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ABSTRACT 

The use of 1SN analysis ion beams as a probing beam can 

provide a powerful and non-destructive technique for detection 

of hydrogen in the near surface region of materials. The 

strong, isolated resonance at 6.385 MeV in the 1H eSN, el"() 12C 

nuclear reaction induces a ,,(-ray yield which is proportional 

to the hydrogen content of the material at the depth where the 

nuclear reaction occurs. The 1H depth profiling using this 

nuclear reaction resonance is done by increasing the energy of 

the 1SN analysis ion beam from 6.385 MeV in steps of several 

KeV. The measured induced 4.43 MeV ,,(-rays from this nuclear 

reaction are representative of the hydrogen presence in the 

material at the depth where the ion beam has the resonance 

energy. Hydrogen depth profiling using this reaction is done 

in the energy range of 6 to 10 MeV. 

The measur.ed ,,(-ray yield of a standard sample, with a 

well known amount of hydrogen, and the measured ,,(-ray yield of 

the "unknown sample" and its non-hydrogen stoichiometry are 

used to determine the H atomic fraction of the "unknown 

sample". The non-hydrogen stoichiometry of the "unknown 

sample" is frequently obtained by Rutherford backscattering 

spectrometry (RBS). 

A Penning ion source assembly was installed in the 5.5 

MeV Van de Graaff (VDG) accelerator to provide 1SN++ analysis 
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beams for hydrogen depth profiling. The penning ion source 

assembly was tested with 60 Hz and 400 Hz power supplies in , 

order to determine the best voltage settings of the power 

supplies for obtaining the optimum beam currents for 15N++, 4He+ 

and 4He++ analysis beams. The testing was accomplished before 

the Penning ion source assembly was installed in the VDG 

accelerator. 

Investigation for suitability as a standard was carried 

out on several hydrogenated samples. Several thin film 

samples, such as Si:H, W03 and HiTc were also hydrogen depth 

profiled in order to determine the hydrogen atomic fraction 

present in the films, uniformity of the hydrogen distribution 

throughout the films and the stability of hydrogen in the 

films under 15N ion beam bombardment. 

A multilayer film of hydrogenated si and Si02 was also 

hydrogen depth profiled. The results show that the hydrogen 

incorporated in either si or Si02 layers is extremely stable. 

The hydrogen depth profiling of this multilayer also shows 

that hydrogen depth profiling with the 6.385 MeV resonance in 

the 1H ( 15N , (1.y) 12C nuclear reaction can have a good depth 

resolution of 700 A at depth of 1.7 ~m. 
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In the last two decades ion beam analysis has shown a 

great potential in analysis of thin film materials that are 

used extensively in industries and research institutes (Am 71, 

La 84). Powerful and non-destructive methods such as 

Rutherford backscattering spectrometry (RBS) have been used 

in determination of the stoichiometry, thickness, and 

impurities in thin film materials. As any other method, RBS 

has its own limitations. For example, RBS is insensitive to 1H 

because ions with mass equal to or less than that of 4He do 

not backscatter 4He nuclei. sometimes even elements with 

masses heavier than the analysis beam cannot be detected 

because the signals due to these elements are overlapped by 

the substrate signal or the signal from other elements present 

in the sample. There are other ion beam analysis methods that 

can be used in cases where conventional RBS cannot determine 

impurities and stoichiometry of thin film materials. The use 

of nuclear reaction analysis (NRA) and elastic recoil 

detection (ERD) are alternative options to RBS for the 

detection of light elements in sample materials. 

With todays rapid developments in science and technology, 

it is essential to be able to detect any element present in a 

material. The knowledge of a material's stoichiometry, along 
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wi th its physical and chemical properties have become of great 

importance in the development of advanced technology. 

Impurities in materials, such as hydrogen, oxygen, etc .• , can 

cause drastic alternations in electrical and optical 

properties of materials (Ja 88, Pe 89). 

Hydrogen, being one of the most abundant elements in the 

universe, can penetrate almost any material at or above room 

temperature (Pe 89). Many characteristics of a material can be 

altered or affected by the presence of hydrogen. For example, 

it has been shown that the presence of hydrogen, as a common 

consti tuent of many semiconductor regents, has a drastic 

influence on the electrical and optical properties of 

amorphous silicon (a-Si) (Je 80, Ts 88) • Hydrogen 

contamination on the surface of bottles containing ultra cold 

neutrons causes serious problems (La 81). Also the presence of 

hydrogen in steel is known to be responsible for steel 

embrittlement (Be 74). 

studying the presence of hydrogen in materials and its 

influence on physical and chemical properties has attracted 

the attention of many scientists (Zi 78). It has only been in 

the past few decades that different techniques have been 

employed by scientists to detect hydrogen in materials and to 

study its effect on a materials physical and chemical 

properties. 
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Many questions yet remain to be answered concerning the 

presence of hydrogen in materials. The main questions are: is 

there any way to prevent hydrogen from penetrating inside the 

materials and can hydrogen destroy or improve the physical and 

chemical properties of a specific material ? (Pe 86). 

Therefore, we need to improve our techniques for the detection 

of hydrogen and to study the effects of its presence in the 

materials. 

Difficulties associated with the detection of hydrogen 

by customary techniques are largely due to its low mass, low 

Z and its ever presence as a contamination. Backscattering and 

neutron activation do not work because of its low mass. Also 

X-ray and Auger emissions do not work because of its low Z. 

Different methods have been employed to detect hydrogen 

in solid materials. In the past, scientists have measured 

hydrogen in materials by analyzing the evolved gas that 

resulted from heating and crystallization of the film in a 

chamber (Fr 79). This way, they have been able to estimate the 

amount of hydrogen present in materials. Of course there are 

problems associated with this technique that make it 

unreliable. Some of these problems are; 1) measured hydrogen 

gas may also come from the chamber walls and other 

interconnected equipment, 2) not all of the hydrogen in the 

materials may diffuse out and in some cases hydrogen may 

diffuse back into the materials. 
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There are different new methods for the detection and 

depth profiling of hydrogen (Zi 78). Hydrogen depth profiling 

can be done by elastic recoil detection (ERD), nuclear 

reaction analysis (NRA) and in certain cases by secondary ion 

mass spectrometry (SIMS) and infrared radiation (IR) 

spectroscopy. The first two of these methods, namely ERD and 

NRA, are nondestructive. The SIMS method is based on removing 

ion species from the sample surface for the analysis and 

consequently destroying the samples surface. In addition, SIMS 

depends on standard samples with the assumption that the 

sputtering and ionization of these standards are the same as 

those for the "unknown samples" (Ma 81). IR spectrometry is 

also not well understood and there are occasions where 

hydrogen may be "invisible" to IR absorption (Br 80). 

We focus our attention solely on NRA techniques for the 

detection of light elements, and in particular to the 

detection of hydrogen. The most common nuclear reactions used 

for the detection of hydrogen are 1H (15N, ay) 12C at a resonance 

energy of 6.385 MeV and 1H(19p,ay) 160 at resonance energies of 

16.44 MeV and 6.46 MeV (Um 87, Si 86). In the past, other 

nuclear reactions, such as 1H(7Li,ay)4He and 1H (11B,aa)4He , have 

been used to detect 1H (Zi 78). These reactions result in poor 

range and depth resolution compared to that obtained with 19p 

and 15N beams. 
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A nuclear resonance reaction was used for the first time 

by D. A. Leich and T. A. Tombrello (Le 73) for the detection 

of hydrogen using 19F analysis beams at the resonance energy 

of 16.44 MeV. They also suggested the use of 1sN ion beams for 

hydrogen depth profiling and indicated a significant depth and 

range resolution improvement over 19F ion beams. Then in 1976, 

w. A. Lanford et ale used 1SN analysis beams for the first time 

for the detection of hydrogen in sample materials (La 76). 

A few authors (Cl 78, Ru 84, Tr 86, Xi 87) have compared 

the two resonance reactions, namely 1H (1SN , a:y) 12C and 

1H (19F, ay) 160 , for hydrogen depth profiling. There are 

advantages in using 1sN analysis beams over 19F for hydrogen 

depth profiling. The biggest advantage in using 1SN beams is 

that the resonance width of the 1sN resonance reaction at 6.385 

MeV is about 25 times narrower than the resonance width of the 

19F resonance reaction at 6.46 MeV. Another advantage is that 

the cross section of the 1SN resonance reaction is about 19 

times larger than the cross section of the 6.46 MeV 19F 

resonance reaction. The disadvantage of the large width (44 

KeV) 19F resonance reaction is not so much the bad depth 

resolution, but the Lorentzian tail of the resonance 

contributes to the background from ever present hydrocarbon 

surface contamination. Higher energy resonances also may be 

used for either ion beam (i.e. 13.35 MeV for 1sN and 16.44 MeV 

for 19F ion beams). Of course, these energies are restricted 
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by the accelerator and there are no real advantages in using 

higher energy resonance reactions. The only advantage in using 

higher resonance reactions would be in reducing the required 

time for data collection if the resonance has a large y-ray 

yield (i. e 19F resonance at 16.44 MeV). As far as depth 

resolution is concerned (Xi 87), the 15N resonance reaction at 

6.385 MeV is superior to the 19F resonance reactions at both 

6.46 MeV and 16.44 MeV, even though 19F resonance at 16.44 MeV 

has much higher y-ray yield than 15N resonance at 6.385 MeV. 

1.1 History of the resonance width measurement 

since the 1930's, pioneers in experimental low-energy 

nuclear physics (Be 39) have used different ion beams to 

bombard thin target materials with well-known composition in 

order to study the induced nuclear reactions. In the early 

1960's, Amsel and Samuel (Am 62) used the inverse process to 

determine the concentration of the elements in thin target 

materials. This was done by employing a well-known nuclear 

reaction, which can be induced by an element in a material and 

the chosen incident ion beam. 

Historically, the 15N (p, ay) 12C nuclear reaction was 

suggested by Bethe (Be 39) as one of the links in the nuclear 

carbon cycle processes, existing in the stars. In 1952, 

Schardt, Fowler and Lauritsen (Sc 52) measured the resonance 

reactions at 0.429, 0.898 and 1.210 MeV using proton beams on 
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an enriched 1sN target. They reported the measurement of the 

resonance cross section at 0.429 MeV to be 300 mb with FWHM of 

0.9 KeV. This resonance (0.429 MeV) has an inverse resonance 

reaction at 6.385 MeV in the 1H (1SN, ay) 12C nuclear reaction 

which is used for 1H depth profiling. In 1977 F. Ajzenberg

selove (Aj 77) reported the cross section width for the 

1sN(p,ay)12c to be 0.9 KeV. But in 1978, W.A. Lanford and J.P. 

Thomas et ale independently measured the width of this 

resonance to be 0.4 KeV (La 78, Th 78). Three years later P.H. 

La Marche measured the width to be 0.3 ± 0.1 KeV (La 81a). 

Finally in 1983, B. Maurel and G. Amsel measurement reported 

the smallest width for the 0.429 MeV resonance in the 

1SN(p,ay) 12C nuclear reaction ever measured, which is 0.12 ± 

0.03 KeV (Ma 83c). The result of the cross section width (r) 

measurements by Maurel and Amsel was confirmed by the 

measurement of the inverse nuclear reaction cross section 

width in the same year by H. Damjantschitsch, et.al. which is 

r 1s
N= 1.8 KeV (Da 83). In 1988, K.M. Horn and W.A. Lanford 

measured the on-resonance cross section for 1H ( 1sN , ay) 12C 

reaction to be 1.56 b at resonance energy of 6.385 MeV. 

1.2 Objective of the experiment 

The purpose of this research was to obtain 1sN++ analysis 

beams so we could hydrogen depth profile thin film materials 

using the energy range of 6-10 MeV. The reason for obtaining 
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doubly ionized 15N ion beams was based on the fact that the Van 

de Graaff accelerator (at the Physics department) has a 

maximum terminal voltage of about 6 MV. Since the rf ion 

source did not supply sufficient doubly ionized 15N analysis 

beams, it was replaced with a Penning ion source assembly 

(chapter 2). The Penning ion source assembly consists of a 

cold cathode Penning ion source, an Einzel lens and a crossed 

field analyzer. All three parts of the Penning ion source 

assembly were tested in order to obtain maximum beam current 

for 15N++, 4He+ and 4He++ analysis beams. The investigation of 

the Penning ion source assembly was done on a test bench with 

60 Hz and 400 Hz power supplies prior to installation in the 

VDG accelerator. The results of these investigation were used 

to operate the Penning ion source assembly while the Penning 

source assembly was in place inside the VDG accelerator. 

The 15N++ analysis beam was used to hydrogen depth profile 

thin solid film materials. The method of hydrogen depth 

profiling and calculation of hydrogen atomic concentration (by 

using a standard sample) is explained in depth in chapter 3. 

Samples were hydrogen depth profiled mainly for the 

determination of the hydrogen concentration. However, the 

hydrogen depth profiling also revealed information about the 

uniformity and the stability of hydrogen in the films. 

A few samples, such as Kapton, Mylar and TiH2 , were 

investigated for use as standards. For this reason, these 
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samples were hydrogen depth profiled to measure their hydrogen 

content, hydrogen uniformity and hydrogen stability under 15N++ 

analysis beam bombardment (chapter 5). A few hydrogenated Si 

samples, a w03 thin film, a HiTc superconductor thin film and 

a multilayer hydrogenated si and SiOz film were also hydrogen 

depth profiled. 
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CHAPTER II 

THE PENNING ION SOURCE 

A diagram of the principal equipment housed in the Ion 

Beam Analysis Facility a~ the University of Arizona is shown 

in figure (2.1). The accelerator is a vertical, single ended 

5.5 MV Van de Graaff (VDG, High Voltage Engineering 

Corporation, Model eN); it commenced operation in 1967. Ions 

are produced in the ion source, accelerated down the VDG 

column, and deflected through 90° by the bending magnet 

(Spectromagnetics, with a 2.3 m radius beam path and a 

magnetic rigidity of ME/Z2=600 MeV.amu). The ion beam passes 

through the energy-control slits, is collimated (collimators 

not shown) and allowed to impinge on the sample to be 

analyzed. 

Prior to December 1989, the VDG ion source was a simple 

rf source. Gas was allowed to flow into the source bottle 

where an rf discharge was maintained. Extracted ions were 

injected at the top of the VDG column without preselection of 

ion species; the desired analysis beam was selected with the 

bending magnet. During December 1989, the rf source was 

replaced with a Penning source assembly. The next section 

contains a description of some of the considerations that led 

to the source replacement as well as a qualitative 
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historical description of the various testing, assembly and 

installation procedures. The sections which follow contain 

quantitative information on the structure, testing and 

operation of the Penning source assembly and its components. 

Most test data is relegated to appendices; only a few 

important test results are given in this chapter. The chapter 

concludes with an assessment of the performance of the 

installed source assembly. 

2.1 Source replacement 

Recall that we wish to use 15N ions with energies in the 

6.3-10 MeV range to depth profile 1H in materials. since the 

maximum VDG terminal voltage is 5.5 MV, it is necessary to use 

15N++ ions for the analysis beams. These 15N++ beams must have 

current ~ 10 nA and beam diameters S 5 rom at-the-target for 

practical depth profiling. Further, the equipment that 

produces these 15N++ beams must also produce 4He+ beams with 

currents ~ 100 nA, beam diameters S 1 rom and collimation S 10-3 

radians at-the-target [for Rutherford Backscattering (RBS) and 

channeling measurements]. 

Of course, an attempt was made to extract usable 15N++ 

beams from the rf source (with 15N2 as the source gas). A 

simple nuclear reaction analysis (NRA) chamber with aNal y

detector, for detection of y-rays, [see figure (2.1)] was 

attached to a separate beam line (not shown). The bending 
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magnet was set for 6.4 MeV 15W+, the weak beam (.1 nA) was 

directed onto a (1H containing) Kapton (Dp 89) target and the 

y-ray counts observed. The result; the y-ray counts per unit 

charge deposited was not constant. Further, the beam was too 

small for useful depth profiling. The conclusion: the rf ion 

source was not a satisfactory source for 15N++ beams. 

A suggestion by K. Bethge (November, 1986) followed by a 

Ii terature search indicated that a Penning source is the 

preferred source for production of high-charge ion fraction 

(Be 72, Ba 74, Ba 81). Further, Penning sources had actually 

been used on CN Van de Graaffs to produce He+ and N++ beams (He 

75, Ar 75). The sole quoted N++ current value at-the-target was 

70 nA, but the beam diameter was not specified (Ar 75). 

Calculations using quoted (Ba 74, Ba 81) currents at-the

source of 16 ~A and 3000 ~A for N++ and He+, respectively, and 

measured normalized source emittance values .1 [7l"-cm-mrad

{MeV)1n] for these Penning sources (Ba 76, Ar 75), yielded 

calculated at-the-target currents of 13 nA and 600 nA for 8 

MeV N++ and 2 MeV He+, respectively. These calculated currents 

were for beams collimated by two 1 rom x 1 rom square holes 

placed 1 m apart and located just upstream from the target. 

Further, these calculations assumed no beam losses due to 

vignetting, aberrations, beam space charge, etc., during 

passage from source to collimating holes. These beam currents 

rJ!ere believed to be adequate and could be increased by opening 
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the collimator holes (the current increases as the square of 

the collimator hole area for small area). 

So interest in the source replacement project was 

solicited (from the current funding sources IBM-Tucson, 

optical Data Storage center and center for Thin Film Studies); 

all indicated interest in the depth profiling of 1H in 

materials. Two commercial versions of the Penning source were 

located. Both General Ionex and HVEC-Europa sold entire 

Penning source assemblies consisting of Penning ion source, 

extraction electrode, Einzel lens and E X B velocity selector. 

The assemblies were designed to preselect the ion beam of 

interest prior to injection of the beam into the VDG column 

and thus reduce the "loading" of the accelerator. IBM-Tucson 

offered to fund the Penning source and extraction electrode, 

but the other funding sources resisted. The decision to 

purchase the partial assembly was based on the belief that the 

partial assembly might work satisfactorily by itself; further, 

the IBM-Tucson funds might vanish during any delay. The 

General Ionex source was chosen because GI was an American 

company and it submitted the low bid. 

The Penning source and extraction electrode were 

delivered during May 1987. The source was similar to, but not 

identical to, those described in the literature. It was 

considered advisable to check operation of the source before 

installation in the Van de Graaff. A test chamber was built 
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for this purpose; the tests were done using 60 Hz power 

supplies (because 400 Hz supplies were not available at the 

time). These test results are described in the later section. 

While these tests were underway, another attempt was made 

to obtain a satisfactory 15N++ beam from the rf ion source. The 

NRA chamber was moved to the main beam line as shown in figure 

(2.1). Again, the weak beam (Ml nA) obtained for the magnet 

setting for 6.4 MeV 15N++ produced a non-constant v-ray 

counts/charge. The backscattering spectrum produced by 

directing this beam on a thin Ta target indicated that the 

maj ori ty of the beam was not 6.4 MeV 15N++ but instead 1.6 MeV 

15N+. When the magnet is set for 6.4 MeV 15N++ (VDG terminal 

vol tage = 3.2 MeV) , it will also pass 1.6 MeV 15N+ which 

presumably comes from break-up of 3.2 MeV 15N+ 2 in the region 

between the VDG and the bending magnet. The ratios of 

"straight-down" beams for 15N2+: 15N+: 15N++ are of the order of 

100: 10: 1, so most of the beam from the rf source is 15N2+. The 

VDG focus conditions for the three beams are different; so the 

15N++ fraction of the on-target beam varies wi th focus 

condition, and the v-ray counts/charge should not be constant. 

