the application to a given spectrum, the RHS factors, when divided 
out, provide the units atoms per square centimeter per micron to the 
concentration N, and it is so determined.

The final output from an analysis is an accurate profile of the 
concentration at all probing depths in the material. Close 
examination of the spectrum of Figure 12 indicates a nearly linear 
decline of the salient from the shoulder at the high energy edge. The 
small ripples are ignored, as the effect has a non-physical appearance 
and can be relegated to a result of quasi-periodicity in the noise 
component of the raw spectrum. This presents an uncertainty variation 
of approximately five counts in the spectrum between 300 and 120 keV. 
The spectrum is not entirely reliable below 120 keV, as this region is
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close to cutoff, and the aperture division at the widest scattering 
angle will have very limited counts from this depth, due to 
extinction. Performing the calculation for the calibrating constant k 
at several energies, and by using the average process, it is possible 
to express the variation in k by a linear relationship with the energy 
of the channel in the spectrum. This function is expressed in 
Equation 9.

k ( Ed ; E0 ) = .1695  +

- 4
2.55 *  10

[keV]
(Eq - E d )[keV]

Equation 9. The generalized calibration factor for the instrumental 
characteristics of this facility. The datum point is E0, the energy of 
the zero depth point on the spectrum, determined as described in the 
text. This equation is not directly applicable at this datum point, 
due to the physical characteristic of the superposition of responses 
from adjacent layers of hydrogen in the material. The important 
feature is that for all energies at least one half of the instrumental 
response envelope (120 keV for this experiment), this factor will 
produce a close measure of the hydrogen concentration represented by 
the counts in the selected energy channel.
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CHAPTER 4

STUDY OF BETA 2IS TITANIUM ALLOY

The approach to the Beta 21S alloy will be as derived in Chapter 
3. The Alloy is a mixture of titanium, aluminum, silicon, niobium, 
and molybdenum. The presence of the molybdenum stabilizes the crystal 
structure of the titanium matrix in the beta phase, which is the body- 

centered cubic structure assumed by titanium at elevated temperatures.3 

The primary concern with this alloy is the inclusion of sulfur as an 
impurity in the alloy, which can, by several mechanisms, produce 

undesirable effects in structures incorporating this alloy.9 The 

sulfur presence directly affects the migration of hydrogen in the 
material, and so will affect the hydrogen absorption characteristics 
in the high-temperature hydrogen-rich atmospheres that are to be 

expected in future aerospace applications.

Preparation For Experiments

The calibration of the chamber with the mylar target described • 
in Chapter 3 was performed under the same conditions that are used in 
the collection of spectra from Beta 21S. The limited quantity of 
hydrogen in the alloy, compared to that within mylar, make it 
necessary to place the sample in position that will maximize yield.
In order to analyze the spectra obtained, the stopping power function
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for the alloy to He ions and protons is fitted as described in Chapter 
3 for mylar. These functions are prepared using Bragg's Rule. The 
stopping powers for each of the component elements are obtained from 

tabulated values.10 These stopping powers are combined according to 

the relative concentration of the individual species in the alloy.
The concentrations are calculated to be: Ti, 79.1%; Mo, 15%; Al, 3%; 
Nb, 2.7%; Si, .2%. These are used to weight the stopping power 
function for each element to realize a generalized stopping power 
function for the alloy. The functions for the particles involved are 
then used to determine the depth-energy scale for the experiment.

Scattering angles and aperture areas are unchanged, so the only 
factors of the yield equation that change from the calibrating 
experiments are the energy rate and the beam dose. The energies of 
protons scattered from the target surface will be nearly identical to 
those measured from the mylar sample. Energy differences in the 
surface scattering values for the two materials will derive from 
surface conditions present on the alloy.

Preparation of Sample

A sample of Beta 21S was cut to the 10 by 16 millimeter size to 
fit the jaws of the sample holder and ensure complete utilization of 
the ion beam footprint. This sample was sawn from a .0625 inch plate, 
and so was of considerable thickness. The amount of sulfur in such a 
thick sample would render sputtering to remove sulfur in the bulk 
impractical. One of the concerns with the sulfur content in this 
alloy is that, in aerospace use, the material would be subjected to 
considerable heating in cycles, sometimes in hydrogen-rich
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environments. Treatment of this nature is known to eventually remove 
the sulfur from some titanium alloys, and would then leave the open 
structure of the beta phase titanium matrix to absorb large quantities 

of hydrogen without the blocking provided by the sulfur.9 Subsequent 

heat cycles would then render the material subject to degradation by 

the formation of TiH compounds in the bulk .3

Heat Treatment .