An attempt was made to eliminate this break-up problem by 

using 15NH3 instead of 15N2 as the source gas. Unfortunately, 

15N/ was still, by far I the largest beam emitted by the rf 

source; backscattering spectra showed the break-up problem was 

still present. Further, there was every reason to suspect that 
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the Penning source, used without preselection, would have the 

same problem, because the principal beam from the Penning 

source is also 15Nz + • 

The above information was used to secure additional 

funding from the optical Data storage center for the Einzel 

lens and advance funding from the center for Thin Films 

Studies for the velocity selector. These additional components 

(General Ionex) arrived in the January 1988. This piecemeal 

purchase of the separate components of a system has 

disadvantages. The manufacturer felt no responsibility for the 

overall operation of the system; the useful information 

provided with the equipment is meager; calls to the 

manufacturer provided little information and revealed only the 

manufacturer's ignorance concerning their own products. It was 

therefore necessary to do full scale testing to determine the 

best operating conditions for this particular Penning source 

assembly. 

The testing procedures and the results of these tests for 

each component of the Penning ion source are included in the 

appendices. An overview of the testing procedures during 

various period follows: 



Period Principal Activities 

6/87-2/88 • Adapt test vacuum chamber. 
• Hook up 60 Hz supplies, gas, meters, 

gauges etc. 
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• Bench test Penning source and extraction 
electrode. 

3/88-9/88 • Hook up more 60 Hz supplies, etc. 
• commence construction of VDG support 

platform. 
• Acquire 400 Hz supplies. 
• Bench test entire assembly at 60 Hz. 

9/88-12/88 • Hook up 400 Hz supplies, etc. 
• Finish construction of VDG support 

platform. 
• Bench test entire assembly at 400 Hz. 

12/88-1/89 • Install new support platform and Penning 
source assembly in VDG terminal. 

• Extract 4He+ and 15N++ from VDG • 

. ~ . 2 The ion source assembly 

The General Ionex Penning Ion Source Assembly consists of 

a cold cathode Penning ion source (Model 921) and extraction 

electrode followed, in order, by an Einzel lens (Model 2490) 

and a crossed field analyzer (Model 2550). Ions created in the 

low pressure cold cathode discharge in the source are 

extracted and directed through the lens which would focus all 

ion beams on the exit hole in the Ta plate down stream from 

the crossed field region. The purpose of the crossed field (E 

X B) analyzer is selection of a particular ion beam for 

passage through the exit hole and deflection of the remaining 

ion beams into a Ta plate. This preselected ion beam is the 
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only ion beam that is accelerated down the VDG. This 

preselection procedure has a number of benefits: the loading 

of the VDG charging circuit is reduced, the spreading of the 

ion beam due to space charge is reduced, the risk of burning 

a hole in the magnet envelope with a large unwanted beam is 

eliminated and the break-up problem discussed in the previous 

section is eliminated. 

The Penning source (with extraction electrode), the 

Einzel lens, and the crossed field analyzer were individually 

tested and then tested as a unit on the test bench with 60 Hz 

power supplies to determine the optimum operating conditions 

for production of 4He+, 4He++ and 14N++ beams. The system was 

tested as a unit with 400 Hz supplies prior to insertion in 

the VDG terminal. For these bench tests, 14Nz gas was used 

instead of 15Nz gas for economic reasons. 

Brief descriptions of the structure of each component, 

its principal of operation and testing procedures are given, 

Test results are summarized with detailed data given in the 

appendices. 

2.2.1 The Penning ion source 

The Penning ion source (or PIG source) design is based 

on the Penning ion gauge invented by F. M. Penning in 1937 (Pe 

37a, Pe 37b). A simplified cold cathode version of the 
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PIG source is shown in figure 2.2. The anticathode and the 

cathode are located near the top and the bottom of a 

cylindrical anode. The cathode and anticathode are at the same 

potential as the Penning ion source case. The solenoid magnet 

coil produces a magnetic field parallel to the axis of the 

anode. A dilute gas leaks through hole in the anticathode into 

the discharge chamber. If sufficient gas pressure is present 

in the chamber, cosmic rays or collisions will initiate the 

discharge (Br 89). 

The magnet current in the Penning ion source magnet 

winding was always set at 2.5 A. Magnet currents above 2.5 A 

are not recommended by the manufacturer when the magnet coil 

is air cooled (GI 87). The 8 ohm magnet coil dissipates 50 W 

of power at 2.5 A and has a magnetic field of 233 Gauss when 

the magnet coil is outside the ion source case. The magnetic 

flux is about 4 times larger due to magnetic flux return when 

the magnet coil is inserted into the soft iron of the ion 

source case (Wa 79). During the testing procedures the current 

applied to the magnet coil was checked periodically to make 

sure that it has not dropped due to the magnet coil warm up. 

2.2.1.1 Principles of operation of the Penning ion source 

When a potential of several kilovolts is applied between 

the anode and the cathodes, the gas ions are accelerated to 

the cathodes. The ions' impact on the cathodes results in 
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sputtering of materials and electron emission from both 

cathodes. A large fraction of the emi tted electrons are 

trapped between the cathode and the anticathode, axially by 

the electrostatic well and radially by the magnetic field. The 

trapped electrons oscillate between cathode and anticathode 

with a frequency which increases with increase in the applied 

potential between the anode and the cathode (Sm 59, Sm 67,Va 

62). Electrons also revolve about the magnetic field lines in 

the planes perpendicular to the axis of anode at the same 

time. Figure 2.3 illustrates the trajectory of the electrons, 

which are trapped by the magnetic field, in a plane 

perpendicular to the axis of ion source. The frequency of the 

oscillations depend on the value of applied electric and 

magnetic fields strength (Sm 59, Sm 67, Va 62). The helical 

trajectories of the electrons results in extremely long path 

lengths and consequently high ionization per electron. The 

primary beam of electrons ionizes the neutral gas atoms which 

enter the discharge chamber through the anticathode. The 

positive ions are accelerated to both cathodes and nearly half 

pass through the exit aperture in the cathode into the high

field extraction region. The calculation of electron and ions 

trajectories inside the Penning ion source chamber is 

extremely complicated and tedious. For detailed calculation 
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and the equations of trajectories, interested reader should 

refer to the references (Sm 59, Sm 67, Va 62). 

2.2.1.5 Summary of the investigation on the penning ion 
source 

Operating the ion source at high arc voltage (i.e., >2000 

V in case of 4He gas) increases the arc current (>10 rnA) and 

consequently increases the beam current (>500 ~A). However, 

there is a disadvantage in operating the ion source at a very 

high arc current (.20 rnA). Operation of the ion source at high 

arc currents wears away the cathodes and reduces the ion 

source lifetime. Monatomic gases, such as 4He, can produce 

enough electrons with a single impact to sustain the discharge 

at low arc voltages (S2000 V) and low arc currents (S10 rnA). 

In case of diatomic gases, energy for both dissociation and 

ionization is required. It was shown that for 14N2 gas an 

increase in beam current is achievable by reducing the gas 

pressure rather than increasing the arc voltage. Table (2.1) 

summaries the results of the investigation for the best 

voltage and pressure settings in order to obtain an optimum 

beam current for each gas. In the following sections, we will 

see that the total beams obtained in this section are composed 

of different ions with different charge to mass ratios. 



Table (2.1) 

GAS 
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Best arc & extraction voltage and pressure 
range settings for operation of Penning ion 
source for 14Nz and 4He gases with 60 Hz set 
up. 

PRESSURE 
(10-6 torr) 

1.0-4.0 

3.0-7.0 

ARC VOLTAGE 
(KV) 

1.7-1.9 

1.7-1.9 

EXTRACTION VOLTAGE 
(KV) 

8.0-10.0 

9.0-13.0 

It is my conclusion that a stable and efficient 

discharge can only be obtained when all three parameters, 

namely magnetic field, arc voltage and the pressure, are 

adjusted. Even though I did not investigate the response of 

the discharge as a function of magnetic field variation, there 

has been occasions that a small increase in magnetic current 

(above 2.5 A) has initiated the discharge or has stabilized 

the beam current. In my experience, the most effective 

parameter in initiation of a discharge is the arc voltage. A 

small variation in the arc voltage from the recommended 

settings in table (I), can start and maintain a discharge. 

variation in gas pressure can also start a discharge but it 

will not be recommended because an increase in gas pressure 

will reduce the potential difference between the anode and the 

cathodes and therefore further adjustment will be required in 

order to maintain and stabilize the discharge. 
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2.2.2 Einzel lens 

An Einzel lens is an axially symmetric electrostatic lens 

which consists of three cylinders (electrodes) aligned 

axially. The Einzel lenses are used to focus ion beams which 

diverge due to space charge repulsion or for any other reason. 

An Einzel lens is able to focus ion beams with kinetic energy 

up to a few KeV (-30 KeV) (GI88). 

2.2.2.1 Einzel lens description 

The two outer electrodes V1 and V3 are at the same 

potential and the middle electrode V2 is such that V2> V,=V3. 

since V2> V, and V3, the lens is specified as an accelerating 

mode lens (Mo 89). It is so called accelerating mode lens 

because it decelerates and then accelerates transmitted 

positive ions, resulting in low aberration and no interaction 

of the ions with the lens electrodes. The focal properties of 

an Einzel lens are symmetrical because, the two outer 

electrodes (V, and V2) are at the same potential. The voltage 

applied to the middle electrode is in order of arc voltage or 

higher but never higher than the extraction voltage. 

2.2.2.2 principles of operation of the Einzel lenses 

An Einzel lens with V,=V2 is known as a symmetric lens 

which produces focusing without overall changes in the energy 

of the transmitted particles. This is due to the fact that the 



50 

electric field lines leave the surface of the middle 

electrodes perpendicularly and radially bend toward the outer 

electrodes and end up perpendicular to their surfaces. The 

electric force exerted on the ions causes deceleration of the 

ions entering the lens and the acceleration of the ions 

leaving the lens. The focusing effect is more strong in the 

region of middle electrode where the ions velocities are 

considerably reduced compared with their velocities at the 

time of entering and exiting the lens. We do not have to be 

concerned about the charge-to-mass ratio of the ions because 

ions of different charge-to-mass ratio, which are accelerated 

through the same potential difference, have the same 

trajectories. Consider a case where ions (q,m) are accelerated 

through the same potential difference Ve and enter an electric 

field region, (Ex and Ey are considered to be 

constant for an infinitesimal distance), with initial 

velocities vxo=[ (2qve)/m]1!2. From Newtons second law and the 

kinematic equations of motion we can calculate the trajectory 

of the ions in the effective region of electric field of 

length 1 (along the X axis). The displacement of the ions 

along the Y and X directions is given by; 

(1) 

and 
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X=l (2) • 

Equations (1) and (2) indicate that the trajectory of ions is 

independent of the charge and mass of the ions. Figure 2.4 

shows an Einzel lens with an ideal trajectory that ions may 

have inside the lens. Calculation of focal lengths, 

magnification and aberrations for Einzel lens by numerical 

methods has been done in numerous books and papers (Ad 72a, Ad 

72b, Ha 76, Sz 88). The numerical calculations by Harting and 

Read (Ha 76) suggest that as the middle electrode voltage 

increases the focal length gradually decreases up to a point 

where further increase in the middle electrode voltage results 

in a mirror image of the ions. In other words the incoming 

ions would totally be reflected. 

As in case of thick optical lenses (He 87), where the 

lens is very strong and the principal planes are close to the 

center plane, the relation between the object and the image 

distance is approximately given by the following relation; 

where o = Object distance, 

I = Image distance, 

F = Focal length of the lens. 

(3) 



52 

Equation (3) may be used approximately for calculation of an 

object and an image distances in an Einzel lens (Mo 89). The 

variation in the focal length is done by varying the applied 

voltage to the middle electrode (VL). The effective voltage 

(Veff ), which is seen by the ions entering the lens, is 

directly proportional to (VE-VL) (refer to figure 2.6). Then 

the focal length, which is inversely proportional to (Veff ) 1/2 

(Ha 76), is a function of the extraction voltage and the 

applied voltage to the middle electrode [Fa (VE-VL) -1/2]. Since 

we desire to keep the image distance and the object distance 

fixed, the focal lengths must be readjusted each time the 

extraction voltage is varied in order to satisfy equation (1). 

Since Fa (VE-VL) -1/2, the readjustment of the focal length is 

done by varying the lens voltage whenever the extraction 

voltage is varied. A relation between the lens voltage and 

the extraction voltage is obtained in appendix (B.2) based on 

Veffa (VE-VL) • 

Since the only concern at this point was the examination 

of the Einzel lens for the best focusing effect, the permanent 

magnets from the crossed field analyzer were removed so they 

would not deflect the transmitted ion beams. Figure 2.4 shows 

the position of Einzel lens with respect to the Penning ion 

source and crossed field analyzer. 



rz:I 
CJ p:: 
::> o 
CIl 

z 
o 
H 

t!) 
Z 
H 
Z 
Z 
rz:I 
Al 

Figure(2.4) 

I' 

~ ~ 
+ ~ + t 1't 
~ '" ~ ""'""' 

~ ~ 
t ;. + + ~~ 
~ ~ -

-

.... \J 

"\ 

Vl 

V2 

V3 

r-

~ 

53 

I ONS 

RAJECTORY T 

ELECTRIC 

PLATE 

Schematic representation of ions traj ectory of a 
focused ion beam in an Einzel lens. 



54 

2.2.3 Crossed field analyzer 

The crossed field analyzer consists of two permanent 

magnet poles and two electric plates. The electric field lines 

are generated by applying a potential difference between the 

electric plates. The permanent magnets and the electric plates 

are oriented such that the electric field lines and the 

magnetic field lines are perpendicular to each other and to 

the beam of ions which enters the region of crossed electric 

and magnetic fields axially, as shown in figure 2.5. 

2.2.3.1 Crossed field analyzer specification 

since the specification on the permanent magnet was not 

provided by the manufacturer, sets of measurements were 

performed in order to determine the magnetic field strength of 

the permanent magnets. For this reason, 4He+ and 14N+ 2 beams, 

which are the most abundant ionized particles in the 4He and 

14N2 ionized gases, were used in the measurement procedures. 

Figure 2.6 shows the total ion source assembly with all the 

electrical connections for the 60 Hz testing set up. 

2.2.3.2 Principles of operation of the crossed field 
analyzer 

The crossed field analyzer or velocity selector (also 

known as a wi en filter) is designed to let charged particles 

with specific charge-to-mass ratio pass straight through when 
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particles with different charge-to-mass ratio enter the region 

of (E X B). The separation of charged particles with different 

charge-to-mass ratios is due to axial velocity differences 

resulting from acceleration through the same potential 

difference. A proper adjustment of electric field results in 

balance of the electric and magnetic forces on the ions. Ions 

with a specific axial velocity vo ' which experience equal 

electric and magnetic forces, emerge from the aperture of the 

crossed field analyzer without being deflected. However, ions 

with axial velocity difference than Vo are deflected and 

consequently will not emerge from the analyzer. The relations 

between the velocity of the ions, magnetic field strength and 

plate voltages can be found from conservation of energy, 

Newton's second law and the Lorentz force (GI 88, Bl 82, Ha 

78,Se72). 
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For particles which move in a straight line through crossed 

electric and magnetic fields, we have; 

where 

E v =_ 
o B 

o 

vo 

E 

Bo 

= velocity of the particle passing 

through, 

= electric field between electric 

= magnetic field strength. 

(4) 

straight 

plate, 

Velocity of the particles which have been accelerated through 

a potential difference of VE is given by; 

(5) 

where q = charge of the particle, 

m = mass of the particle, 

VE = extracting potential. 

Now if we sUbstitute E=2(VEl )/1 in equation (4) and sUbstitute 

for vo from equation (5), we have; 

where ~l= electric plate voltage, 

1 = plates separation. 

(6) 
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In the appendix C (C.l) it will be explained how equation (6) 

was used to determine the magnetic field strength. Equation 

(6) indicates that as the electric plates voltage is 

increased, the selection of the ions goes from heaviest 

particles with the lowest state of ionization to the lightest 

particle with the highest state of ionization. For example, in 

case of 14N2 gas ions when the electric plates voltage is 

increased, first 14N+2, second 14N+, third 14N++ and so on will 

emerge from the crossed field analyzer exit aperture. Figure 

2.10 shows the orientation of electric and magnetic field 

lines in the crossed field analyzer and the order in which the 

ions with an ideal trajectories will emerge from the exit 

aperture of the crossed field analyzer. 

2.2.3.3 Final results of testing Penning ion source assembly 

After careful study of the data obtained for 4He and 14N2 

gases, the best running conditions (as far as the maximum beam 

current for He++ and 14N++ were concerned) were chosen. Then the 

chosen voltages were tested by setting the voltages and arc 

current at the specific values and scans of I FC vs. VEL were 

taken. This was done by first tuning on the singly ionized 

beams and then on the doubly ionized beams for different VL • 

These procedures were done in order to make sure the chosen 

values are indeed the correct settings for the highest beam 

currents. The reproducibility of previously obtained data was 
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extremely good and the same voltage settings for the maximum 

beam current were obtained. Table (2.2) lists the best running 

condi tions for 4He+, 4He++ and 14N++ beams as far as the lowest 

extraction voltage and the lowest gas pressure were concerned. 

Figures 2.7 (a) & 2.7 (b) show plots indicating the He++ and 14N++ 

beams obtained by setting the voltages according to table 

(2.2) • 

Table (2.2) Recommended voltage setting for the 
Penning ion source assembly. 

BEAM VEL (V) VL (V) VE (V) VARC (V) I ARC (mA) I FC (J..l.A) Px10-6 torr 

14N++ 560 3300 4000 2500 2.2 2.4 2.6 

14N+ 396 3300 4000 2500 2.2 12.5 2.6 

14N + 
2 280 3300 4000 2500 2.2 27.0 2.6 

4He+ 745 3300 4000 1500 5.7 60.0 5.2 

4He++1300 5200 6000 1500 5.7 4.5 4.6 

Although it is possible to obtain a higher beam current 

for either beams with higher extraction voltage than 

recommended settings, it is desirable to operate the source 

assembly at the lowest possible extraction voltage for two 

reasons. First, the focusing effect of the focusing electrode 

in the VDG accelerator is more effective when ion extraction 

voltage is low. Secondly, as long as the arc voltage, the lens 

voltage and pressure are kept constant, an increase in the 
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extraction voltage will broaden the ion beams, which in effect 

introduces impurities (such as singly ionized ions) in the 

doubly ionized beams when the electric plate voltage is set 

for doubly ionized ions. The broadening of the ion beams due 

to an increase in the extraction voltage can not always be 

corrected by the readjustment of the lens voltage setting. As 

mentioned before, the lens effective region is in the vicinity 

of the middle electrode, therefore the lens can not focus ion 

beams which diverge after passing the lens middle electrode. 