To circumvent the very long duration of efforts expected to be 
required for the elimination of the sulfur from this sample within the 
vacuum chamber, the sample was placed in an electric oven and 
maintained at 900 C for twenty-four hours. Upon removal, the sample 
was covered with a dark, hard coating. Removal of this coating proved 
difficult, and a grinding wheel was used to remove it. The surface 
was then polished and cleaned. No etching was applied, as the intent 
was, for this preliminary series of experiments, to handle the sample 
as an engineering material without special handling techniques. This 
sample was then introduced into the vacuum chamber for surface 
characterization and hydrogen analysis.

Surface Characterization

The surface of the Beta 21S was characterized with Auger 
spectroscopy. The Cylindrical Mirror Analyzer (CMA), depicted 
schematically in Figure I, is located to permit very rapid change from 
ion beam scattering experiments to Auger to sputtering for cleaning
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(Figure 4). To perform the measurements, the sample surface is placed 
perpendicular to the axis of the CMA, which requires a motion of the 
sample manipulator of only a few millimeters. The freedom of the 
manipulator is sufficient to permit analysis of any portion of the 
working face of the sample.

Upon first introduction to the chamber, the sample surface is so 
coated with carbon and oxygen as to overwhelm the signatures of the 
materials of the alloy, and, more importantly, the sulfur presence on 
the surface which would block hydrogen diffusion into the surface.
The stronger titanium lines were the only non-contaminant signatures 
available. A representative spectrum is presented in Figure 13.

Heating of Sample

In order to remove carbon and oxygen contamination, the sample 
is heated by means of electron beam heating (Sample Holder, Chapter 
2). Heating to 9OOC is required to nearly eliminate the persistent 
carbon peak from the auger spectrum, permitting clear observation of 
the spectrum of the alloy itself. Unfortunately, at a temperature 
above approximately 700 C, the sulfur in the grain boundaries of the 
Beta 2IS migrates to the surface, and ensures that hydrogen will not 

diffuse into the bulk.9 This technique was used only after the first 

experiment to test the ERDA process on the sample.
After the first ERDA experiments on the sample. Auger 

spectroscopy was used repeatedly to determine the sulfur concentration 
on the surface by monitoring the relative intensity of the 130 eV line 
of sulfur (appearing very close to 150 eV in Figure 14). The use of 
the Auger analyzer permitted the determination that relatively little
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sputtering was sufficient to eliminate the presence of surface sulfur 
on the sample. Upon heating to over 700 C, the sulfur presence would 
return. Comparison with previous Auger analysis of native Beta 21S 
samples indicated that the heating and grinding process did succeed in 
reducing the surface concentration of sulfur. Heating the sample to 
over 800 C for several minutes brought about the presence of sulfur on 
the sample surface. In the course of these experiments, the electron 
beam heating was used to elevate the sample temperatures to as much as 
1000 C . The heating technique is used frequently to remove the 
contaminations that obscure the presence of surface sulfur.
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Figure 14. Auger spectra from Beta 21S. The upper spectrum indicates 
the effect of heating of the alloy to 900C. The carbon and oxygen 
peaks are reduced to nearly nothing, but the sulfur peak is very 
large. The lower spectrum depicts a sample surface with carbon and
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oxygen contamination that is not sufficiently great so as to obscure 
completely the sulfur presence near 150 eV.

Sputtering of Sample

The primary technique for ensuring the removal of surface sulfur 
is ion sputtering (Chapter 2, Ion Gun). The sputtering requires 
motion of the sample away from the CMA and a rotation to an angle that 
will permit the ion beam to strike the surface at a low angle. An 
angle of incidence amounting to a fifteen degree grazing angle was 
most commonly used. This provided nearly complete removal of the 
surface sulfur in only three hours at fractional microamp ion currents 
onto the sample at 2 kV accelerating potential. Chamber pressures on 
the order of one microTorr of argon were used for sample cleaning.
■This technique was applied prior to every series of ERDA experiments 
after the first trial.

ERDA Experiments

All experiments were performed on the same sample. The 
preparation of this sample is described above. The first experiment 
was run without baking the chamber. Chamber pressure was 700 
nanoTorr. The beam energy was set for approximately 1.63 MeVz the 
grazing angle was set to 16.5 degrees, and the sample was positioned 
to yield principal scattering angles of 28.5, 26.8, and 25 degrees, as 
described in Chapter 3. This spectrum is presented in Figure 14.
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Subsequent Auger analysis indicated that sulfur was absent on the 
surface of the sample during the first exposures. Carbon and oxygen 
were plentiful, but are not considered to be significant (Figure 14, 
lower spectrum) .

Reference Spectrum

To obtain a reference spectrum, the sample was placed into a 
position corresponding to the location that produced the highest 
yields in the calibration series performed on mylar. The location set 
provided a scattering location that varies as much as I mm from that 
of the mylar spectrum, a feature of the installation procedure used 
for the manipulator.

The reference spectrum is presented in Figure 15. All spectra 
obtained.in this sample condition had the form of a well-defined peak. 
In the spectrum of Figure 15, the sharp tip is an artifact of the 
smoothing process, but does accurately reflect the very thin 
distribution of hydrogen on the surface of the alloy. The usefulness 
of this particular example is that it sharply indicates the center of 
the distribution of counts from the surface of the alloy. In Chapter 
3, it was demonstrated that this peak is a superposition of three 
separate quasi-gaussian peaks from the subdivided detector. The 

algebraic smoothing process used to eliminate the approximate 10 count 
width of the noise envelope about this curve will respond to quasi

periodicity in the noise. The wavy nature of the curve retains the 
shape of the original spectrum, and in this case, serves to display 
the additional peaks from the subdivisions of the aperture.
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The yield equation from Chapter 3, Equation 5, is employed. As 
the distributions are almost entirely on the surface, it is not 
necessary to determine the depth scale and energy rate for the 
material to evaluate the peak. As the geometrical conditions are as

ENERGY [keV]

Figure 15. Reference spectrum from Beta 21S alloy, demonstrating the 
presence of surface hydrogen on the sample. The spectrum was obtained 
using a He ion beam of 5.75 *1013 particles per square centimeter per 
second at 1.72 MeV. The sharpness of the peak is an artifact of the 
smoothing process, but does reflect the presence of side peaks near 
450 and 360 keV. The width of the distribution indicates that this 
distribution is in a very thin film.

nearly identical to those of the calibration experiment as 
practicable, the calculation proceeds in the same manner, without the 
factor of channel width divided by energy rate. The peak area is 1752 
counts, counted over 195 channels. The deposited charge is 10 
microcoulombs, which equates to 6.242*IO13 ions, the sum of cross 
section area products is approximately 2.2*10"27 cm2, and the
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calibration factor at this energy is .1695. This yields a value of 
I.06*1013 protons per square centimeter, a fraction of a monolayer.

An unknown form factor must be applied for the response of the 
system to a single very thin layer. From the calibration experiments, 
the response of the system required half the response width to level 
off at the bulk value used in calibration. Because of this; we can 
postulate that at the experimental temperature near 30 C, the 
concentration of hydrogen on the sample at 700 nanoTorr (nTr) is on 
the order of IO13 atoms per square centimeter, perhaps five times this 
order, which still amounts to approximately 25 thousandths of a 
monolayer I This is reasonable, and is certainly provided by the 
experimental evidence.

Importance of Sample Position

A phenomenon discovered in this facility involves the effect of 
the ion beam impinging on the edge of the metal sample. Using the 
sample manipulator, it is possible to so place the sample that the 
beam section is divided by the edge of the sample. This edge is 
relatively sharp. If the sample is so placed, the ERDA spectrum will 
feature a large yield at low energies. The height and range of 
energies that constitute this high yield at low energies, the "low 
energy tail", appears to be dependent on the length of the chord of 
the beam section formed by the edge of the sample.