2.3 Installation of the ion source assembly in the VDG 

The new high voltage terminal for the Penning ion source 

replaced the original high voltage terminal for the rf ion 

source which was used for many years in the VDG accelerator. 

The purpose of constructing a new high voltage terminal was to 

be able to switch between the two sources in case of 

unexpected difficulties which may have resulted in disturbing 

the VDG operation for other experimental set ups (such as 

RBS) • 

After installation of the new high voltage terminal, the 

original circuitry had to be modified in order to make other 

components ( such as the gas handling system) which are 

located in the high voltage terminal, compatible with the new 

circuitry. The final circuitry, which is currently used in the 

VDG accelerator is shown in figure 2.8. 
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The voltage settings of the power supplies were 

monitored by a TV camera. The camera was focused on the power 

supply voltage meters (in the high voltage terminal of the 

VDG) via a telescope at the bottom of the VDG. All the meters 

(see figure 2.8) were calibrated by counting numbers of turns 

of the control selsyns on the control panel for each 

predetermined voltage setting. This was done to assure the 

operation of VDG in case one or more of the ineter get stuck or 

was unreadable. The voltage calibration of the power supplies 

in terms of selsyn turn is done routinely each time the tank 

is opened. 

2.3.2 Testing the ion source assembly in the VDG 

The attempt to obtain a 15N++ analysis beam was done in 

two steps. In the first step, 14N gas was used and the ion 

source was tuned for 14N++ beam; we obtained 44 nA 14N++ beam at 

the target chamber (6 x 6 mm2 slits). with voltage settings 

left undisturbed, we proceeded to the next step by switching 

to 15N gas and tuned the ion source assembly for 15W+ analysis 

beam. In the first attempt, a 4 nA 15W+ analysis beam was 

obtained and was used to depth profile surface hydrogen on a 

piece of aluminum foil, as shown in figure 2.9. 
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In each case, a RBS spectrum from a standard sample was taken 

to make sure the correct ion beam was obtained. The standard 

RBS sample is a thin film which consists of a layer of Ta (.32 

A) and a layer of Nb (.28 A). Figure 2.10 shows the RBS 

spectrum of the standard sample which was used routinely for 

15N++ analysis beam impurities check. The peaks correspond to 

the backscattering of 15N++ analysis beam from Ta and Nb, 

respectively. 

The biggest problem in obtaining 15N++ analysis beams was 

associated with the presence of gas impurities in the ion 

source chamber. The presence of the impuri ties caused the 

reduction of doubly ionized 15N ions and introduced singly 

ionized beams of 160+, 14N+, 14N2+' co/ and H+. In order to avoid 

over-heating of the magnet coil, the current applied to the 

magnet coil was kept below 2.5 A and tuning was done by 

readjusting other parameters such as extraction voltage, arc 

voltage and the pressure. 

2.4 The overall performance of Penning ion source assembly 

Since we installed the Penning ion source assembly in the 

VDG accelerator, there have been occasions that we had to open 

the VDG tank to repair some of the assembly components. 

However, we have never had any problem with the performance of 

the penning ion source. In each occasion that we had to open 

the VDG tank because of some difficulty (mostly due to 
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electrical components) associated with the operation of 

source, we examined the Penning ion source assembly (interior 

and exterior components). We did not observe any wear in the 

cathode or damage to the anode or other interior components of 

the Penning ions source. However, we have always noticed small 

pieces of nickel chips which have been peeled off the nickel 

plated electric plates of the crossed field analyzer. On one 

occasion, the nickel chips shorted one of the electric field 

plates to the crossed field analyzer case. 

The overall performance of the Penning ion source has 

been satisfactory. The penning ion source has been operated 

with minimum difficulty for more than 600 hours (accelerator 

running time). Table below summarizes the hours of the 

operation of the Penning ion source assembly and the reasons 

which forced us to open the VDG tank for repairing the broken 

part of the source assembly: 
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Hours of operation date Reasons for source malfunction 

o 1/4/89 ~ Installing source assembly. 

25 1/10/89 ~ Focus fuse blown. 

465 7/24/89 ~ Shorted crossed field plate. 

29 8/9/89 ~ 15NH3 gas froze in the gas 

10 

79 

679 

handling manifold. 

8/18/89 ~ Bad diode in the arc supply. 

9/14/89 ~ Replaced crossed field 

resistor (- plate). 

7/4/90 ~ Replaced crossed field 

resistor (+ plate) 
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CHAPTER III 

HYDROGEN DETECTION BY NUCLEAR REACTION ANALYSIS 

Nuclear techniques are an effective method for detection 

of light nuclei in thin film materials. Detection of nuclei 

(elements) in materials by nuclear analysis can be divided 

into three categories. Detection by nuclear reaction analysis 

(NRA) , Rutherford backscattering spectrometry (RBS) and 

elastic recoil detection (ERD) , which is also known as elastic 

forward recoil detection (EFRD) or nuclear elastic recoil 

detection (NERD). All of these nuclear methods are frequently 

nondestructive and, in practically all cases, insensitive to 

chemical bonding in the materials. Nuclear analysis methods 

(such as NRA, RBS and ERD) do not require a knowledge of 

atomic and solid state matrix effects of the materials, which 

is required for other techniques to be quantified such as 

sputtering and X-ray or Auger emission (Fe 86). 

3.1 General description of nuclear detection by elastic 
scattering 

Ion beams (such as 4He) can be employed to detect 

elements in a target material by elastic scattering. Because 

of coulomb barrier repulsion, elements with medium to high Z 

nuclei do not make nuclear reactions with low incident 4He ion 

energy (-2 MeV). 
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charged particles which are scattered elastically can be 

detected either in the backward direction (with respect to the 

direction of incident beam) as in case of Rutherford 

backscattering (RBS) or in the forward direction as in the 

case of elastic forward recoil detection (EFRD). The energy 

spectrum obtained from the elastic scattered particles can be 

used to identify the nuclei and to measure the areal density 

of each element. From the areal density of the individual 

elements in a sample, one can calculate the stoichiometry. In 

most cases, one can determine the location of elements in 

different layers in a thin film. 

3.2 General description of nuclear reaction 

Particles with sufficient incident energy may be able to 

penetrate the coulomb barrier of a target nuclei. Particles 

that reach the vicinity of the target nucleus may be captured 

by the target nuclei by attractive nuclear forces. In many 

cases the capturing of the incident nuclei by the target 

nuclei produces another nucleus (the compound nucleus), which 

is different than the target or the projectile nuclei. The 

compound nucleus, which results from this interaction is in an 

excited state. In the decay process, the product nuclei decays 

by emission of a charged particle (such as a particles) or a 

neutron or y-ray or combination of these. 
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3.2.1 Detection by nuclear reaction analysis 

Nuclear reactions are used for the detection of a 

particular isotope of an element in a target material. The 

emission of either particles (such as neutrons or alpha 

particles) or y-rays with well defined energy due to an 

induced nuclear reaction indicates the presence of a 

particular isotope in a target material. In nuclear reaction 

analysis one may use either a neutron detector for the 

detection of neutrons, a semiconductor detector for detection 

of charged particles, or a scintillator detector in 

combination with a photomultiplier tube for the detection of 

y-rays. The yield obtained from the detection of either 

particles or y-rays can be related directly to the amount and 

the location of the particular element present in a target 

material. For example, charged particles (such as 15N, 19F , 160 , 

etc.) in the energy range of 5-20 MeV can be used to detect 

low Z nuclei, such as 1H or D, by inducing a nuclear reaction. 

In this chapter, we will explain the hydrogen depth 

profiling technique which uses the 1H ( 15N, ay) 12C nuclear 

reaction. Then we will describe the use of Rutherford 

backscattering spectrometry as a method for determination of 

the non-hydrogen stoichiometry of the material. Rutherford 

backscattering spectrometry results and the hydrogen depth 

profiling results are used together to calculate the hydrogen 

atomic fraction in a target material. 
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3.2.1.1 Coulomb barrier penetration 

Classically, in order for two particles to undergo a 

nuclear reaction, the energy of the incident particle must be 

large enough to overcome the coulomb barrier of the target 

nuclei. The energy required ( in the center of mass) for 

charged particles to overcome the coulomb barrier is given 

classically (Ei 85) by: 

(1) 

where Z" Zz and a, A are atomic numbers and atomic masses for 

the projectile and the target nuclei, respectively, and 

r = 1. 2 x 10-13 cm. 
o 

It must be emphasized that the probability of a nuclear 

reaction still exists quantum mechanically even when the 

energy of the incident nuclei is less than the coulomb barrier 

potential. For example, in the case of the 'H eSN, ay) 'ZC nuclear 

reaction, equation (1) gives Ec = 2.4 MeV (Elab= 38.4 MeV), 

which is the minimum energy required classically for ,sN nuclei 

to penetrate the coulomb barrier of 'H. However, the fact that 

a nuclear reaction occurs below this energy is verified by the 

occurrence of the resonance at Elab= 6.385 MeV. 

3.2.1.2 Element production in a nuclear reaction 

The process of capturing an incident nucleus by the 
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target nucleus leaves the compound nucleus in a excited state, 

which then decays by emission of a particle, a V-ray, or both, 

with well defined energies. The detection of these emitted 

particles or V-rays is the signature of the presence of a 

specific isotope in the target material. From existing nuclear 

data, it is sometimes possible to obtain information about a 

suitable reaction for the detection of a particular isotope. 

For example, one may examine the energy levels (He 61) of the 

160 nucleus to determine the 15N+ 1H nuclear reaction product 

elements and their corresponding 

energies. The compound nucleus for the 15N+1H nuclear reaction 

is a 160• (in excited state), which then decays into an ex 

particle and 12C•• The 12C• (in excited state) eventually decays 

into a v-ray with energy of 4.43 MeV and a 12C ground state 

nucleus. 

3.2.2 Breit-wigner cross section for a nuclear reaction 

In the event that two nuclei undergo a nuclear reaction 

and there is an isolated resonance, the form of the cross 

section is approximated by the Breit-Wigner dispersion formula 

(Rr 87a), which is given by; 

(2) 

Where a~x is the cross section at the resonance energy and r 
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is the decay width of the resonance state. E and ER are the 

incident particle energy and resonance energy, respectively. 

In practice, one measures the excitation curve of an isolated 

resonance of a particular nuclear reaction to determine the 

resonance width r. For example, from the measurement of the 

excitation curve of the 1SN (1H,ay) 12C nuclear reaction (Ma 83c) 

at 429 KeV, rp has been determined to be 120±30 eV. The 

measurement of the inverse reaction 1H(1SN,ay) 12c (Da 83) at 

6.385 MeV has revealed rN= 1.80±O.45 KeV. Since rp and rN are 

related by r N=15rp (in the lab system), the measured value for 

rN (1.80±O.45 KeV) is a confirmation of the rp measurement. 

3.2.3 contribution of Doppler broadening to the 
resonance width 

The vibrational motion of 1H nuclei bound to heavy 

nuclei in the target material results in the broadening of the 

observed, or total, resonance width. The broadening due to 1H 

vibrational motion, which has a component parallel to the 

direction of the incident beam, is known as Doppler 

broadening. The Doppler broadening contributes about 12 KeV to 

the 1H(1SN,ay)12c resonance reaction width (Zi 86). This 

broadening occurs because the energy of the 1SN ion beam, which 

is sensed by the vibrating 1H is not the actual beam energy E 

(in the lab system). 
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consider a beam of ions with mass Ms and velocity VB 

approaching a vibrating nucleus (vibrating parallel to the 

incident ions) wi th mass Mr , which is bound to a heavy 

molecule of mass MR at rest. Since we assume that the mass Mr 

and MR are largely different, we can consider the motion as 

harmonic and use the corresponding one dimensional quantum 

mechanical wave function of the harmonic oscillator. The 

ground state wave function in the spatial representation is 

given by; 

where 

/l'.lo 2 
p'w 1/4 -[-]Z 

¢ (Z) = ( _0) e 2h 
o 7rh 

(4) 

Now since the zero point energy of a simple harmonic 

oscillator (S. H.M) is Eo=hwcl2 and wo=2Eclh, then the above 

equation may be written as; 

(/lEo) 2 

( 2 E) 1/4 -[-2-]Z 
¢o (Z) = [ p. 0 ] e h 

(7rh2 ) 

(5) • 

The corresponding probability distribution in momentum space 
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is given by (Me 75): 

(6) " 

In cases where Mr«~ (usually true for hydrogen bonding), this 

last expression reduces to: 

2 
MHVH 

M 1/2 --2-
P (V ) = ( _H_ ) e Eo 

o r 21TE o 

where we have substitute MH for Mr and vH for vr " 

(7) 

Now the energy of the incoming ion, which is seen by a target 

nucleus that is moving toward incoming ion, is: 

(8) 

the first term in equation (8) is the beam energy for the case 

where the target is considered to be stationary [E=E(Vr=O)] 

and the last term in equation (8) is of order of mev and can 

be ignored, the velocity of the target nucleus is given bYi 

(9) " 

Now substituting equation (9) in equation (7) we get: 
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(10) 

where the FWHM of this function is given by; 

(11) . 

Depending on the zero point energy of the hydrogen bonds, the 

Doppler broadening width can vary from 10 KeV (Eo=0.09 eV) for 

optical and acoustic vibrational mode to 16 KeV (Eo=0.24 eV) 

for hydrogen bonds such as H20, HF and H2 (Zi 86). 

In most cases the hydrogen bonding on the surface of the 

samples is due to CH4 with the typical thickness of 30 A (Ma 

83c) which contributes 14 KeV to the Doppler broadening. The 

measurement of the Doppler broadening may also be used in 

determination of the type of hydrogen bonding in the target 

materials. 

3.2.4 straggling effect 

Energy straggling is another important factor which 

affects the total resonance width. When energetic ions pass 

through a solid medium, they underga many collisions with the 

target nuclei and electrons, which results in the loss of some 

of their kinetic energy. The fluctuation in energy loss due to 
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these collisions is known as energy straggling. Energy 

straggling is more pronounced deep inside the target and is 

almost zero at the vicinity of the target surface. 

An expression for the standard deviation of the spread in 

energy due to straggling, Os' was first derived by Bohr in 

1915 (Bo 15) and since then it has been accepted as an 

approximate formula for calculation of the energy spread of 

ion beams inside the materials. The Bohr value of energy 

straggling is given by; 

(12) 

where Z" Z2 are the atomic number of incident and target 

nuclei. It is apparent from equation (12) that in this simple 

approximation energy straggling does not depend on the energy 

of the incident particles and it increases as a function of 

thickness, t, and the density, N, of the target materials. The 

full width at half maximum (FWHM) of the energy spread due to 

Bohr energy straggling is rs= 2.350s ' For example, according 

to equation (12) the Bohr energy straggling of 15N (Z=7) ion 

beams in a pure si target (Z=14, N=5.00 x 1022 atoms/cm3) at 

the depth of 1000 A is 0s=9.5 KeV. The corresponding FWHM 

energy spread is rs=22 KeV. 
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3.2.5 Calculation of the total resonance width 

The total resonance width, r, is composed of 

contributions from the Doppler effect, r o' the energy spread 

of the ion beam due to energy straggling, r o' the resonance 

width of the nuclear reaction, r R, and the energy spread of 

the ion beam from the accelerator, rs. The Doppler effect, the 

beam energy straggling and the beam energy spread have 

Gaussian shapes while the resonance cross section is 

Lorentzian. The total resonance width is obtain by the 

convolution as follows (Ho 87); 

r-r +[r 2+r 2+r 2]1/2 - ROO S (13) • 

The straggling width, r o' may be measured from the 

difference in energy spread at the back surface, r SACK ' and the 

front surface, r FRONT' of a target. The energy spread due to 

straggling, in the thick target regime (where the back surface 

of the target could be profiled), can be measured from 88-12% 

width of the high energy side of the depth profile curve (Ch 

78). The total energy spread due to energy straggling at the 

back surface of the target is approximately given by; 

(14) • 

where r OACK (in KeV) is the measured resonance width at the 
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high energy side of th~ depth profile curve and r FRONT is the 

resonance width at the front surface of the target ( i • e. , 

rs=o), which is measured to be 15 KeV. For example, consider 

the surface hydrogen peak in figure 2.20 on a piece of Al foil 

(Reynolds Al Foil). Figure 3.1 shows a fitted curve to the 

data of figure 2.20. It has a width of 15 KeV at FWHM and was 

obtained by convoluting two Gaussians (using ro=13 KeV and rs=2 

KeV) and a Lorentzian (rR=1.8 KeV) numerically for each data 

point on the curve without including the energy straggling, 

i.e. rs= o. On the other hand, figure 3.2 represent the depth 

profiling of a Si:H film with a thickness of 7000 A. This 

thickness results in ns= 25 KeV or energy 'straggling rs= 59 KeV 

at the back of film according to Bohr theory. However, by 

substituting the energy straggling which is measured from the 

12-88% width of the high energy side of the profile (figure 

3.2) into equation (14), we get rs=72 KeV. This result 

indicates that Bohr theory is only an approximation and can 

not predict the energy straggling precisely. 
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3.3 NaI Detector 

A 3x3 in. NaI detector is used to detect y-rays of 4.43 

MeV from the 1H (15N ,ay) 12C nuclear reaction. The detector is 

located at zero degree angle with respect to the incident 15N++ 

beam. The distance between the front surface of the NaI 

detector and samples' surface is 9.5 mm. The efficiency of the 

NaI detector at this range is about 7% (Ma 68). 

3.3.1 NaI detector efficiency 

The angular distribution of y-rays emitted by the 

resonance reaction of the 1H (15N ,ay) 12C nuclear reaction is not 

isotropic. The maximum angular distribution of y-rays occur at 

zero degree angle with respect to the incident beam (Ho 88). 

The detection efficiency is extremely sensitive to the 

distance of the detector front surface to the target surface. 

It is advantageous to decrease the distance between the NaI 

detector and the samples' surface in order to increase the 

solid angle and therefore detector efficiency. Figure 3.3 

shows a plot of measured detector efficiency vs. the distance 

between the target and the detector front surfaces. 

The efficiency of the NaI detector is not important in 

the actual data collection, because a standard sample was used 

in order to eliminate the calibration of the system efficiency 

(see section 3.6.1.2). 
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3.4 Target Chamber for hydrogen depth profilinq 

The samples are held by a sample holder, which holds 

three samples at a time (as shown in figure 3.4) in a 

evacuated chamber. The chamber (shown in figure 2.1) is pumped 

down by a diffusion-fore pump arrangement to about 10-6 torr. 

The chamber is electrically isolated in order to function as 

a Faraday cup for the charge collection. 

Hydrogen depth orofiling usina the 6.385 MeV resonance 
in the 1H (15N « ay r12c reaction 

1H depth profiling with the 1H(15N,ay) 12C nuclear reaction 

is a powerful and nondestructive method which utilizes the 

resonance at 6.385 MeV. A probing beam of 15N ion beams with 

energy of 6.385 MeV is incident on the surface of a material 

and induces a nuclear reaction with the ever present surface 

hydrogen, which results in the emission of 4.43 MeV y-rays. As 

the energy of the beam is increased, the probing beam 

penetrates deeper inside the material and loses energy due to 

the stopping power of the material. At some depth t from the 

surface of the sample, the 15N ion beam is at the resonance 

energy and makes a nuclear reaction with the hydrogen content 

of the sample material at that depth, as shown in figure 3.5. 