The general interpretation of such an anomalous count rate at 
low spectral energies is that elastically scattered He ions are 
reaching the detector through the aperture foil. The energetics of 
the 1.63 HeV He ions are such that, for an eight micron foil, the ions
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cannot reach the detector, as the extinction range is approximately 
six microns. The primary observation is that this phenomenon is a 
function of position. If the aperture foil were perforated, the 
phenomenon would be present for any sample position that would produce 
proton counts from forward scattering. From the knowledge of beam 
footprint location as a function of manipulator setting derived from 
the footprint images rendered in the mylar experiments, it was readily 
determined that the positions in which this effect had been observed 
did meet the criteria for beam impingement across the sample edge.

Given this evidence to support the integrity of the stopper 
foil, and the knowledge that the beam footprint is moved from the edge 
nearest the detector aperture (where the greatest yields are obtained 
due to the large scattering angles and the associated very large cross 
sections) toward the center of the sample by motion of the sample 
toward the CMA, an experiment was run to demonstrate the phenomenon. 
Given the kinetics of the forward scattering and energy loss 
processes, the phenomenon of the anomalous low energy "tails" is ,a 
result of placing the sample so that a portion of the scattered 
protons exit the sample bulk through a reduced path length after 
scattering. This reduced path length is permitted by the presence of 

the edge.
In an extensive sample, the footprint is entirely upon a uniform 

surface, and there is a one-to-one correspondence between a particular 
depth into the sample surface and the associated probe ion path length 
and also the length of the path that the scattered ion must traverse 
to reach the detector at a particular scattering angle. In the 
vicinity of the edge, this correspondence is violated by the thinness 
of the material at the edge. A rough sketch of this concept is 
included in Figure I, wherein the probe beam is depicted striking near
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the edge of the sample. Under this circumstance, some scattered 
protons may reach the detector through.an open face. For a certain 
region, energetic He ions may forward scatter protons that are not 
retarded by losses along a uniform exit path length.

A representation of the effect is provided in Figure 14. Three 
spectra are included. The position of the beam footprint on the 
sample is different for each spectrum. The fact that the "tail" 
present on the upper spectrum disappears as the sample is moved toward 
the CMA demonstrates that elastic scattering of He is not part of the 
phenomenon. As the sample is moved toward the CMA, the incident beam 
intersects the surface closer to the center of the sample. These 
spectra serve to demonstrate that the "tail" is not a result of 
perforations of the aperture stopping foil.

Hydrogen Uptake by Beta 21S Alloy

In demonstration of the use of the facility for the intended 
studies of hydrogen inclusion in titanium alloys, a preliminary study 
was undertaken of the performance of the material in several 
conditions of hydrogen atmosphere and elevated temperatures. In the 
process of these studies, several interesting features of the 
experiments were revealed. All experiments were performed on the same 
sample of Beta 21S, the preparation of which is described above. All 
spectra were obtained with a helium ion beam with energy of 1.72 MeV 

at 16.5 degrees grazing angle of incidence.
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Figure 16. Spectra obtained from Beta 21S at 1.63 MeV, 16.5 degrees 
grazing incidence. The spectrum with the highest peak at the low 
energy end is obtained with the sample at minimal engagement with the 
beam, at the edge nearest the detector (X = 2). The spectrum with 
next lower "tail" is obtained with the beam footprint shifted 
approximately 6 mm onto the sample surface (X = 4). The lowest 
spectrum (X = 5)is obtained by an additional I mm adjustment of the 
sample holder toward the CMA. This results in a shift of the 
footprint toward the center of the sample by approximately 3 mm, and 
results in nearly all of the beam scattering directly from the sample 
face. The motion of the high energy edge of the spectral salient or 
peak is indicative of the decrease in the proportion of high 
scattering angle particles and the higher KF for smaller scattering 
angles.

Low Temperature Experiments Additional experiments were 
performed on this sample to discover the early effects of heat cycling 
on the alloy in various hydrogen environments. Early experiments were 
limited to temperatures under 500 C in the cleaning and exposure 
process because of the effect of sulfur migration that is serious 

above 600 C . Little effect was observed under low temperature
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exposures. After extensive baking of the chamber and sample, and 
heating and sputtering the sample to remove surface contaminants and 
reduce again sulfur to a very low value (determined by Auger 
spectroscopic monitoring of the surface), a bulk concentration of 
hydrogen was observed that appeared to be lower than the surface 
concentration measured before baking.