The y-ray yield measured from the consequent nuclear reaction 

is directly proportional to the amount of the hydrogen present 

in the material. The amount of hydrogen in a sample may be 
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measured either by direct measurement of the y-ray yield and 

use of the known values of the reaction cross section, 

efficiency of the detector, and the geometry, or by using a 

standard comparison sample l>lith a well known amount of 

hydrogen. 

3.5.1 Measurement of the total yield 

To calculate the hydrogen concentration of a target 

material, one may measure the yield of characteristic 4.43 MeV 

y-rays from the 1H(15N,ay) 12c nuclear reaction. The y-ray yield, 

Y(9,E), from this nuclear reaction is given by the following 

formula (Ho 88), which is good for an infinitely thick target; 

where 

(15) 

nj = the number of incident 15N ions, 

NH = hydrogen concentration (atoms/cm3 ) at depth 

where nuclear reaction occurs in the target, 

da(ER,9) = differential cross section at resonance, 

e = angle of detection with respect to the direction 

of incident ion beam, 

E = beam energy, 

ER = resonance energy, 

€ = the intrinsic efficiency of the NaI detector, 

n = solid angle which the detector subtends, 
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r R = resonance width (1.8 KeV) , 

dE/dX = the energy loss of 15N ion in the material. The 

number of incident 15N ions, n j , is equal to Q/q ( where Q is 

the total charged collected by the charge integrator and q is 

the charge of the individual incident ions, i.e q = 3.204 X 

10.19 C for 15N++ ). This formula is obtained by integrating the 

resonance cross section over the entire energy range of 15N 

ions (i.e., E to 0) while NH and da(ER,9) are considered to be 

constant over the energy range of this narrow resonance (i.e., 

r R=1. 8 KeV). 

By substituting the y-ray yield, Y(9,E), and the known 

values of the parameters (except NH) in the right hand side of 

formula (15), one can calculate the concentration of the 

hydrogen, NH, at a specific depth in a sample. Although this 

approach seems to be straight forward, there are systematic 

errors which are associated with the uncertainty in the 

measurement of the resonance cross section, accurate 

determination of the solid angle, detector efficiency and 

angular dependence of the y-rays yield. Therefore, the method 

of using a standard sample is more practical in order to 

eliminate the uncertainty in the determination of above 

parameters. 

3.5.2 Use of standard samples in 1H depth profiling 

Use of standard samples for hydrogen depth profiling has 
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been adopted by many scientists (Hj 89, Ru 86). Materials, 

such as Kapton or Mylar (OP 89), with a well known amount of 

hydrogen may be used as standards. Other samples, such as SiH 

or TiH2 , which may be made by ion beam sputtering or 

implantation can be used as standards as well. Some standard 

samples, such as SiH, require the use of other techniques 

(such as Infrared spectrometry or secondary ion mass 

spectrometry) to determine the hydrogen concentration in the 

materials accurately. In some cases, the 'H concentration of 

a standard can be calculated from the knowledge of its density 

and chemical formula. Knowledge of the 'H concentration in the 

standard sample (such as Kapton) is important because, the 'H 

concentration of the standard sample is used in the 

calculation of 'H concentration of unknown samples. 

Consider a standard sample with well known density p 

(g/cm3 ) and chemical formula. The 'H concentration (atoms/cm3 ) 

is given by; 

where 

(16) 

NA= Avogadro I s number (6.02 X 1023 atoms/mole), 

MA= the molecular weight of the substance, 

B = #H atoms per molecule. 

For example, in case of Kapton with chemical formula of 

C22H,oNzOs and p=1.42 (g/cm3), we have; MA= 382 g/mole, B=10. 
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Then by using these values in equation (16) we get NH=2.238 x 

1022 atoms/cm3 • 

3.5.3. Calculation of hydrogen concentration using a 
standard 

In general the y-ray yield in a sample due to the 

1H ( 15N,ay) 12C nuclear reaction resonance is given by [see 

equation (15)]; 

where 

NH 
YIELD=K. _ 

dE 
dX 

(17) 

k = constant (contains the value of solid angle of 

the detector, detector intrinsic efficiency, 

resonance cross section, resonance width and 

angular dependence of the gamma- rays yield), 

NH = hydrogen concentration (atoms/cm3), 

dE/dX = the energy loss of the 15N ion in the 

material. 

Now by comparing the yield of y-rays from a sample with 

an unknown amount of hydrogen with that from a standard sample 

with a well known amount of hydrogen, we have; 

(18) 

where u and s stand for unknown and standard, respectively. 

We can use the general definition dE/dX = N€ and Bragg's rule 
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(Ma 77) to write the energy loss (dE/dX)u in equation (18) as 

the sum of terms containing elemental concentrations, Ni , 

(atoms/cm3) and the stopping powers, Ejl of the materials (see 

sec. 3.5.3.3) other than hydrogen, and the stopping power of 

hydrogen, €H' as; 

(19) 

where Lj stands for the sum over all materials other than 

hydrogen. Inserting equation (19) in equation (18), we get; 

(20 ) 

where Yu ' Ys are the v-ray yields for the unknown and standard 

samples respectively and Ast=Ns
H
/ (dE/dX) s is a constant for the 

standard. For example, for Kapton, Ast=1.764 x 1023 atoms/(eV. 

cm2). Now solving equation (20) for the ratio of hydrogen 

concentration in the materials to the sum of the 

concentration of other elements (other than hydrogen) in the 

materials, we have; 

( 21) 



95 

concentration without using density for the elements. The only 

density in equation (21) appears in the calculation of Ast= 

NsH/ (dE/dX) s for the standard samples. 

The atomic fraction of the hydrogen in a sample material 

can be calculated from the following equation; 

(22) • 

Equation (21) may be substituted in the equation (22) in order 

to obtain a general equation for the calculation of the 

hydrogen atomic fraction in the materials as follow; 

(23) . 

Notice that equation (23) determines the hydrogen atomic 

fraction in the material with the knowledge of its non

hydrogen stoichiometry (i.e., n i ). 

3.5.3.1 Determination of hydrogen areal density by a width 
method 

-
In cases where the back edge of the hydrogen containing 

layer could be profiled, the hydrogen areal density may be 

calculated from the width of the yield profile without the 

knowledge of the materials non-hydrogen stoichiometry. The 

energy loss of 15N ions in the material may be written in the 
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following form (Ch 78): 

(24) . 

Now from equation (21) we have: 

(25) . 

Equation (25) can be substituted in equation (24) to obtain a 

relation for (Nt)H as follow; 

H Yu (Nt) =M:(-) .Ast Ys 
(26 ) 

where AE and Yu/Ys are measurable quantities from the hydrogen 

depth profiling results and Ast is a constant. Equation (26) 

may be used for determination of the hydrogen areal density 

without a knowledge of the materials composition. 

3.5.3.2 Areal density of a two element sUbstance 

In cases where there is only one element present in a 

thin film sample besides hydrogen, it is possible to calculate 

the areal density of that element (other than hydrogen) by a 

width method. This method is not applicable to cases where 

there is more than one element (besides hydrogen) present in 
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the sample, or where the back edge of the hydrogen profile is 

not visible. 

The thickness t is related to the energy loss of ions in 

the film AE by the following relation; 

t= aE 
( dE) 

dX u 
(27) . 

The energy loss in the material is related to the stopping 

power as follows; 

( dE) =~ Ni €. 
dX L..i 1 

u (28) . 

since we are only considering one element beside the hydrogen, 

the sum is only over one element (Le., ~iNi€i= Ni€j). Now 

substituting equation (28) in the equation (27) we get; 

where the areal density (Nt) u represent atoms/cm2 of the 

element other than H composing the sample. In calculation of 

the areal density the stopping powers of the elements are 

considered to be constant because they only vary by a few 

percent over the energy range of 6-10 MeV (see sec. 3.5.3.3). 

One also may use equation (27) to make a rough estimate 

of the thickness of materials containing more than two 
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elements (where hydrogen is present) by substituting the 

energy loss of the heaviest element in the materials in 

equation (27). 

3.5.3.3 stopping powers for 15N ions in materials 

The stopping powers of elements for 15N ions necessary 

for the calculation of the hydrogen concentration, are 

obtained from Trim-89 (Zi 89). Table (3.1) lists the stopping 

powers of each element for 15N ions in the energy range of 6-10 

MeV. The last two columns of table (3.1), are the bulk density 

of the elements and the multiplying factor for converting the 

energy loss of 15N in each element to eV/A. 

The uncertainty in the values of the stopping powers is 

estimated by the authors to be 10% (Zi 85). The stopping 

powers are calculated by multiplying the H stopping powers in 

the materials by the 15N effective charge at that velocity. 

since the stopping power of the elements do not vary 

significantly (0.05-0.06 %) over the energy range of 200 KeV 

(between 6.3-6.5 MeV) for 15N ions, the stopping powers for 

each element close to the resonance energy (-6500 MeV) are 

used in the calculation of the total stopping power. 

3.6 Principal of Rutherford backscattering Spectrometry for 
determination of non-hydrogen stoichiometry of a sample 

In order to calculate the hydrogen atomic fraction of 
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materials (by nuclear reaction analysis), it is usually 

necessary to obtain the non-hydrogen stoichiometry of the 

unknown material (see section 3.5.3). The determination of the 

stoichiometry of the material is done by Rutherford 

backscattering spectrometry (RBS). 

RBS is another powerful and nondestructive technique 

which is used for materials analysis (Ch 78, An 80, Do 79). In 

RBS, a mono-energetic, collimated beam of ions impinges on a 

target material where elastically scattered ions are detected 

by a detector in the backward direction, as shown in figure 

3.6. In a collision process, the incident ions transfer some 

of their kinetic energy to the target nuclei, which results in 

the reduction of the energy of the backscattered ions. The 

energy of the backscattered ion depends on the mass of the 

target nuclei and is the signature of a specific nuclei in the 

surface of the target material. 

Particles, such as 1H+, 4He+ , 7Li + , are the most 

common ions used for the ion beam analysis in RBS (Xi 88, Le 

85, No 85, We 89). The advantage of using one ion species over 

the others, mostly depends on the particular application. 

Light ions such as 4He+ and 7Li + are primarily used for elastic 

scattering at low energies « 2 MeV), where the cross section 

of elements in the target materials are Rutherford. 



Table (3.1> Stopping power for 15N ions in different materials in [eV/(10 15 atoms/cm2
)]. 100 

------------------------------------------------------.----------------- -------- DEHSITY MULTIPLY BY 
Enerqy(JO:eV) 6000 6500 7000 8000 9000 10000 (q/ClI3 ) (ev/"'nq.trom) 

___ •••••••• u __ ._W_A ................ ... _w_ 
Element .071 H 49.584 41.217 47.169 45.191 43.407 41.105 .42417 
He 78.244 76.925 75.964 73.81 71.747 69.654 .126 .18957 
L1 99.672 98.481 97.913 96.531 94.947 93.268 .53 .45996 
Be 115.17 114.96 115.16 114.99 114.211 113.13 1.802 1.2041 
B 151.44 149.711 148.82 146.611 144.28 141.75 2.35 1.309 
C 171.09 1119.25 168.211 165.94 1&3.35 160.59 2.266 1.1361 
H 203.33 200.08 197.99 192.99 188.16 183.52 .81 .34824 
0 214.51 212.4 211.2 208.11 204.56 200.82 1.143 .43022 
r 217.52 217.64 211.28 217.88 216.04 213.37 1.111 .35217 
He 224.96 225.311 226.38 2211.73 225.53 223.31 1.202 .35864 
He 266.12 266.05 266.92 2117.07 265.7 263.27 .97 .25409 
I1q 264.42 263.47 263.92 263.49 261.85 259.43 1.737 .43025 
... 1 260.64 2111.H 262.9 264.46 264.34 2113.03 2.698 .60218 
S1 293.05 291. 29 290.9!5 219.32 286.77 283.56 2.321 .49765 
P 315.28 312.27 311.01 301.04 304.51 300.81 1.822 .35425 
S 318.7 312.71 301.6 300.63 293.32 21C1.67 2.069 .38858 
C1 372.77 365.93 361.26 352.17 343.77 3311.01 1.896 .32205 
... r 365.04 360 •• 351.54 353.71 341.77 343.77 1.65 .24873 
K 401.13 398.56 398.03 395.4 390.91 385.33 .In .13291 
Ce J99.61 397.75 397.74 395.24 390.72 385.11 1.54 .23138 
Sc 425.11 420.59 418.23 411.96 404.71 397.16 2.997 .40146 
T1 413.14 411.68 411.87 410.39 407.23 402.94 4.519 .56813 
V 451.53 447.11 444.25 437.21 429.37 421.25 6.101 .72122 
Cr 414.71 415.45 416.95 417.39 415.45 411.82 7.192 .83295 
I1n 412.46 413.54 415.6 416.97 415.78 412.71 7.434 .81487 
r. 411.13 418.65 420.71 422.11 421.13 4111." 7.11111 .1141119 
Co 411.87 413.211 415.91 418.38 418.18 416.13 8.7911 .89811 
H1 398.02 402.21 4011.92 412 .99 415.74 416.01 1.11911 .91248 
CU 390.57 394.79 399.93 407.1 411.11 412.72 8.949 .1141114 
Zn 404.42 408.54 413.67 420.311 423.CI1 424.36 7.105 .65453 
Ca 413.25 415.05 411.4 422.21 423.63 423.3 5.909 .51031 
Ce 420.93 424.17 428.92 435.65 439.61 441.41 5.331 .44214 .... 433.02 433.91 436.3 439.011 439.88 439.23 5.719 .45961 
Sa 430.98 432.96 436.511 441.62 444.43 445.45 4.7811 .311501 
Br 451.94 452.05 455.09 460.22 463.77 465.92 3.399 .25615 
JO:r 487.85 477.1 478.29 417.85 480.011 479.28 2.602 .11691 
Rb 535.12 535.14 537.66 539.99 539.04 535.91 1.529 .10773 
Sr 552.16 5415.84 544.87 539.71 533.1 527.711 2.11 .171169 
Y 545.53 541.97 541.&2 538.52 534.33 529.49 4.49 .30413 
Zr 56&.152 562.11 560.46 555.92 550.65 544.96 6.47 .42712 
Hb 587. 54 588 .46 591.23 593.13 591.11 587.7 1.1102 .55757 
110 544 .68 546.15 5411.65 550.44 549.2 545.73 1.02011 .64051 
Tc 564.65 565.11 5C11.7 571.46 571.24 5C11.711 1.15 .119953 
Ru 570.99 573 .19 5715.76 5110.14 579.91 577.13 1.2177 .72554 
lUI 563.44 5156.3 570.51 575.22 576.07 574.24 1.2399 .72555 
Pd 564.65 569.37 574.74 5111.11 583.411 582.64 1.1955 .1171163 
... q 566.16 5C11.58 571.74 574.19 573.21 569.92 1.0473 .58467 
Cd 569.84 572.13 5711.61 511.19 5113.53 582.5. 8.5. .45969 
In 579.21 581.23 5.5.111 591.32 593.04 592.16 7.313 .38355 
Sn 585.62 586.19 519.24 591.99 591.11 589.1 7.282 .36947 
Sb 592.23 594.29 5911.63 . 1103.66 605.011 603.83 6.617 .32729' 
Te 619.19 619.44 621.11 623.04 621.29 617.154 15.224 .29374 
I 621.63 1519.61 621.52 623.76 624.05 622.86 4.937 .23421 x. 630.63 629.29 631.74 635.06 636.13 1535.5 3.059 .1403 
c. 692.16 692.711 6911.511 700.54 700.1 696.69 1.899 .086042 
Be 693.12 691.22 693.33 1595.09 693.94 690.72 3.522 .15443 
La 710.95 709.49 711.611 711.97 708.56 702.76 6.174 .26765 
Ce 633.21 632.58 636.1 641.55 645.1 646.95 6.672 .28675 
Pr 660.98 6114.38 670.92 679.49 683.49 C114.1I 11.774 .2895 
Hd 652.14 655.04 6151. 26 1169.55 673.11 674.55 7.002 .29233 
I'll 667.81 669.17 673.96 679.9 682.32 682.211 7.54 .30888 
S. 699.18 704.34 712.34 722.~9 727.15 727.71 7.555 .3026 
Eu 624.75 630.61 1139.31 652.31 660.611 1565.62 5.258 .20837 
Cd 656.311 659.15 6155.21 673.45 677.85 1579.49 7.902 .30261 
Tb 633.25 938.44 6411.1511 658.75 666.29 670.43 8.277 .31364 
Oy 636.28 1142.46 651.57 664.97 673.37 678.04 8.553 .311596 
Ho 583.02 590.33 600.29 1515.63 626.13 632.93 8.82 .32204 
Er 631.62 639.18 649.38 664 .36 673.78 679.09 9.09 .32727 
TIl 594.63 600.88 510 624.05 633.69 639.93 9.333 .3327 
Yb 613.75 617.28 1523.79 633.02 638.57 1141.61 11.977 .24281 
Lu 598.27 603.08 610." 622.811 631.09 6311.41 9.83 .33832 
Ht 600.44 6015.09 614.42 627.32 11311.2 641.911 1.3124 .22139 
Ta 614 .26 622.13 1531.5 645.82 655.411 661.37 1.IItIOl .55248 
W 624.73 630.96 1538.04 647.47 652.22 653.411 1.9292 .63191 
Re 1522.2 630.511 640.39 654.75 663.74 tltIII.67 2.104 .non 
o. 1523.7 632.45 642.49 1557.19 1I1ItI.41 1571.41 2.25112 .71434 
Ir 616.54 625.21 1135.32 1150.7 661.01 1167.33 2.2506 .70516 
Pt 608.3 615.19 623.37 636.16 645.23 651.22 2.1438 .615174 
"'U 649.5 1556.29 663.55 673.07 6711.03 6711.81 1.9311 .5904 
Hq 641. 08 644.66 651.15 IItIO.49 666.52 670.3 1.3553 .40688 
Tl 651.62 655.11 663.46 675.07 1182.95 6811.02 1.882 .35012 
Pb 696.83 698.91 703.84 709.61 711.87 711.95 1.1322 .32908 
B1 737.39 737.98 141.63 745.05 745.19 743.36 9.811 .28272 
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In most cases, heavy ions (such as 160+) at high energies (15-

20 MeV) are being used for better depth and mass resolution 

by sacrificing the ability to detect elements with lighter 

mass than the mass of the ion beam. 

It has been shown (Le 88) that the best mass resolution 

at energies below 5.0 MeV is achievable by using a 4He ion 

beam for set-ups which use surface barrier detector. with the 

use of 4He ion beams, one has the ability to detect elements 

with masses heavier than 4He nuclei. 

3.6.1 Total yield 

The total yield of backscattered particles, which are 

elastically scattered by a nuclei in the target materials, is 

given by; 

where 

A =a.n.Q.Nt (30) 

A= number of detected backscattered particles, 

a= the average differential scattering cross 

section, 

n= solid angle which the detector subtends, 

Nt= areal density of the nuclei in the target 

materials, 

Q= total number of incident particles. 