Exposures of the sample at room temperature to hydrogen in the 
microTorr range for intervals resulting in approximately 10 Langmuir 
(10 L, one Langmuir is one microTorr second of exposure) exposures had 
no noticeable effect. Heating the sample to 300 C prior to and during 
exposures produced spectra similar to that in the upper curve of 
Figure 16. This indicates that the ambient hydrogen was mobile into 
the bulk at temperatures above 300 C . An additional spectrum 
indicates the effect of a larger exposure to hydrogen after several 
heatings of the sample in an ultrahigh vacuum prior to exposing the 
sample to hydrogen at I microTorr. Apparently, the hydrogen 
previously in the bulk has outgassed and has not been replaced by the 
exposure.

High temperature Experiments. After this spectrum was obtained, 
the sample was subjected to several more heating cycles at ultrahigh 
vacuum prior to exposing to hydrogen. The strongest heating to 700C 
in ultrahigh vacuum prior to exposing to hydrogen at 2 microTorr for a 
total exposure of 1800 L, resulted in an extremely hydrogen-poor 
spectrum. Auger analysis of the surface indicated a large presence of 
sulfur (similar to the upper spectrum of Figure 14). The hydrogen 
present in the sample had apparently outgassed and migration of sulfur 

had caused a sufficient coating to block reabsorption, even at 700C.9
t
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The sample was then sputtered until Auger analysis indicated 
that the sulfur presence was very low. The sample was then repeatedly 
heated to 3OOC with hydrogen pressures above I microTorr without 
sensible presence of hydrogen revealed in the bulk. The lowest yield 
spectrum in Figure 16 indicates the result of exposing the sample to 
six microTorr of hydrogen at 400 C, amounting to an exposure of 1800L. 
This resulted in an increase in the bulk concentration of hydrogen, 
but, as demonstrated by the spectrum, there was very little absorbed.
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Figure 17. Hydrogen profiles in Beta 21S alloy obtained by ERDA 
analysis. The sample has been exposed to numerous heating cycles at 
nanoTorr pressures and then exposed to hydrogen at microTorr pressures 
and elevated temperatures. The lowest yield spectrum is the result of 
heating the sample above 700C, causing sulfur to collect on the 
surface during exfusion of the bulk hydrogen. Considerable sputtering 
and additional hydrogen exposure at 400C was required to introduce a 
measurable quantity. This lowest spectrum required 1.5 milliCoulomb 
of ion beam exposure, fully three times that of the top spectrum.
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CHAPTER 5 

CONCLUSIONS

The goal of this work was to complete the construction of the 
facility for the study of hydrogen inclusion in alloys. This 
completion included determining the constants of the equipment, as 
constructed, that would permit a ready analysis of spectra obtained in 
the future from samples of choice. Certain questions were posed 
pertaining to the use of approximations in analysis. The final test, 
for this work, was to apply the equipment and the techniques developed 
to a sample of titanium alloy that is a topic of continued study at 
other facilities, and has been studied at this institution in the 

past.

Analysis Methods

Stopping Function Calculations

Previous methods of determining the energy of the ions at 
different points along their paths through materials under study 
utilized a method of interpolating directly between entries in 
tabulated laboratory data available from references. Numerical 
experiments with this method, using smaller subdivisions indicated a 
persistent overshoot in the calculated ranges of the particles with 
selected energies. Another method was attempted that involved using
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smaller interpolation steps, with weighting values assigned to the 
enclosing tabulated values, to approximate the known non-linear 
character of the stopping power. Significant improvement was 
obtained, but the method was not general, and the labor involved in 
generating the subtables was prohibitive, as it required the direct 
attention of the operator for each material studied. The final method 
utilized the original tabulated data from the [Ion Beams Handbook] and 
applied polynomial fitting methods to the array of data points. This 
method proved very satisfactory. The functions obtained for the 
calibrating experiments are included, below. The essential 
observation is that the very strong stopping powers that the materials 
exert upon the He ion require higher order fitting functions. The 
functions utilized for fitting utilized the local energy of the 
particle for the argument, and returned the local stopping power for 
that ion at that energy in the medium. The form of the names selected 
for each fitted function is prefixed with Se, for stopping power, the 
chemical symbol for the ion species, and either the chemical symbol 
for the stopping medium, or, in the case of mylar, the name of the 
material.

SeHMylar[x] is defined on x element of [ .10, 3.0 ] MeV 
SeHMylar[x] := 13.0164 - 1.00607/xA2 + 16.2337/x +

6.63291 x - 0.78936 xA2 - 14.1069 Log[x]
[keV/micron]

SeHAl[x] is defined on x element of [ .10, 3.0 ] MeV 
SeHAl[x] := 34.7436 - 0.175724/xA2 + 2.43343/x +

10.5822 x - 0.68472 xA2 - 35.0236 Log[x]
[keV/micron]

SeHeMylar[x_] is defined on x element of [ .5, 3 ] MeV 
SeHeMylaf [x_] := 1695.26 + 29.9457/xA4 - 327.82.6/xA3 + 

1733.88/xA2 - 6753.16/x + 4661.21 x -
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859.875 xA2 + 115.758 xA3 - 7.39284 xA4 - 
7493.17 Log[x] [keV/micron]

SeHeAl[x] is defined on x element of [ . 5 , 3 ]  MeV 
SeHeAl[x] := -282.822 - 21.3585/xA4 + 244.0/xA3

1309.25/xA2 + 5061.42/x - 4063.62 x + 
794.723 xA2 - 109.95 xA3 + 7.05958 xA4 + 
5814.28 Log[x] [keV/micron]

Depth Scaling of Energies

Due to the nonlinear character of the stopping power as a 
function of particle energy, the determination of the energy of the 
ion at different points along a given path through a given material 
from a given starting energy is not done by simple linear means. The 
slab analysis method will work, but, as noted above, results in 
significant overshoots. Depending on the slab thickness chosen, the 
values calculated can be high by fifty percent. The slab analysis 
method also renders the determination of the particle parameters along 
the path, that is, straggling variance and energy transmitted in a 
collision to be quite uncertain. Viewing that too linear an 
interpolation of stopping power tables readily gives a range one 
hundred percent too large, the energy scale of a spectrum can be 
severely compromised. For this work, an iterative routine was used to 
determine the energy of the particle at each point along a path.

The method chosen was described in detail in Chapter 3.
Briefly, the method demonstrated, by numerical experiment, that the 
iterative approach renders very close approximation to the range 
tables for the stopping powers tabulated. The iterative method was of 
great importance in the determination of the characteristics of the 
scattered proton, especially, as the kinematic factor of forward 
scattering does not exceed .56 in these experiments. This, coupled
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with limited incident He ion energy available for the experiment, 
renders this low-energy, highly non-linear range of stopping powers 
and energies of essential interest.

• Using this method, automated means, given the appropriate 
stopping power functions and initial conditions, returned tables of 
energies for each particle along its path through the material. This 
permitted a direct approach, simulating the physics of the ERDA 

sampling process. These simulations were applied to the physical 
process of probe ion, scattering, exit from the material, and passage 
through the stopper foil. This permitted the accurate determination 
of the detected proton energies for the chosen scattering depths. The 
more customary slab analysis approach, in the case of the calibration 
experiment presented in Chapter 3, resulted in the calculation of the 
proton energy resulting from a surface scattering event as 430 keV, 
whereas the iterative method produced (three) values of 347, 306, and 
265 for the known scattering angles of greatest effect at the 
detector. The spectrum itself indicates the high energy salient at 
approximately 330 keV.

Scattering Angles

Using the beam markings on the mylar calibration samples, it was 
possible to accurately determine the position of the beam in the 
chamber, and further, the position of the scattering point within the 
chamber. The geometry of the apparatus was rendered into a chamber 
coordinate system. The y axis of the chamber runs approximately 
parallel to the beam axis. The beam is at approximately an angle of 
.5 included degrees from this axis, proceeding from its intercept with 
the y axis at the chamber aperture to a point below the axis and
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closer to the cylindrical mirror analyzer. Using this coordinate 
system, vector calculations were used to accurately determine the 
ranges of the scattering angles sampled by the detector aperture from 
each coordinate setting of the three axis sample manipulator. The 
maximal range of scattering angles tested in the experiments was from 
twenty to■thirty degrees.