A typical energy spectrum of backscattering 4He ions is 
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Figure(3.6) Schematic representation of RBS technique. The energy 
of the back scattered 4He ions is the signature of the 
elements in the sample. 
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shown in figure 3.7. The area under each peak represent the 

total number of detected particles. Figure 3.7 also represents 

the simplest case where the peaks in the energy spectrum are 

separated and overlapping of the peaks has not occurred. In 

cases where peaks for corresponding elements in the target 

materials are separated, the calculation of the areal density 

(Nt) for each element is done by using equation (30). The 

ratios of the (Nt) values, represent the stoichiometry of the 

materials. 

When the target thickness is large enough to cause 

overlapping, the integration of the peaks for each element may 

not be possible. There are two ways to separate the peaks and 

to calculate the areal density of each element: 1) separate of 

the peaks by increasing the energy of incident ion beams, 2) 

use a computer fitting program to deconvolute the overlapping 

peaks (Mc 87). Figures 3.8(a) & 3.8(b) show the situation 

where the overlapping peaks are separated by both methods 

indicated above. 
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3.6.2 Height method 

In cases where one of the elements in the target material 

is the same as the substrate material, the signals due to 

that element and the substrate overlap, as shown in figure 

3.9. In this case, the height method may be used to determine 

the stoichiometry of the target materials. 

Consider the case where the compound AB is on the 

substrate A (the same element as one of the compound 

elements). Then the relative height of the signals from the 

high energy edges of the compound and the substrate are 

given (Ma 77) by: 

HAAB _ €AA N/B 
-----.-- (31) 
HAA €/B N/ 

where H/B, €/B, N/B and H/, €/, N/ are the front edge height, 

stopping power, density of the compound and the substrate, 

respectively. The last term in the equation (31) is the 

atomic concentration ratio of element B to element A in the 

film. 

3.7 Problems associated with hydrogen depth profiling 

The hydrogen stability in samples, especially standard 

samples, is a very critical aspect of this method. The 

accurate determination of the areal density of hydrogen in 

samples with an unknown hydrogen content depends on the 
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Figure[3.8(a)] RBS spectrum of a thin film (-2500 A) at two 
different energies. Notice the Cu, Y and Ba+W peaks 
are overlap at 1892 KeV while the same peaks are 
separated at the higher 4He ion incident energy of 
3776 KeV. 
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accurate determination of hydrogen in the standard samples. 

The mobility of hydrogen under beam bombardment (Th 81) makes 

the determination of the areal density of hydrogen difficult 

in samples with unstable hydrogen content. 

3.7.1 Hydrogen stability under beam bombardment 

The beam current is an important factor in the stability 

of hydrogen in samples. A large beam current (~15 nA) will 

reduce the time required for taking each data point and 

therefore there will be less background (see ch IV) associated 

with each data point. However, use of a large beam current may 

result in an alternation of the hydrogen content of the 

material. Hydrogen may either diffuse out of the materials or 

move to another location in the material, where it is not 

bombarded by the 15N ion beam. Thus one may use a large beam 

current in cases where the hydrogen in the hydrogenated 

samples (i.e. SiH) are fairly stable under beam bombardment. 

In cases where the hydrogen in the materials are not stable 

under beam bombardment, a smaller beam current (i.e. < 5 nA) 

must be used. Of course, the use of small beam current will 

result in the increase of the background, which reduces the 

sensitivity of the detection. There are techniques which may 

be used to stabilize the hydrogen content of the samples, in 

some cases. 



110 

3.7.1.1 Target cooling 

One hydrogen stabilization technique involves a sample 

chamber which is equipped with cooling capability. The 

advantage of cooling a sample while it is bombarded by the ion 

beam, is in the reduction of the hydrogen mobility inside the 

material. The disadvantage in cooling the sample comes from 

surface hydrogen build up of hydride compounds, such as H20, 

CHx ' which are present in a conventional vacuum system. The 

surface hydrogen build up results in an increase in the 

background from the off-resonance cross section. This is 

specifically noticeable if 1H (19F , ay) 160 nuclear reaction is 

used instead of 1H ( 15N, ay) 12C nuclear reaction for 1H depth 

profiling (Am 86). This is because the resonance at 16.44 MeV 

in the 1H ( 19F , ay) 160 nuclear reaction has a much larger 

Lorentzian tail than the resonance at 6.385 MeV in the 

1H (15N , ay) 12C nuclear reaction. 

We are unable to use this technique to stabilize the 

hydrogen in samples under bombardment because the vacuum in 

the target chamber (-2 x 100b torr) is not good enough for this 

technique. 

3.7.1.2 Non-stationary target holder 

Another technique is the use of a rotary target holder 

(Ru 86), in which the sample is mounted on a cylindrical 

target holder. The cylindrical target holder is oriented such 
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that its axis of rotation is perpendicular to the direction of 

the ion beam and rotates while the sample is being bombarded. 

When a target holder is rotating, the beam current is not 

exposed to a particular spot on the sample and therefore the 

temperature of the target is not changed enough to effect the 

hydrogen content of the materials. This technique is only 

applicable to flexible targets which have extremely uniform 

areal composition. 

We did not use this technique either because this 

technique is only practical with certain targets as explained 

above. 

3.8 Summary 

NRA and RBS are intertwined, in the sense that 

information obtained by NRA is not sufficient to determine the 

hydrogen atomic fraction in a target material. With use of 

RBS, it is possible to determine the non-hydrogen 

stoichiometry of the materials, which is used in calculation 

of the total stopping power of target materials. Then by 

knowing the total stopping power of materials and hydrogen 

yield in the target, which is obtained by NRA, one can easily 

calculate the atomic fraction of the hydrogen present in the 

materials. 



CHAPTER IV 

DATA ACQUISITION 
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The induced 4.43 MeV v-ray signals from the 1H (15N, av) 12C 

nuclear reaction are collected by a multichannel analyzer via 

a NaI crystal, a photomultiplier, a preamp and an amplifier 

(see figure 2.1). At the time of data collection a certain 

amount of background signals accumulate in the region of 

interest where the 4.43 MeV v-ray signals are collected. These 

background signals are not produced from the Lorentzian tail 

of the resonance. As mentioned before, the order of magnitude 

of the ratio of the off-resonance cross section to that of the 

on-resonance cross section is about 5 x 10-7 , which is 

extremely low. In the process of data collection, the natural 

background from the laboratory environment is of more concern 

than the off-resonance cross section. v-rays emitted from 

concrete in the laboratory walls and showering cosmic rays are 

the two most important causes of the natural background. It is 

important to know that these effects increase the background 

signals by a constant rate. The time that is required to 

collect sufficient data plays a crucial rule in the reduction 

of the background signal. One way to reduce the amount of time 

required to collect data is by increasing the beam current of 

the probing 15N ion beams. Unfortunately, an increase in the 

beam current may have a drastic effect on the hydrogen content 
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of the target materials and may cause an alteration in the 

stoichiometry of the materials. It has been shown (Da 83) that 

heavy shielding of the detector can reduce the background 

signals considerably and therefore increase the sensitivity of 

1H detection in the target materials. However, we have not yet 

shielded the Nal detector. 

4.1 Multichannel analyzer calibration: 

The entire system (multichannel analyzer, Nal detector 

and the amplifier) was calibrated using 137Cs , 22Na and Coleman 

lantern sources which produced y-rays of 0.662, 1.28 and 2.62 

MeV, respectively. The amplifier was adjusted so that y-ray 

energies correspond to channel numbers (i.e., channel 260 

corresponds to 2.6 MeV y-rays, channel 150 corresponds to 1.5 

MeV y-rays, etc.). The channel range for 4.43 MeV y-ray 

detection was chosen to be channels 325-480. The 4.43 MeV y

ray from the 1H (15N , a.y) 12C nuclear reaction generates three 

peaks in the observed spectrum in the region of interest. 

These three peaks correspond to the photopeak (full energy 

peak) when 4.43 MeV y-rays are totally absorbed by the Nal 

detector, the single escape peak corresponding to 3.92 MeV 

(4.43-0.51), and the double escape peak corresponding to 3.41 

MeV (4.43-1.02) as shown in figure 4.1. The single and double 

escape peaks are produced from the following process. The y

ray interaction in the Nal detector creates a positron and an 
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electron (pair production) inside the detector. When the 

created positron annihilates with an electron, two photons are 

created, each with 0.511 MeV energy. In the event that one of 

the photons escapes without being detected, the detection of 

the remaining y-rays energy results in the single escape peak 

(3.92 MeV y-ray). In cases where both photons escape 

detection, the detection of the remaining y-rays energy 

results in the double escape peak (3.41 MeV y-ray). 

4.2 Nat~ral background signals 

Natural background (y-rays) from radioactive elements in 

the building materials of the laboratory generate signals in 

the energy spectrum. Figure 4.2 shows an energy spectrum of 

the y-rays resulting from 15N bombardment of an Al target at 

the off-resonance energy of 6295 KeV. Peaks at channel 150 and 

260 occur due to 1.50 MeV y-rays from 40K and 2.62 MeV y-rays 

from 232Th e" , respectively, which exist in the concrete 

materials naturally. NaI detectors also contain a small amount 

of 40K, which generate certain background signals (Ts 83). The 

off-resonance y-ray spectrum, shown in figure 4.2, indicates 

a small amount of background signals in the energy range of 

2.75-5.00 MeV (channels 275-500). Fortunately, the background 

signals at channels 275 and below do not fall in the region 

containing the 4.43 MeV y-ray signal yield from the 

1H(15N,ay) 12e nuclear reaction (channels 325-480). This region 
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contains the photo peak, single and double escape peaks, and 

a fraction of Compton scattering events from 4.43 MeV y-rays. 

The background signals due to 40K at channel 150 were used 

regularly to check the amplifier voltage setting and stability 

during the data collection. 

In order to determine the origin of the background signals 

in the energy range 3.25-4.8 MeV, an experiment was performed. 

The purpose of this experiment was to investigate the effect 

of the beam related background. The beam related background 

could be from off-resonance v-ray emission caused by the 15N 

analysis beam interacting with the interior parts of the 

apparatus (such as slits jaws) or some other nuclear reaction, 

which may be induced by a very small impurity (other than 15N) 

in the 15N analysis beams. 

An Al target was bombarded with 15N at the off-resonance 

energy of 6295 KeV. The target was bombarded five times 

consecutively (one ~C of charge each time). The average number 

of v-ray counts obtained (between channels 325-480) for these 

runs was 9±1 (counts/min.). Next the target was bombarded two 

more times (one ~C of charge each time) while a lead brick was 
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placed between the target and the NaI detector. The Average 

number of y-ray counts of these two runs was also 9±1 

(counts/min.). Even when the beam was off the target (blocked 

by a flag half way between the chamber and the momentum 

analyzing magnet), the average number of y-ray counts remained 

the same. There was no change in the total background counts 

of 9±1 (count/min.) in the region of interest. The total 

background counts did not change even when the VDG accelerator 

was not running. The background of 9±1 (count/min.) is not 

beam related at all and it is produced by the natural 

background signals as pulse pile up in the detector and 

possibly cosmic rays. 

4.3 uncertainty in the total v-rays counts 

The background subtraction process and statistical 

fluctuation of the y-ray signals (between channels 325-480) 

contribute a certain amount to the uncertainty in the total 

yield of y-rays in the region of interest. The uncertainty 

assigned to the total number of y-rays (net yield) is a 

combined contribution of the standard deviation of the number 

of y-ray counts (including the background count) in the region 

of interest and the uncertainty associated with the background 

signals. In addition, since the multichannel analyzer is dead 

a fraction of time during the data processing, the total 

number of y-rays counted is multiplied by the dead time ratio 
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in order to adjust for the loss of data. 

For example, consider a gross of 2000 counts from the y

ray yield and the background (between channels 325 and 480) 

and a real time and dead time ratio of 2 minutes and 1.05, 

respectively. The standard deviation for the gross counts is 

45 counts and since the background signals contribute 9±1 

(counts/min.), then we have for the net yield; 

[(2000 ± 45) - (9 ± 1)2](1.05) = 2081 ± 47 counts. 

As you may notice, the largest contribution to the uncertainty 

comes from the standard deviation of the total counts and not 

from the uncertainty in the background signals. 

It is possible that the region of interest (channels 325-

480) can shift back or forth by one or two channels due to a 

drift in the amplifier gain. The number of counts associated 

with shifting of one channel for one ~c of charge collection 

(for total of 2000 counts in the region of interest) is about 

10 counts (at the low energy side of the region of interest 

which contains compton scattering events (see sec. 4.4». The 

standard deviation of 2000 counts is 45 counts which is much 

larger than the variation in the number of counts due to the 

shift in the channel number. 

The background signals are significant only when the y

ray yield is low and the time required to take data is large. 

When the uncertainty in the total counts is dominated by the 

uncertainty in the background, the sensitivity of the 
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experiment decreases as the time required for the data 

collection increases. As an example, consider a y-ray yield 

with a gross of 25±5 counts in the region of interest which 

results from bombardment of a si target with a 10 nA 15N beam 

for a total charge of 1 ~C. The net yield is 12±5 counts which 

is two standard deviations away from zero. This is the minimum 

number of y-ray counts which can be detected by this technique 

with our present set up and time limitations. The sensitivity 

of detection in this case is 0.3% (or 3000 at.ppm). The 

sensitivity of detection could be increased by shielding the 

detector and therefore reducing the background. 

4.4 Compton scattering 

There are signals due to Compton scattering in the NaI 

detector, which fall in the region of interest. The signals 

from Compton scattering are due to the y-rays from the 

1H (15N , ay) 12C nuclear reaction which undergo Compton scattering 

inside the NaI detector. As it is well known, the Compton 

scattering of electrons by photons introduces a continuum 

spectrum with an edge, which represent the maximum kinetic 

energy imparted to electrons due to Compton scattering. 

The kinetic energy of an electron scattered by a photon 

(undergoing Compton scattering) is given by; 



T = [E/(1-COS6)] 

e mc2+ [Ey (1-cos6) ] 
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(1) 

where Te' Ey , e and m are kinetic energy of electron, energy 

of photon, angle of scattering of electron and the mass of 

electron, respectively. In figure 4.3, a plot of the kinetic 

energy of Compton scattered electrons verses the angle of 

scattering with respect to the direction of incident photons 

(y-ray) with energy of 4.43 MeV, is shown. It is apparent that 

the Compton edge, which corresponds to the maximum kinetic 

energy of the electrons, is at 4.2 MeV (corresponding to 

channel -420 on the multichannel analyzer), which is in the 

region of interest for the detection of the 4.43 MeV y-rays 

signals. A portion of the y-rays signals due to Compton 

scattering is distinguishable in the figure 4.1 (channel 275-

325). The remaining portion of signals due to Compton 

scattering are overlapped by the background signals (below 

channel 275) and the signals (channels 325-480) from the 4.43 

MeV y-rays. 

4.5 Detector shielding 

The attenuation of 4.43 MeV y-rays was calculated for Pb 

and A1 in order to measure the loss of y-rays signals through 

the A1 chamber and to measure the loss of y-rays due to any 
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possible Pb shielding. The attenuation of y-rays in materials 

is given by; 

(2) 

Where Io and I are intensity of the y-ray before and after 

passing through the materials, ~ is the total linear 

attenuation coefficient and t is the thickness of the 

materials. The total linear attenuation coefficient for 4.43 

MeV y-ray in Pb and Al are 0.081 cm-1 and 0.454 

respectively (Kr 87b). Figure 4.4 shows the attenuation versus 

thickness for Pb and AI, which are calculated by using 

equation (2). The attenuation of y-rays in Pb with energy 

range of 2.5-4.5 MeV are of the same order. Therefore, in 

order to reduce 90% of the background signals due to 3.0 MeV 

(and less) y-rays, we need to shield the detector by a 51 mm 

thick Pb shielding (or by a 288 rom Al thick shielding). Since 

the thickness of the Al target holder is less than 1" on the 

detector side, the attenuation of 4.43 MeV y-ray (loss of less 

than 20%) from the 1H (15N, ay) 12C nuclear reaction is considered 

to be negligible. 
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The shielding of the detector was not done during the 

data collection because the NRA apparatus was not designed to 

accept a heavy shielding. However, the measured background was 

reduced to 4±1 (counts/min.) when the NaI detector was 

temporally inserted inside a 5" thick cylindrical Pb 

shielding. 

4.6 Time requirement for collection of data 

The time that is required to collect 1 J.Lc charge of 15N++ 

ion beam for the y-rays yield spectrum depends on the beam 

current. In the usual cases where the beam current is 10 nA, 

the time that is required to collect 1 J.Lc charge, is 100 

seconds. 

The total time to depth profile a target depends on the 

target thickness and number of steps taken for the total depth 

profiling. For example the time required to do 1H depth 

profiling of a 600-700 J.Lm SiH sample with the beam current of 

15 nA could be 1.5-2.0 hours, depending on the number of steps 

taken. 
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The method of detection of hydrogen by using the 

1H( 15N,ay) 12C nuclear reaction at beam energy of 6.385 MeV may 

be considered one of the most powerful techniques in the field 

of ion beam analysis. I have used this technique to depth 

profile 1H not only in silicon but also in superconducting 

materials and thin films of optically active devices. 

In this chapter, we explore the hydrogen depth profiling 

of several Si:H samples, an optically active thin film device 

(W03 ) , a superconductor thin film and a mul tilayer 

[Si (H) /Si02]. Each film has been examined for its hydrogen 

stability and uniformity. The hydrogen atomic concentration 

has been measured by NRA and the non-hydrogen stoichiometry 

was obtained by RBS [formula 23 in chapter (3)]. The minimum 

uncertainty associated with the measured hydrogen atomic 

fraction is 7.5%, which results mainly from the uncertainty 

associated with the stopping power of 15N ions in the materials 

(-10%) • 

Silicon has been used extensively in industries and 

research laboratories because of its unique physical 

properties (Ce 89). In the field of electronic devices as well 

as optical thin films, silicon plays an important role. The 

effect of hydrogen on the physical properties of silicon has 
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been investigated by many scientists (Ka 88, Me 89, Mu 88, Re 

83, Ts 88). Because of the importance of silicon in the 

semiconductor industry and its use as a substrate in thin film 

technology, we examine a virgin silicon substrate as well as 

a virgin carbon substrate for the presence of hydrogen. As 

far as materials analysis with RBS is concerned, carbon is 

considered to be one of the best substrates for thin film 

deposition. Carbon has lower Z than many elements, such as 14N, 

160 , 19p etc., which may be present in the samples as 

impurities, therefore the backscattered signals from the 

carbon substrate do not overlap the signals of the elements 

with Z higher than carbon. 

The following procedures have been taken for hydrogen 

depth profiling of each thin film sample. The starting energy 

usually was at 6498 KeV. The 15N analysis beam energy was 

increased from the starting energy step by step (3-4 KeV per 

step) until the y-rays signals from the hydrogen content in 

the sample fade away due to the fact that 15N ions at resonance 

energy are now past the thin film and are in a region (i.e., 

substrate) with no hydrogen. Then the beam energy was 

decreased step by step, filling the gaps between the previous 

steps, which were taken during the energy increment. The 

decreasing in the beam energy was continued to energy 6330 KeV 

(Below the resonance energy). Then the energy was increased 

once more step by step until the starting energy was reached. 
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Search for a 'H bearing sample which can be used as a 

standard for hydrogen depth profiling has been conducted by 

many scientists. Materials such as plastics (Be 80, Cl 78, Cl 

77, La 80, Ru 86), hydrides (Le 74, Li 80, Ya 83), minerals 

such as Mica (Br 80, Da 78, Li 80, Zi 78) and hydrogen 

implanted silicon (Bo 78, De 83, De 81, Fr 83, La 76, Ma 83, 

wi 84) have been examined and used as hydrogen standards. 