Spectral Analysis

Effect of Large Aperture

It was determined that each experiment could be accurately 
calculated from three scattering angles only. And, it was determined 
that the large aperture could be subdivided for these angles and 
treated as three separated detectors. Applied to analysis near the 
surface, the approximation of the entire proton scattering flux into 
the angle to the center of the aperture from the beam center is an 
adequate interpretation, except that it will not explain the amount of 
yield in the spectra at energies higher than this value. This 
approximation method renders a resolution that is therefore in error 
for variations in hydrogen concentration that change considerably over 
depth ranges of five hundred angstroms or less.

The consideration of three separate detectors providing spectra, 
shifted along the energy axis for the same depth of scattering, 
permits a closer analysis of the spectra. For the experiments 
performed, each of these separate contributions at each energy channel 
is a distribution roughly 40 keV wide, whereas the single lumped 
contribution of the aperture is on the order of 150 keV wide. The
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individual aperture element's distributions overlap, producing the 
"flat-topped" character of the spectrum in the vicinity of the 
surface, from which scattered protons at the corresponding angles 
suffer only the effects of the stopper foil, added to the previous- 
acquired straggling variance components.

Effect of Straggling

Protons exit the surface with a Bohr energy variance on the 
order of 80 keV2. The components of this variance for the path of the 
He ion were calculated using correction factors for the variance 
formula that were energy dependent. The proton paths did not require 
these factors for the media traversed. In the range of possible 
application to analysis, the probe ion energy variance was on the 
order of I keV2, which causes protons to be scattered into the selected 
angles with a range of initial kinetic energies and cross sections 
that are on the order of the detector resolution. The stopper foil 
contributes approximately 360 keV2 variance to all detected proton 
energies, which dominates previous effects, doubling the "line width" 
for each subaperture.

Inspection of Spectra

It is possible, being aware of the effects of the large 
aperture, to interpret a spectrum made on this system by eye, to the 
extent that spectra obtained from positions nearer the detector 
aperture have a higher yield for incident beam dose than those further 
away. In addition, the samples from positions more distant have a net
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scattering angle that is smaller, causing the energy of the spectrum 
to be shifted higher and permitting deeper probe depths to be 
analyzed. The spectra made nearer the aperture, will have, for a 
constant concentration profile, a steeper slope from the high energy 
edge of the salient toward low energy. This is caused by the 
decreased contribution of the widely scattered protons, due to their 
lower scattering energy and the rapid extinction of this flux in the 

medium.
A feature that occurred in all calibration spectra is that the 

relatively flat top of the spectrum in the energy region corresponding 
to the surface responses of the three detector areas is about 150 keV 
wide. That is, at about 150 keV below the high-energy edge of the 
salient, the spectrum demonstrates a small but noticeable change in 
slope toward lower yields at the energies lower than this. This is 
not visible in the raw spectra, but the spectra smoothed with the 
recursive 15 channel smoothing algorithm of this study show it 
clearly. As this smoothing routine has been tested to ensure that it 
not only very closely retains the spectrum area but also very closely 
follows the center of the noise envelope of the spectra so prepared, 
it is concluded that this feature is a definite indication that the 
edge of the hydrogen concentration on or in the sample begins at this 

point of the spectrum.

Spectral Yield

For the small-sized aperture that is possible on more energetic 
beam lines that will still yield a useful spectrum height in a short 
time, the customary scattering angle approximation that uses only the
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aperture center for a scattering angle•is appropriate. On this 
system, this approximation will also produce a yield value that is 
comparable to the more complicated determination presented at the end 
of Chapter 3, but it lacks the capacity to explain the shapes of the 
spectra obtained and consistently renders a calculated edge energy 
that is too low, even with closely calculated energy shifts caused by 
the aperture foil. This method also does not explain the flat-top of 
the spectra obtained in the vicinity of the surface of the mylar. The 
interpretation that must be obtained from such an analysis is that the 
mylar does not have a constant hydrogen profile. The possibility that 
the mylar is degraded by the irradiation and would so give erroneous 
values was tested and proven to be not the case.

For this system, the most accurate interpretation of spectra 
obtained will derive from the use of the expanded yield equation.
Each of the areas of the aperture will produce a spectrum according to 
its own energy and cross section characteristics dictated by the 
physics of the collision and stopping power. The spectrum obtained 
from the instrument is a superposition of these three contributions. 
Each spectrum will be under certain constraints, most importantly.that 
the aperture area at the widest angle from the beam axis will reach 
its low energy cutoff at shallower depths than the other areas. The 
values of the new factors introduced into the double sum of the yield 
equation are functions to represent the energy envelope associated 
with the yield produced from each aperture at each channel. This 
study only provided a knowledge of the existence of the effect, and 
that it relates to the shape of the response of the system to a single 
probe ion energy that has been widened by straggling effects. The 
characteristics of the spectrum indicate that it is related to the 
width of the system response to a single energy. All spectra are



87

composed of three of these response "lines", always very closely 
associated and producing, by the overlap of the wings of their 
distributions, the non-gaussian distribution of particle counts that 
results from each layer of hydrogen in the sample profile.

Effect of Large Probe Beam Diameter

By the analysis of the beam into nine pencils, and the analysis 
of the maximum scattering angle envelopes for each point along the 
beam axis at locations on the very edge of the beam the effect of the 
finite beam size on our results is completely overshadowed by those of 
the larger aperture and' the limited resolution permitted by the low 
probe energies to which the system is restricted. In even meticulous 
analysis of the beam, it is accurate to use the cross section solid 
angle product for the central axis of the beam as the average for that 
of all nine pencils into each particular scattering angle on the 
detector aperture.

Calibration

The spectrum detailed for the calibration in Chapter 3 was one 
of many. It was selected for the calculation because it was made at 
the location on the sample manipulator that produces the highest yield 
spectrum from titanium alloys already tested on the system. These 
metal samples do not contain the quantity of hydrogen that mylar does, 
and a spectrum of even twenty counts peak height often requires 
collecting for half an hour or more, whereas the mylar spectra 
obtained peaked at seventy counts in thirty seconds, even though the
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beam currents on the mylar were maintained below fifty nanoamperes.
The titanium samples were exposed at nearly one microamp, indicating 
the relative poverty of hydrogen in the samples tested. It was, 
therefore; essential to provide a reliable calculation of the 
calibration constant for the equipment that will apply to that 
scattering location from which the "richest" undistorted spectra are 
obtained from the metal alloys.

Using the method of taking the area of the spectrum across the 
width of the distribution contributed by all three aperture areas at 
the mylar surface, the chamber calibrates to a function of energy that 
is applied to the left hand side of the yield equation (Equation 6). 
This calibrating function is presented in Equation 9.

The spectra obtained from ERDA experiments are then analyzed 
either on an average basis, by multiplying the right hand side of the 
yield equation by the number of channels over which the counts are 
collected for the calculation, or in individual channels. For 
conversion of spectral counts versus energy data to concentration 
versus depth, the individual channel is analyzed and the cross section 
solid angle product and the local energy rate is used, along with the 
calibrating function calculated for the channel, to return a value for 
the local hydrogen concentration at the depth corresponding to the 
energy of the channel. This depth is calculated by means of the 
stopping power functions for the probe ion and the scattered proton in 
the target (sample) material, and the stopping function for protons in 
the aluminum stopper foil. The results of these computations will 
resemble the spectra of Figure 16. The local concentrations are 
rendered in protons per square centimeter per micron for bulk 
calculation. Surface concentrations are calculated by the means
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described in Chapter 4, and render surface concentrations in protons 
per square centimeter.

The system is npw ready to perform detailed analysis. Better 
resolution of varying concentrations is possible with the use of the 
expanded yield equation (Equation 6). Using the center scattering 
angle and the entire aperture to calculate the cross section solid 
angle product does not, with previously expressed caveats, prevent 
accurate interpretation of the spectrum.
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