The stability of the hydrogen in a standard sample is 

very critical. For this reason a number of candidates were 

investigated for their hydrogen concentration and their 

hydrogen uniformity and stability under the 15N analysis beams 

bombardment. 

5.1.1 preparation and investigation of Ti:H samples 
for a standard 

It was suggested (Ho 88) that TiHz sample may be used as 

a standard for hydrogen depth profiling because the hydrogen 

content of TiHz is considered to be very stable under 15N 

analysis beams bombardment. For this reason, four samples of 

Al/Ti/Al ( designated as ATA) were prepared (Prepared by R. 

Van Leeuwen of the Surface Science group of the Department of 

Physics at the University of Arizona) by means of ion beam 

sputtering in order to examine the stability of the hydrogen 
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content in the samples under beam bombardment. Each sample was 

annealed wi th subatmospheric H2 pressure in a plasma CVD 

reactor (by Dr. M. Jacobson of the Optical Science group at 

the University of Arizona). Table (5.1) lists the annealing 

procedures for ATA samples in three steps and the designed 

thicknesses for each layer. The Al layers at the front and the 

back of Ti layer are passive layers. They are designed to 

separate the surface hydrogen peak on the sample surface and 

hydrogen on the surface of the substrate from the hydrogen 

content of the Ti layer. 
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Table(S.1) Procedures for the preparation of Al/Ti/Al 
(ATA) samples. 

A) Designed thickness specifications for ATA samples. 

Sample Substrate 

ATA-1 200 40 200 Carbon 

ATA-2 200 40 200 Silicon 

ATA-3 200 2000 200 Carbon 

ATA-4 200 2000 200 Silicon 

B) Procedures for annealing ATA samples in Hz gas. 

Samples: ATA-1 and ATA-3 on C substrate 

Step 1: Heat to 350·C at 20 rntorr in air for 1 hour. 

Step 2: Heat at 350·C at 900 mtorr in Hz for 0.5 hour. 

Step 3: Cool to room temperature and hold at 900 mtorr in 
Hz for 4.5 hours. 

Samples: ATA-2 and ATA-4 on si substrate 

Step 1: Heat to 350·C at 20 rntorr in air for 0.5 hour. 

Step 2: Heat at 350·C at 900 mtorr in Hz for 0.5 hour. 

Step 3 : Cool to 29·C and hold at 900 mtorr in Hz for 
3.5 hours. 

5.1.1.1 RBS results for Ti:H samples 

Stoichiometry and layer thickness of all the ATA samples 

were measured by RBS prior to hydrogen depth profiling. 
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Figures 5.1-5.4 represent the backscattering spectrum of these 

samples and tables (5.2a) & (5.2b) list the RBS results and 

the corresponding thicknesses for each layer in each sample. 

In the calculation of thicknesses, the bulk density for Al and 

Ti were assumed. 

Table(S.2) a) RBS results on samples AI/Ti/AI which 
were prepared by ion sputterin~. 
Numbers are areal density (xlO 
atoms/cm2 ) • 

Sample 
--------

ATA-l 

ATA-2 

ATA-3 

ATA-4 

Front layer Back layer 
------------- ------------

Al 0 Ti Al 0 Al 0 
------- ------ -------- ------ ------ ------ ------

23±1 227±7 59±3 

22±1 227±7 

94±4 26±2 1160±30 83±5 lO3±5 67±4 31±5 

111±4 1120±30 90±5 54±5 

b) Corresponding layer thicknesses for each 
element. Bulk density was assumed for Al 
and Ti in the thickness calculation. 

Front layer Back layer 
------------- --------------

Sample AI(A) Ti(A) AI(A) AI(A) 
------- --------- ---------- ---------- ------------
ATA-l 41±6 380±20 

ATA-2 39±6 380±20 

ATA-3 160±lO 2050±50 140±lO lOO±lO 

ATA-4 180±lO 2040±50 150±lO 90±9 
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Since Al signals are overlapped by the si signals in the 

sample ATA-2 and ATA-4, the measured (Nt) value of Al layers 

in the samples ATA-1 and ATA-3 (which were deposited on carbon 

substrate) were used for their duplicated samples ATA-2 and 

ATA-4 (which were deposited on si substrate). The total (Nt) 

value of Al shown in table 5.2a for sample ATA-1 is due to the 

front and back Al layers. The RBS spectra of these samples are 

shown in figure 5.1-5.4. There is a small amount of oxygen 

present throughout samples ATA-1 and ATA-3 (figures 5.1 & 

5.3). There is probably a small amount of oxygen present 

through samples ATA-2 and ATA-4 as well but, because of the 

silicon substrate the oxygen signals are not distinguishable 

from silicon signals. Another interesting feature, which is 

noticeable in figure 5.3, is the apparent diffusion of Al 

into the Ti layer which could have happened during sputtering 

of Ti. Ti has higher latent heat of evaporation (Hi 86), 

therefore during sputtering process sputtered Ti (on Al layer) 

could cause melting of the Al layer. Unfortunately the 

thicknesses of the Al layers (at the front and back of Ti 

layer) were not sufficient to separate the surface hydrogen 

peak from the peak due to the hydrogen in the Ti layer. It was 

realized later that in order to separate the surface hydrogen 

peak it is required to use at least 500 A thick Al layer to 

cover the Ti layer. The Al layers in sample ATA-1 (figure 5.1) 

were inseparable because the Ti layer was too thin to cause 
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any separation in the Al peaks. 

5.1.1.2 NRA results on Ti:H samples 

In order to determine the amount of hydrogen in the ATA 

samples, each sample was hydrogen depth profiled with a 15N 

analysis beam. In each case the beam energy was increased by 

increasing the magnetic field of the analyzing magnet by 10, 

4 or 2 Gauss (1 gauss= 4.2+/-0.2 KeV). In the vicinity of the 

front surface the steps were small (1-2 Gauss) in order to 

define the surface hydrogen peak more accurately. Figures 5.5-

5.7 represent the hydrogen depth profiles of samples ATA-1, 

ATA-3 and ATA-4. Sample ATA-2 was not hydrogen depth profiled 

because sample ATA-1 (matching sample) did not revealed any 

useful information. In all cases the surface hydrogen peak, 

which has a maximum at the beam energy of 6373 KeV and is due 

to surface hydrogen contamination, is clearly seen. Although 

sample ATA-3 had a uniform hydrogen distribution throughout 

the Ti layer, it was not used as a standard in hydrogen depth 

profiling analysis for two reasons. First, it only contained 

a small amount of hydrogen. Second, because of the presence of 

impurities in the Ti layer, it was impossible to determine the 

stoichiometry of the film accurately (because of the presence 

of Al and 0 in the Ti layer). The other samples did not show 

a uniform hydrogen distribution throughout the Ti layer and 

therefore they were not used as standard samples. 
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5.1. 2 Investigation of Mica and Pure Ti samples 
for a standard sample 
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Hydrogen depth profiling was done on pure Ti and Mica 

targets in order to examine the hydrogen stability. Ti is 

commonly used for hydrogen storage (Ma 83b) and usually 

contains small amounts of naturally occurring hydrogen. Mica 

is a natural mineral and has been used as a standard for 

hydrogen depth profiling (Ev 89). 

Ti sample was prepared by means of ion beam sputtering on 

a carbon substrate (by the Surface Science group of the 

Department of Physics at the University of Arizona). No 

attempt was made to anneal the Ti sample in H2 • 

5.1.2.1 RBS results on Mica and Ti 

Figure 5.8 shows an RBS spectrum of the Ti sample. The 

deficiency in the Ti peak is due to the presence of 0 and c. 

The oxygen content in the Ti film mostly comes from the bulk 

Ti which was used in the sputtering processing. The carbon 

content is from the carbon substrate, which is evaporated 

during sputtering the process and deposited in the Ti layer. 
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Mica is composed of K, AI, Si, ° and H with chemical 

formula of KAl2 (AISi30,o) (OH) 2 (Muscovite). Since Mica is an 

insulator, positive charge can built up on its surface during 

bombardment by an ion beam. For this reason an Al layer 

approximately 1000 A thick was deposited on the surface of the 

Mica. Also, since Mica contains Al and Si, backscattering 

spectrometry can not determine any useful information about 

its composition because of the overlapping signals. For this 

reason it is hard to determine the presence of any impurities 

in the Mica. 

5.1.2.2 NRA results on Mica and Ti 

The Ti and Mica samples were hydrogen depth profiled by 

NRA. It was noticed that hydrogen in the Ti sample was fairly 

uniform. However hydrogen in the Mica was not uniform. Figures 

5.9 & 5.10 show the hydrogen depth profiling of Ti and Mica. 

Both samples have low hydrogen content, which make them 

unsuitable to be used for standard samples. In both cases, 

surface hydrogen peaks are shown. The dip next to the surface 

hydrogen peak in Mica is due to the Al layer, which was 

deposited on the surface of Mica. 
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During bombardment of the Mica sample, the Al layer was 

destroyed at the place where ion beam was incident and 

consequently bare Mica was exposed to the ion beam. This may 

indicate that the Al does not stick to the surface of Mica and 

therefore there is a possibility that Mica had been charged up 

during bombardment. When the surface of a sample charges up, 

the beam energy, at the target surface, shifts to a lower 

value than the actual beam energy and the resonance occurs at 

a depth where it has already occurred. Therefore, the results 

of hydrogen depth profiling on the Mica can not be 

interpreted. 

5.1.2.3 Comparison of Ti:H, Mica and Ti samples 

The hydrogen stability of ATA-3, ATA-4 and Mica was 

tested by bombarding each target repeatedly. Each target was 

·bombarded during seven consecutive runs at the same energy 

(6498 KeV) and for the same dose (1~C). The results of such 

measurements are shown in figure 5.11. It is apparent that 

samples ATA-3 and ATA-4 have very stable hydrogen 

concentration while hydrogen concentration of Mica is not as 

stable as the other samples under beam bombardment. 

None of the ATA samples nor Ti nor Mica were used as a 

standard for hydrogen depth profiling in this work for the 

following reasons. First, neither of samples show high yields 

of v-rays due to their hydrogen concentration. Second, because 
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of the presence of impurities in the Ti layers (both in ATA 

and Ti samples), the non-hydrogen stoichiometry could not be 

determined precisely and therefore it is not possible to 

calculate the hydrogen concentration of these samples 

accurately. Third, the hydrogen in some of these samples, such 

as Mica, ATA-1 and ATA-4, are non-uniform and possibly 

unstable under beam bombardment. 

5.1. 3 Investigation of Kapton and Mylar for standards 

Plastics are another candidate for use as standards (La 

80, Ru 86) in hydrogen depth profiling. Plastics are cheap and 

easy to get and their precise density and composition may be 

obtained from the manufacturers. 

Plastics such as Mylar and Kapton (DP 89) are usually 

used for electrical insulation. According to the manufacturers 

specification, Kapton is more durable than Mylar when exposed 

to heat or chemical reactions. Both Kapton and Mylar were 

hydrogen depth profiled with and without a passive Al layer. 

The hydrogen concentrations be calculated by using equation 

(16) in chapter (3). Table (5.3) list the chemical formula, 

density and the corresponding hydrogen concentration for 

Kapton-100H (1 mil. thick) and Mylar-92A (0.92 mil. thick). 
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5.1.3.1 RBS results on Kapton and Mylar 

RBS can not reveal any useful information about the 

stoichiometry of ei ther Kapton or Mylar because of their 

chemical composition. However, in cases where there was a 

passive layer of Al deposited on the surface, it was possible 

to determine the areal density of surface Al layer by RBS. The 

Al layer thickness was calculated by assuming bulk density for 

Al. Kapton and Mylar were covered with a thin (-1000 A) Al 

layer because uncoated (by Al) Kapton or Mylar were charging 

up during bombardment by the ion beam. Figures 5.12 and 5.13 

show the RBS spectra of Aluminized Kapton and Mylar. The 

corresponding thicknesses of 1010±30 A and 630±20 A of Al were 

obtained for AI-Kapton and Al-Mylar respectively. 

Table (5.3) 

Substance 

---------
K-100H 

Mylar-92A 

Kapton (K-100H) and Mylar (Mylar-92A) 
specifications. 

Chemical formula Density (g/cm3 ) 'H (atoms/cm3 ) 

------------ ------------ ---------
C22H,oN2OS 1.42 2.24X1022 

C,oHs04 1.392 3.49X1022 

* density and chemical formula is obtained from the 
manufacturer (DU Pont). 
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5.1.3.2 NRA results on Kapton and Mylar 

Hydrogen depth profiling of Kapton and Mylar was done 

for two purposes. First, to determine whether or not the 

hydrogen in each sample is uniform. Second, to examine the 

stabili ty of the hydrogen in each material under ion beam 

bombardment. 

In the first case, hydrogen depth profiling of Kapton 

and Mylar revealed that hydrogen in Kapton and Mylar were 

fairly uniform. The uniformity of the hydrogen in Kapton was 

examined by taking large steps in the energy during hydrogen 

depth profiling in order to reduce the time that the target 

was exposed to the ion beam. The results of these procedures 

are shown in figure 5.14. The figure shows that the surface of 

the Kapton (with no Al coating) was charged up due to the 

incident 15N++ analysis beam. The charge built up on the 

surface of the Kapton caused a reduction in the energy of the 

ion beam. This resulted in the shifting of the front surface 

edge of the hydrogen depth profile (by 31 KeV) to a higher 

energy (-6404 KeV). Figure 5.15 shows results of hydrogen 

depth profiling of Aluminized Mylar (AI-Mylar 92A) and 

contains information on hydrogen uniformity. The shifting of 

the front surface edge (in this case) is due to the Al layer 

on the surface of the Mylar which corresponds to 740±30 A of 

Al • 
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Notice the small peak (in figure 5.15) with its maximum around 

6373 KeV. This peak is due to the surface hydrogen 

contamination on the Al layer. 

It was noticed that whenever the 15W+ beam current was 

increased above 5 nA while hydrogen depth profiling Mylar 92-

A, the results of repeating the run at the same energy and for 

the same dose of charge were not consistent. In the case of 

Kapton-100H, the inconsistency of the data was noticed 

whenever the beam current was increased above 10 nA. A common 

factor in the two cases was the wrinkling of the samples under 

ion beam bombardment. Since a 1 rom variation in the sample 

distance from the NaI detector resulted in a 15% change in the 

detector efficiency (Ma 68), the wrinkling of the samples may 

have caused this inconsistency in the data. To test this 

theory, thicker samples of Kapton (5 mil. thick) and Mylar (14 

mil. thick) were used for hydrogen depth profiling with a 10 

nA beam current. Repeated runs on these samples at the same 

energy and for the same dose of charge revealed consistent 

results. 

The stability of the hydrogen in both samples (Kapton and 

Mylar) were examined by bombarding each target at 6801 KeV, 10 

times repeatedly for 1 pC. Figures 5.16 and 5.17 show the 

results of this procedure. Kapton was chosen to be used for 

our standard sample because it contains a large amount of 

hydrogen which is also fairly uniform. 
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Comparison of figure 5.16 & 5.17 shows that hydrogen in the 

Kapton is more stable than hydrogen in the Mylar. 

The measured y-ray yield (counts/~C) due to hydrogen in 

Kapton and Mylar for a period of several months indicated an 

average of 2030±50 (counts/~C) for Kapton and 3200±80 

(counts/~C) for Mylar. The ratio of the y-ray yield for Kapton 

and Mylar can be related to the hydrogen concentration ratio 

of Kapton to Mylar by using equation (17) of chapter (3). The 

measured ratio is 0.62±0.07 which is in good agreement with 

the theoretical calculation (see table (5.3». 

5.2 Hydrogen depth profiling of si:H samples 

Five hydrogenated si samples were made (by the oeLI, 

Inc.) in order to measure their stoichiometry (including 

hydrogen) by RBS and NRA. The OCLI was interested in the 

measurement of hydrogen atomic concentrations of these samples 

in order to investigate the effect of hydrogen on the index of 

refraction of each sample and to calibrate an Infrared 

spectrometric method of measuring 'H in si. Here we are only 

interested in the hydrogen depth profiling of these samples. 

5.2.1 Si:H preparation 

The Si:H films were deposited with dual ion beam 

sputtering at a chamber pressure of 1-4 x 10-4 torr during 

coating (AI 89). One ion beam was used to sputter the si 
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coating from a si target. The second ion source was directed 

at the substrate and bombarded the sample with a mixture of 

argon and hydrogen ions in order to control the amount of 

hydrogen incorporated in the films. Ge and si substrate were 

used in preparation of these samples [see table (5.4)]. Ge and 

si substrates do not have very strong lattice absorption bands 

in the useful region of infrared (667-10000 cm-1) and therefore 

transmission studies by Infrared spectroscopy can be done on 

these films in these regions. 

One of the samples (854-2287) was prepared without being 

bombarded by either argon or hydrogen ions from the second ion 

source. The remaining four samples were sputtered at different 

argon and hydrog/ .. m gas pressures, ranging from 8 x 10-5 to 2.2 

X 10-4 torr for hydrogen gas and (7-9) x 10-5 torr for argon 

gas. 

Table (5.4) 

Sample number 

854-2287 
854-2291 
854-2292 
854-2293 
854-2304 

Si:H samples ID-nurnber and corresponding 
substrate. 

Substrate 

Ge 
si 
si 
Ge 
si 

5.2.1.1 RBS results on Si:H samples 

RBS spectra of the Si:H samples on si substrates revealed 

the presence of a small amount of Ar ( samples 854-2291, 854-

2292 and 854-2304), as shown in figures 5.18-5.20. 
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However, detection of Ar in the Si:H samples (figures 5.21 & 

5.22) which are deposited on the Ge substrate (samples 854-

2293 & 854-2287) was not possible because Ge signals 

overlapped the Ar signals. Also since oxygen signals 

overlapped the si and Ge substrate signals, the detection of 

a small amount of oxygen in these samples by RBS is 

impossible. 

5.2.1.2 NRA results on Si:H samples 

Hydrogen depth profiling on the sample 854-2287 (shown in 

figure 5.23) shows that there is basically no hydrogen present 

in this film, while the hydrogen surface peak due to hydrogen 

contamination is distinctly observed with the maximum at 6373 

KeV. The hydrogen depth profiling of the samples 854-2291, 

854-2292, 854-2293 and 854-2304 shows a considerable amount of 

hydrogen present in each film, as shown in figures 5.24-5.27. 

The presence of dips in the hydrogen depth profiling spectrum 

in some of these samples is due to the non-uniformity of the 

hydrogen throughout the film. The surface hydrogen peak due to 

surface hydrogen contamination is shown in each profile. 

The energy straggling of 15N ion beams in these sample at 

the high energy edge are of order of 54-58 KeV depending on 

the film thickness (see section 3.2.5). The total energy loss 

measured from the hydrogen depth profiling spectrum ( at FWHM) 

and the stopping power of the films were used to calculate the 
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areal density of the si in these films (see section 3.3.3.2). 

The (Nt)Si values obtained in this way were in good agreement 

with the RBS results for (Nt)Si. This shows that NRA not only 

is a very powerful method in determination of hydrogen atomic 

concentration, but also in cases where the film is made of one 

element (in addition to hydrogen), the areal density of the 

host element may easily be calculated from the hydrogen depth 

profiling spectrum. Table (5.4) lists the results which were 

obtained by RBS and NRA by the methods explained in chapter 

(3) • 

Table (5.5) 

Sample 

Areal densities for Si:H samples, which were 
obtained b~ nuclear reaction analysis 
[1H(15N,ay) C] and Rutherford backscattering 
spectrometry. 
a) Numbers in parentheses are atomic %. 
b) Numbers in brackets for Ar are assumed 

(due to Ge substrate, Ar signal overlap). 

Areal densities Average atomic 

(1015atoms/cm2) 
c022entratio~ 

(10 atoms/em) 
---------------------------------------------------------------------

Si H Ar Si H 

854-2287 3672:t132 10:t10 [153:t20] b 4.65:t0.28 0.013:t0.013 
(96:t1)a (0.25:t0.25) (4.0:t1.0) 

854-2291 2790:t91 700:t85 126:t13 4.33:t0.26 1.09:t0.13 
(n:t2) (19.4:t2.4) (3.5:t0.4) 

854-2292 3843:t126 1059:t89 185:t23 4.22:t0.25 1.16:t0.10 
(76:t2) (20.8:t1.7) (3.6:t0.4) 

854-2293 2349:t96 1028:t103 [ 98:t15] 3.61:t0.22 1.58:t0.16 
(68:t3) (29.5:t3.0) (2.8:t0.4) 

854-2304 2357:t88 967:t97 97:t15 4.02:t0.24 1.65:t0.17 
(69:t3) (28.3:t2.8) (2.8:t0.4) 
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5.3 Hydrogen depth profiling of W03 sample 

Films of W031 Ta20S and Si02 or a combination of these 

films are used for coatings in optical devices in order to 

control the transmittance and reflection of light. 

Two films of W03 were deposited on a carbon substrate by 

means of evaporation in a reactive oxygen atmosphere (prepared 

by Donnelly Corp.). A passive Al layer was deposited on the 

front surface to separate the hydrogen surface peak from the 

hydrogen in the films. The films were made of a layer of W03 

(900 A) which was covered by a 1500 A thick Al layer on a 

carbon substrate. One of the films was heat treated in an 

oxygen environment at 85° C for a period of two weeks. These 

films were specifically produced to study the effect of 

annealing on the hydrogen concentration. 

5.3.1 RBS results on W03 sample 

Figure 5.28 shows the RBS spectrum of the W03 film with 

the corresponding peaks for each element. The RBS spectrum 

shows that there is oxygen on the front surface of the Al 

layer and in the W layer. Also a small amount of carbon is 

present on the front surface. 

5.3.2 NRA results on W03 sample 

The hydrogen depth profiling of the W03 films are shown 

in figure 5.29 & 5.30. From the hydrogen depth profiling plots 
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(y-ray yield) we can tell that the hydrogen concentration in 

both films is approximately the same (knowing that the 

stoichiometry of the elements in both films is the same). 

However, because of the instability and non-uniformity of the 

hydrogen in both films, it is not possible to accurately 

measure hydrogen concentration in either film. However, a very 

rough approximation of the hydrogen concentration of 27% may 

be obtained by assuming a W03 stoichiometry. Table (5.5) shows 

the results of RBS for both films. 

Table (5.6) 

Sample C 

Areal densities for sample W03 which were 
obtained by RBS. 
a) Numbers are (X1015 atoms/cm2) 

b) Assumed bulk density for AI. 

° Al ° W ° O/W 

W03 15±5 24±2 1024±30 35±7 127±4 450±15 3.53±0.06 1710 
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5.4 Hydrogen depth profiling of HiTc superconductor 

In the past few years the investigation of 

superconducting materials has increased tremendously (Ma 89) . 

It has been shown that the presence of hydrogen in the 

superconductor (Nb3Ge) would decrease the critical temperature 

of these materials (Ro 77). Although since the invention of 

new HiTc superconductors (YBa2Cu30X), most attention has been 

concentrated on the study of their structure and stoichiometry 

(excluding hydrogen) and the effect of impurities on their 

superconductivity characterization. No one has investigated 

the effect of hydrogen on these HiTc superconductors 

extensively. For this reason a HiTc thin film superconductor 

was hydrogen depth profiled to see if there is any hydrogen 

present in this film and to examine the stability of the 

hydrogen under beam bombardment. 

A thin film of HiTc superconductor was deposited on a si 

substrate by means of co-evaporation of Y, BaF2 and Cu 

elements (provided by Du Pont). 

5.4.1 RBS results on HiTc sample 

The RBS spectrum of the superconductor is shown in figure 

5.31. In addition to Y, Ba and Cu peaks, there are small 

amount of fluorine and oxygen in the film. The irregularity of 

the fluorine peak is due to the fact that the fluorine cross 
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section is non-Rutherford at the 4He beam energy of 3776 KeV. 

The stoichiometry of this film is; Y(1.05:tO.01)Ba(Z.16:tO.01)cu(Z.79:tO.01). 

5.4.2 NRA results on HiTc sample 

The hydrogen depth profiling of this sample showed a 

considerable amount of hydrogen present in the film. Figure 

5.32 shows the hydrogen depth profiling of this sample which 

corresponds to l2±1 atomic percentage of hydrogen (9±1 atomic 

percentage if fluorine is included in the calculation). This 

represents a large amount of hydrogen impurity in the film; 

unfortunately, we can not tell how hydrogen affects the 

critical temperature of these un-annealed (in oxygen) 

superconductors until further investigation is done. 

From the stability of the hydrogen under beam bombardment 

on this superconductor, it is apparent that hydrogen makes a 

very strong chemical bonding with the constituent elements of 

this film. 
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5.5 Hydrogen depth profiling of multilayer Si/Si02 

A sample with multilayers of Si(H) and Si02 was prepared 

in the same manner as the previously explained Si:H samples 

(prepared by CeLl, Inc.). The film composition is as follows: 

si (H) /Si02/Si (H) /Si02/Si (H) /A120y'AU/Al/substrate, where the 

substrate is fused Si(111). 

5.5.1 RBS results on multilayer sample 

Figure 5.33 shows the RBS spectrum of the multilayer 

Si/Si02 • It is apparent that the distinction between layers is 

difficult because of the overlapping signals from Si and Si02 

layers. However, alternative peaks are Si and Si02 layers as 

indicated in figure 5.33. A large uncertainty was assigned to 

each layer in the calculation . The large peak at the channel 

735 is due to the underlying Au layer. 

5.5.2 NRA results on multilayer sample 

Hydrogen depth profiling of the multilayer Si/Si02 is 

shown in figure 5.34. As usual the data were taken by 

increasing the beam energy of the 15N analysis beam step by 

step from 6498 KeV to 9200 KeV (where the accelerator 

sparked). Then the energy was decreased from 9200 KeV step by 

step to 6330 KeV. The reproducibility of the data was 

excellent. 
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Figure 5.34 is an excellent example for showing that hydrogen 

depth profiling using the 6.385 MeV resonance in the 

1H (15N, ay) 1Zc nuclear reaction is a powerful method for 

detection of hydrogen in materials. 

In the determination of hydrogen concentration the 

alternative layers have been assumed to be pure Si and SiOz. 

The results of NRA and RBS are shown in table (5.6). The 

calculation of the layer thickness are estimated by the method 

explained in chapter (3) (equation 27). Measurement of the 

oxygen concentration in the layers was done by oxygen depth 

profiling using the strong resonance of 4He on 160 at 3.035 MeV 

(Le 90). It was estimated that less than 1% oxygen is present 

in the top si layer. 



Table (5.7) 

Layer Element 

1 H 
si 

2 H 
Si 

° 
3 H 

si 

4 H 
si 

° 
5 H 

Si 

Results of hydrogen depth profiling and 
RBS for the multilayer Si(H)/Si02 • 

atomic% T(A) * 

400±30 27±2 
1100±100 73±2 2200 

65±9 1. 7±0. 2 
1300±200 32.8 - 5680 
2500±500 65.5 -

380±30 26±2 
1100±100 74±2 2140 

120±10 3.2±0.3 
1200±200 32.3 - 5410 
2400±400 64.5 -

390±30 26±2 
1100±100 74±2 2210 

185 

* In the thickness calculation, we assumed pure si or Si02 
bulk density where it was applicable. 

The depth resolution at the depth of approximately 1.7 ~m is 

calculated to be 700 A (in Si) by using equation 27 in chapter 

III. The calculation was done by measuring the width of the 

high energy edge (12-88%) of the profile for determination of 

the energy loss and the use of energy loss of 15N ions in Si. 

5.6 Virgin carbon and silicon substrate 

A virgin silicon(lll) and carbon substrate were hydrogen 

depth profiled. The hydrogen depth profiling was done in order 

to determine whether or not there is any hydrogen present in 

these substrate prior to any film deposition. 
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5.6.1 RBS results on carbon and silicon substrate 

To make sure that there is no impurity (except hydrogen) 

in the carbon and the silicon substrate, RBS was used on both 

samples. The results showed no trace of any impurity in either 

samples. 

5.6.2 NRA results on carbon and silicon substrate 

Figures 5.35 and 5.36 shows the hydrogen depth profiling 

of virgin silicon and carbon substrates. It is obvious that 

there is no detectable hydrogen present in the silicon 

substrate. However, there may be a small amount of hydrogen 

present in the carbon substrate. This small amount of hydrogen 

in the carbon substrate is neither uniform nor stable. From 

the run number corresponding to each data point, it is 

possible say that there was more hydrogen in the substrate 

initially but, because of increase in the temperature of the 

substrate during bombardment, hydrogen content gradually 

decreased. 
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CHAPTER VI: 

SUMMARY AND CONCLUSION 

In this dissertation, I have investigated the operation 

of a Penning ion source and determined the optimum operating 

parameters required to obtain 15W+, 4He+ and 4He++ analysis 

beams. Then I used the 15N++ analysis beam to investigate 

hydrogen depth profiles in materials using the 6.385 MeV 

resonance in the 1H (15N, ay) 12C nuclear reaction. Several samples 

were investigated for the determination of hydrogen atomic 

concentration, stability under beam bombardment and hydrogen 

uniformity throughout the sample. All of these samples have 

important applications in industry and research laboratories. 

In this chapter, I will briefly review the experimental 

results and mention further applications of this technique. 

6.1 Penning ion source assembly 

A cold cathode penning ion source was installed in the 

5.5 MV Van de Graaff accelerator in order to be able to do 

hydrogen depth profiling by using the 6.385 MeV resonance in 

the 1H (15N, ay) 12C nuclear reaction. An energy range of 6.3-10 

MeV for the 15N beam is required for this technique. A 

conventional rf ion source could not produce enough pure 15N++ 

analysis beam (5-15 nA) required for the measurement. 

At first the Penning ion source (including extraction 
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electrode) was tested (on a test bench) with 60 Hz power 

supplies for determination of arc voltage, extraction voltage 

and gas pressure ranges in order to obtain the maximum 14N and 

4He ion beam current. Then these voltage settings and gas 

pressure ranges were used to test the Einzel lens and to 

obtain a new set of voltage settings and gas pressure ranges 

( for the optimum beam currents) after the Einzel lens was 

added to the Penning ion source assembly. The third element of 

the ion source assembly was a crossed field analyzer. Since 

the magnetic field of the crossed field analyzer was not 

known, a series of measurement with 14N2+ and 4He+ beams was 

performed to determine the magnetic field strength of the 

crossed field permanent magnets. Afterward, I was able to 

determine, and therefore preselect, any ion species by setting 

the electric plate voltage of the crossed field analyzer. 

Another set of measurements was done to obtain a set of 

vol tage settings for maximization of 14N+, 14N/, 14N++, 4He+ and 

4He++ beam currents, after the crossed field was added to the 

assembly. In the process of these measurements, a relation was 

obtained between the lens and the extraction voltages for 4He++ 

and 14N++ beams. 

The final testing on the test bench was done with 400 Hz 

power supplies. The previously obtained voltage settings with 

60 Hz power supplies were found to agree with those for the 

400 Hz power supplies. The results of the measurements 
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(voltage settings) are listed in table (2.6). The final test 

of the voltage settings for the entire assembly (Penning 

source, Einzel lens and crossed field analyzer) was done with 

the assembly inside the VDG accelerator. 

The results of the testing that was performed on the 

Penning ion source revealed the best voltage setting for the 

arc , the extraction, the lens and the crossed field analyzer. 

It is important to know that the voltage settings used for the 

operation of the ion source may vary from day to day with the 

increase in residual gas pressure. The presence of impurities 

in the source and wear of the cathodes and deposit of 

materials on the anode will effect the ion source operation. 

Therefore it is advisable to set the voltages on the 

predetermined voltage settings at first and then readjust the 

settings (voltage) for the required beam current. 

Running the source assembly with high pressure and large 

magnet current is not recommended. A large beam current 

obtained by high pressure will reduce the life time of the 

source (GI 87). It has also been noticed that exposing the 

crossed field electric plates to a large beam current can 

damage the plates by peeling the nickel plating off these 

plates. The peeled-off nickel has on one occasion caused a 

short between one of the electric field plates and the crossed 

field case, which required opening the VDG for repair. A large 

beam can be obtained at low pressure (see chapter II) with 
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proper tuning of the voltage settings. 

One might consider installing a cooling system in order 

to be able to run the magnet at higher current (>2.5 A). 

Magnet current above 2.5 A is not recommended by the 

manufacture but, it is shown (Ba 72) that an increase in the 

magnet field can increase the ionization state of the ions. 

The excellent performance that the Penning ion source assembly 

has had in over 600 hours of operation in the accelerator is 

evidence that these settings are satisfactory voltage settings 

for the operation of Penning source assembly. 

Hydrogen depth orofiling using the 6.385 resonance 
in the 1H (15N « 111 f12C nuclear reaction. 

Several materials were hydrogen depth profiled in order 

to examine their suitability for use as a standard. Their 

hydrogen content, uniformity and hydrogen stability under beam 

bombardment was examined. Among the examined samples, Kapton 

was chosen to be used for the standard. 

Several hydrogenated samples (Si:H, W03 , superconductor 

thin film, multilayer si (H) jSiOz and virgin carbon and silicon 

substrate) were hydrogen depth profiled. Each sample was 

investigated for the hydrogen concentration and stability 

under 15N++ analysis beam bombardment. Hydrogen depth profiling 

of the hydrogenated si samples shows that Si samples can 

contain a considerable amount of hydrogen (22-30 % for samples 
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examined here). The hydrogen incorporated in the si samples is 

extremely stable under beam bombardment. 

Examination of an un-annealed (in oxygen) HiTc 

superconductor thin film for hydrogen content showed that the 

film contained hydrogen (12 %)., The hydrogen in this 

superconductor was also extremely stable under beam 

bombardment. This could indicate that hydrogen makes a strong 

chemical bonding with other constituent elements, such as 

oxygen (may result in H20). This idea has not been fully 

explored yet. 

The hydrogen depth profiling of a W03 thin film revealed 

that hydrogen in this film is not stable under beam 

bombardment and it is possible that a small amount of H20 is 

present in this film. 

The most exciting hydrogen depth profile was obtained 

when a multilayer thin film of Si(H)/Si02 was hydrogen depth 

profiled. The results were not only beautiful, but also showed 

the power of this technique for depth profiling hydrogen. A 

depth resolution of 700 A at depth of approximately 1.7 ~m is 

apparent from this result. 

The final attempt was the examination of virgin carbon 

and silicon substrates. There was no evidence of hydrogen 

presence in the silicon substrate. However, initially a very 

small amount (~1%) of hydrogen in the carbon substrate was 

detected but, the hydrogen content faded away as the time of 
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exposure of the sample to the analysis beam was increased. 

6.3 Further application 

At the end, I shall mention that hydrogen depth 

profiling using the 6.385 MeV resonance reaction of 

1H (15N , ay) 12C nuclear reaction not only is a powerful technique 

for the determination of hydrogen concentration, but also may 

be used for determination of hydrogen bonding with other 

constituent elements in sample (Zi 86). This is done by 

measurement of the Doppler broadening and the knowledge of the 

zero point energy of hydrogen bonding. A combination of 

Doppler broadening measurement and channeling may also be used 

to locate hydrogen with a specific chemical bonding in the 

samples. This idea has been recently put into practice by 

Fujimoto (Fu 90). 

The future plans to improve our facilities and the 

technique are; 

1) To install a meter to read arc current (Penning source) 

accurately. 

2) Careful testing of the ion source assembly with the new arc 

current meter in the VDG. 

3) Improve the NRA sample holder. 
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PENNING SOURCE 

A.l Set up for 60 Hz bench test 
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For testing, the Penning ion source was placed on top of 

a cylindrical vacuum chamber which was evacuated by a 4" 

diffusion pump to 2-3 X 10-7 torr. Figure A.l(a)-A.l(b) shows 

the chamber and all the electrical connections to the Penning 

ion source and the measuring equipment for the 60 Hz testing 

bench set up. 

A horizontal wire rod (2.4 mm in diameter) was attached 

perpendicularly to a rotatable vertical rod (210 mm away from 

the center of the ion beams) which was controlled from the 

outside of the chamber in order to measure the beam width. The 

ion beam current to the horizontal rod was measured by an 

ammeter with its positive terminal connected to the horizontal 

rod and its negative terminal connected to the ground. The 

horizontal wire rod was swept through the ion beam, the 

measured angle of rotation of the vertical rod between half 

maximum current points could be used to calculate the beam 

width. 

A 50 KV one-to-one isolation transformer was used to 

isolate the lab ground from the power supplies ground (called 

"source ground"). All the power supplies (except the 

extraction voltage) which were used for the testing of the ion 
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source were grounded to the source ground. A 40 Kohm, 14 W 

resistor (Rdrop) was used between the ion source anode and the 

posi ti ve terminal of arc power supply in order to prevent 

excessive arc current. Arc current (IARe ) was measured by a 

current meter connected between ion source anode and the Rdrop • 

A voltmeter was used to measure the voltage drop between the 

anode and the cathode (called VAC). 

A Faraday cup, which was located directly below the ion 

source aperture, was connected to the positive terminal of a 

400 V dc power supply. The +400 V dc potential on the Faraday 

cup recaptured the secondary electrons knocked out by the 

incident ion beams. The ion beam current (IFC ) was measured by 

a current meter connected between the Faraday cup and the +400 

V terminal of the power supply. 

The gas flow into the chamber through the anticathode was 

controlled by a thermo-mechanical leak whose temperature was 

controlled by current through the leaks' heating element 

(provided by a variac). 

since direct measurement of the gas pressure inside of 

the discharge chamber is not possible, the gas pressure was 

measured by an ionization gauge which was located on the test 

bench chamber, as it shown in figure [A.1(a)]. 

A.2 Testing procedure of the Penning ion source 

To obtain a maximum beam current and a minimum beam 
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width for different arc and extraction voltage settings, as 

well as the best operating pressure range for 4He and 14N2 

gases, the following procedures were carried out. 

I ARC ' I FC and beam width were measured as function of arc 

vol tage, extraction voltage and pressure. Arc voltage was kept 

constant at five different values, specifically at 1100 V, 

1300 V, 1500 V, 1700 V, 1900 V, while either pressure or 

extraction voltage (Ve) or both were varied. Whenever the gas 

pressure was changed, the arc voltage power supply was 

adj usted in order to keep the arc voltage constant. The 

variation in the arc voltage, corresponding to the gas 

pressure variation, was due to the change in the arc current 

between the anode and cathodes. 

At first, while arc voltage was kept constant (at a 

specific voltage), gas pressure was incremented step by step 

(usually by 0.1 to 0.2 X 10-6 torr per step) from 1.0 x 10-6 

torr to 5.0 x 10-6 torr. This region is considered to be the 

low pressure mode region (the low pressure reduces the ions, 

recombination processes). Whenever gas pressure was increased 

(by a step), the extraction voltage was tuned in order to 

obtain minimum beam width. 

Next, gas pressure was kept constant at (6.0 ± 0.1) x 10-6 

torr while the extraction voltage was varied. The beam width 

was measured for each specific arc voltage setting while the 

extraction voltage was varied from 0 to 16 KV for 4He gas and 
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o to 10 KV for 14N2 gas. However, the extraction voltage was 

not tuned for minimum beam width as in the previous case. 

An important parameter in stabilizing the operation of a 

Penning ion source is the gas pressure. An abrupt change in 

the operation of the Penning ion source due to a variation in 

gas pressure has been observed by noticing a sudden jump in 

the arc current. Five different current modes of operation due 

to variation in the gas pressure in a cold cathode Penning ion 

source has been observed in the pressure range of 1 x 10-4 torr 

to 5 x 10-2 torr (Ro 83). However, we have only detected two 

current modes [as shown in figure A.2 in the pressure range 

that we have been operating the penning ion source. Low 

pressure mode is specified at pressure range of (1-4) x 10-6 

torr and high pressure mode is specified at pressure range of 

(6-9) x 10-6 torr. The gas pressure region between these two 

modes (4-6) x 10-6 torr is the region where the discharge is 

unstable. 
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A.3 Measurements and the results of the investigation 
of the operation of the Penning ion source 
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A set of plots were obtained for each gas species. In 

each set, measured I FC vs. pressure, I FC vs. VE, beam width vs. 

V E and I ARC vs. pressure for each specific VAC are shown. 

Figures A.3 (a) -A. 3 (d) are for 14Nz gas and figures A.4 (a)

A.4 Cd) are for 4He gas. Measurement of I FC vs. VE and beam 

width vs. V E for 15Nz gas at V AC= 1300 V and pressure of -6.0 x 

10-6 torr are not included in the plots because the ion source 

did not strike at these settings. Also many fluctuations and 

instabilities were observed for 4He gas at VAC = 1500 V and gas 

pressure of -6.0 x 10-6 torr. For this reason, the measurements 

of I FC vs. V E and beam width vs. V E for 4He gas at V AC= 1500 V 

are excluded from these plots. An interesting feature, which 

is shown in these plots, is the change of operating condition 

for an increase in arc voltage. For example, in case of 4He 

gas, one observes a sudden increase in the beam current when 

the arc voltage is changed from 1300 V to 1700 V while the 

pressure, magnetic field and extraction voltage are all kept 

constant. 
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This may be due to a sudden increase in the number of 

secondary electrons (which are emitted from the cathodes) and 

an increase in their corresponding oscillation frequencies and 

energies. An increase in the number of secondary electrons and 

their corresponding oscillation frequencies and energies 

results in an increase in the ionization of gas species. 

As shown in figures A.3(b) & A.3(b) an increase in the 

beam current is achievable by an increase in the arc voltage 

at the constant pressure and extraction voltage. Figure A.3(b) 

shows that an increase in the extraction voltage (i.e., above 

6 KeV at VAC= 1700 V) can also increase the beam current up to 

a certain value (i. e. -375 J.LA) and reduce the corresponding 

beam width [figure A.3(c)] to a certain value (i.e.-4 degree) 

while the pressure and the arc voltage are kept constant. 

However, further increase in the extraction not only does not 

increase the beam current significantly, but in most cases 

decreases the beam current and widens the beam width [see 

figures A.4(c) & A.4(c)] which could be a disadvantage (in 

case of focusing the beam). 

An interesting difference between 4He and 14Nz gases is 

noticeable in figures A.3(a) & A.4(a). As it shown, a maximum 

beam current is obtained when the arc voltage is increased and 

the extraction voltage is tuned for the maximum beam current 

for both gases. However, the maximum beam current for 4He gas 

shifts to the high pressure region (>4 x 10-6 torr) when the 
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arc voltage is increased while the maximum beam current for 

14N2 gas shifts to the low pressure region «4 x 10-6 torr) when 

the arc voltage is increased. The fact that beam current 

increases for 14N2 gas at the low pressure region, when the arc 

voltage is increased, could be due to the amount of potential 

energy which is required for dissociation of the nitrogen 

molecules (requires 6 eV/molecule) (He 39). The energy for 

dissociation of nitrogen molecules is less than the potential 

energy which is required to singly ionize (15 eV) or doubly 

ionize (30 eV) atomic nitrogen. At the low pressure region 

there are fewer nitrogen molecules to be dissociated and less 

chance for recombination processes and more energy is left for 

ionization process of atomic nitrogen. 

Figures A.4(d) & A.4(d) show the variation of the arc 

current as a function of pressure for different arc voltages. 

As is shown, there is a rapid increase in the arc current [> 

(4-5) x 10-6 torr] for 4He gas at different arc voltage 

settings as the pressure is increased. In case of 14N2 gas, the 

arc current increases abruptly to 2-3 rnA in pressure range of 

(4-5) x 10-6 torr at different arc voltages and then the 

increase is extremely slow as the pressure is increased. The 

slow rise in the arc current for 14N2 gas beyond 5.0 X 10-6 torr 

is an indication of state of equilibrium for the ionization 

process (Ba 72). The sudden jump in the arc current, which is 

more noticeable in case of 14N2 gas, is due to the change in 
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the operating modes as mentioned previously. 

Comparison of the arc currents in both gases [figures 

A.3(d) & A.4(d)] indicate that 14N2 gas has a more stable 

operating condition than 4He gas, as far as the stability of 

the discharge is concerned. Although 4He gas is not as stable 

as 14N2 gas, the beam current obtained from 4He gas could be 

about five times larger than the 14N2 beam current at the same 

pressure, arc voltage and extraction voltage. 



APPENDIX B 

EINZEL LENS 

B.1 60 Hz testing procedure of the Einzel lens 
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The outer electrodes V, and V3 are grounded to the lens 

case, which is not at zero potential with respect to ions 

energy. The zero potential is considered to be where ions have 

zero kinetic energy. 

The following procedures were done in order to determine 

the best operating conditions for the best focusing of the ion 

beams. The maximum beam current referred to below is the 

Faraday cup current (IFC)' 

First, a set of stable pressure region, for 4He and 14N2 

gases, were determined by tuning for the maximum beam current 

at three different arc voltages, specifically at 1500 V, 1700 

V and 1900 V. The tuning was done by increasing the pressure 

step by step from (1.0-8.0) x 10-6 torr and varying the 

extraction voltage and the lens voltage until the maximum beam 

current was obtained at each specific arc voltages. This was 

done in order to determine any variation in reading of the gas 

pressure for the operation of Penning ion source due to 

installation of the Einzel lens and the crossed field analyzer 

on top of the test bench. The stable regions were chosen 

between (3.9-5.0) x 10-6 torr for both gases since the beam 

current did not change when the pressure was varied slightly 
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in this region. 

By keeping pressure constant in the chosen regions, three 

scans of beam current vs. lens voltage for each gas was done 

at the three specified arc voltages. In each scan the 

extraction voltage was set at four different specific voltages 

of 5000 V, 6000 V, 7000 V and 8000 V for 14N2 gas and 5500 V, 

6500 V, 7500 V and 8500 V for 4He gas. While keeping the 

extraction voltage at each specific value, the lens voltage 

(V2) was varied between 0 to 8000 V in each case. 

B.2 Measurements and the results of the investigation 
on the Einzel lens 

Figures B.l(a)-B.l(f) show the results of measurements 

of the beam current vs. lens voltage. By using the values 

obtained for the lens voltage, for which the maximum beam 

current occurs, a relation between the extraction voltage and 

the lens voltage was found [based on VeffQ (VE-VL ) explained in 

section (2.2.2.2)J by means of least square fit (LSF) to a 

straight line, as shown in figures B.2(a)-B.2(b). Table (B.l) 

shows the relations obtained by LSF and the corresponding 

parameters for 4He and 14N2 gases. 



Table (B.1) 

GAS 

14N 
2 

14N 
2 

14N 
2 

4He 

4He 

4He 

LSF of VL= AVE+B to data of figures 
B.1(a)-B.1(f). 

A B (V) 

1500 1. 02±0. 07 -2200±500 

1700 1.20±0.10 -2900±800 

1900 0.97±0.08 -700±500 

1500 0.80±0.10 200±900 

1700 1.00±0.10 -1000±700 

1900 0.87±0.01 -500±100 
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It is interesting to note that, as in case of optical 

lens where the image size is proportional to the object size 

(in other word magnification is constant), the same property 

holds true for the Einzel lens as long as the voltage applied 

to the middle electrode, the arc voltage and the extraction 

voltage are kept constant. The focusing of a beam not only 

depends on the voltage applied to the middle electrode but 

also depends on the width of the beam entering the lens. As it 

was mentioned in the section (A.2), the minimum beam width and 

the maximum beam current can be obtained by choosing the best 

setting for the arc voltage and the extraction voltage. Of 

course, focusing is done by varying the voltage on the middle 

electrode of the Einzel lens. 



APPENDIX C 

CROBBED FIELD ANALYZER 

C.1 Measurement of the magnetic field of the cross 
field analyzer 
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In order to obtain the magnetic field strength, equation 

(6) of the section (2.2.3.2) can be written in the following 

arrangement: 

B = o (1) • 

By knowing the extraction voltage and the corresponding 

electric plate voltage settings for a beam of ions with known 

charge-to-mass ratio the magnetic field strength can be 

calculated. 

From the previous data obtained for scanning I FC vs. VL, 

it was possible to chose a beam (in this case either 4He+ beam 

or 14Nz+ beam) and tune for the maximum I FC by varying the plate 

voltages and the lens voltage. Then several scans of I FC vs. 

VEL was done where each scan was done for a slightly different 

lens voltage [but for the same extraction voltage and pressure 

range of (4.0-5.0) x 10-6 torr]. Figures C.1(a) & C.1(b) show 

plotted data for 14Nz and 4He gases. The 14Nz + peak in the 

plotted data [figure C.1 (b)] for 4He gas (around VEL= 300 V) is 

due 14Nz residual gas in the Penning ion source. In table 
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(C.1), the values of the VEL at peak center at half maximum for 

different ionization state of 14Nz and 4He gases are listed. 

Notice the slight difference in the plate voltage settings for 

the two different lens voltage settings. The difference in 

plate voltage settings is due to the difference in the 

focusing effect, not due to the difference in the ions energy. 

Table (e.l) Values of VEL at peak center (HM) of data of 
figures C.1(a) & C.1(b). 

a) VAc=1900 V, VE=5000 V, P=(4.4±0.2)x10-6 torr, I ARC=2.5 rnA 

BEAM VEL (V) 

305 

431 

VEL (V) 

300 

424 

b) VAc=1900 V, VE=5500 V, P=(4.9±0.1)X10-6 torr, I ARC=1.2 rnA 

BEAM 

From the data in table (C.1) and equation (1), the 

magnetic field strength, Bo ' was calculated to be (860±20 G) . 

By knowing Bo ' it was possible to calculate the electric plate 

vol tage settings for a given extraction voltage and for a 

given beam with a specific charge-to-mass ratio. 
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Since Vo is proportional to (q/M) 1/2, one can easily 

relate electric plate voltage setting of any ion beam with 

specific charge-to-mass ratio to the electric plate voltage 

setting of another ion beam with a different charge-to-mass 

ratio. Table (C.2) lists the multiplicity factors, which 

relates two different electric plate voltage settings of two 

different ion species (4He and 14N2 ions) with different 

charge-to-mass ratios. The relation between electric plate 

voltage settings are given by; 

where Vc = electric plate voltage settings 

(first column), 

(2) 

Vr = electric plate voltage settings (top row), 

K = "multiplicity" factor. 

For example, VH~=(J7/2)VNH' From this relation, it is possible 

to identify different peaks for different ion species on the 

plotted data obtained by scanning I FC vs. VEL' 



Table (C.2) Relation between crossed field plate 
voltage settings of different ion 
species. 

VHe+ VHe++ 

--------------------------------------------------
V

N2
+ 1 1/J2 1/2 l/J7 1/J14 

J2 1 1/J2 J2/J7 1/J7 

VN++ 2 J2 1 2/J7 J2/J7 

VHe+ J7 J7/J2 J7/2 1 1/J2 

VHe++ J14 J7 J7/J2 J2 1 
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Figure C.2 shows a plot of data in which the 4He+ peak was 

identified when 4He impurity was introduced in the 14N2 gas 

bottle accidently. Also shown, are the locations where 14N++ 

and 4He++ peaks should have been occurred. Unfortunately, none 

of the obtained data showed any evidence of the doubly ionized 

particles for either 4He or 14N2 gases up to this point. With 

the replacement of the Penning ion source interior parts 

(anode, cathodes and insulators), the succeeding procedures 

were taken. 

C.2 Beam current optimization 

In order to optimize the beam current (I FC ) for each 

ionized state of 4He and 14N2 gases, the following procedures 

were taken. 

After examining pervious data, a particular ion beam 

(i.e., 4He+ or 14N2+) with specific extraction voltage, arc 



NITROGEN GAS, HELIUM GAS 
90~------------------------------------------------~ 

80 

r". 

<! 70 
:l.. 

'-/ 

~ 60 
w 
0::: 

§5 50 
o 

§5 40 
o 

~ 30 
o 
« 
~ 20 
LL 

10 • 

• .. 
• 

.14
N 

+ 
2 

• 

14N+ 

14N++ 

-. 
• 

P=(4.8-5.1) X 10-6 TORR 

I ARc=(4.8-5.4) rnA 

VAc=1500 V 

Ve=6340 V 

Vl =5700 V 

4He+ 

4
He

++ 

1 .-
• 

• o I ••• o - •••• • .... -. 
200 

Figure(C.2) 

400 600 800 1000 1200 1400 
ELECTRIC PLATE VOLTAGE (V) 

Variation of beam current as a function of electric 
plate voltage settings for 14N ions with the presence 
of small 4He impurity in 14N gas bottle. 

1600 

N 
W 
N 



233 

vol tage and lens voltage was chosen. While keeping the 

extraction voltage, the arc voltage and the pressure constant, 

the ion source assembly was tuned for maximum beam current by 

varying the lens voltage and the electric plate voltages as 

many times as it was necessary in order to get the maximum 

beam current. Then a scan of I FC vs. VEL was done by varying 

the electric plate voltage (from 100 to 1500 V) step by step 

(50 V per step) and recording I FC for each VE and VAC settings. 

This procedure was done for VAC = 1500 V, 1700 V and 3000 V and 

VE = 5000 V, 5500 V, 6000 V and 6400 V at the pressure range 

of (1.0-5.0) x 10-6 torr and arc current of 1.0-3.0 rnA for 14Nz 

gas. Figure C.3 shows an example of the data obtained by the 

above procedures. The data also includes the 14N++ peak. 

By knowing how to obtain a particular ion beam with a 

specific charge-to-mass ratio, the next attempt was to obtain 

the best operating conditions as far as the arc voltage and 

the extraction voltage were concerned and also to establish a 

possible relation(s) between VL , VE and V!:l. F()r this purpose, 

with fixed extraction voltage within the range of (3000-7000) 

V and fixed arc voltage within the range of (1100-3000) V , 

the source assembly was tuned for maximum beam current by 

varying the lens voltage, the electric plate voltage and the 

arc current (this was done basically by varying the pressure, 

which effects the arc current). 
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When the maximum beam current was obtained the voltages (VAC ' 

Ve , Vel) and other values (IFC ' I ec ' pressure) were recorded, 

then the arc voltage was set to a new value within the range 

(while still keeping the extraction voltage unchanged) and 

once again the ion source was tuned for the maximum beam 

current. These procedures were continued at representative arc 

voltages without any change in the extraction voltage. Then 

the extraction voltage was set to a different value (still 

within the range) and procedures were repeated by tuning for 

maximum beam current and changing the arc voltage until the 

extraction voltage range was covered. The whole process was 

done for 14Nz gas at arc current of (1.0-4.0) rnA. From the data 

obtained, a relation was established between VL and Ve and 

between Vel and Ve for arc voltages of 1500 V and 2500 V (the 

highest beam currents were obtained at these voltages). Figure 

C.4(a) & C.4(b) shows a plot of VL vs. Ve and a plot of Vel vs. 

Ve for and 14N++ beams for maximum beam currents. 
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A relation between VEL and (VE) 1/2 was established based on the 

following equation; 

(3) 

where VEl= plate voltage, 

K = a constant, 

q = ionization state of ion, 

m = mass of ion, 

VE = extraction potential. 

By using equation (3) and the data obtained for 14N2+ beam, the 

K factor was determined. By knowing K, an equation was 

obtained for 14N++ beam (with q=2). From this equation (for 14N++ 

beam) a straight line was fitted to the experimental data. 

All the above procedures that were explained for 

obtaining relations between VL , VE and VEL for 14N2 gas were also 

done for 4He gas in two different arc current modes. The low 

current mode was specified by arc current of (0.1-0.4) rnA 

while the high current mode was specified by arc current of 

(2.5-8.0) rnA. All the relations obtained for 4He and 14N2 gases 

between VL ' VE and VEL are listed in the table (C.3). Figures 

C.5(a) & C.5(b) shows a plot of VL vs. VE and a plot of VEL vs. 

V
E 

for 4He gas. 
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Table (C.3) a) Relation obtained by LSF of VL=AVe+B to 
data of figures C.4(a) & C.5(a). 

BEAM Ve(V) A B (V) 

14N++ 3000-7000 1500 2.4-2.9 0.93±0.02 -290±60 

14N++ 3000-7000 2500 2.9-3.5 0.90±0.02 -450±90 

4He+ 3000-7000 1500 0.1-0.4 0.S7±0.01 -400±60 

4He+ 3000-7000 1500 2.5-S.0 0.92±0.01 -400±60 

b) Relation obtained by LSF of V =C(V) 1/2 el e 
to data of figures C.4(b) & C.5(b). 

BEAM Ve (V) VAC (V) I ARC (rnA) C 

3000-7000 2500 2.9-3.5 9.20±0.OS 

3000-7000 2500 2.0-S.0 11.7±0.2 

C.3 400 Hz test bench for testing of the ion source 
assembly 

since the alternator at the high voltage terminal of the 

VDG accelerator supplies voltage at 400 Hz frequency, all of 

the power supplies which are used for the operation of ion 

source have to be able to operate at 400 Hz frequency. 

Furthermore, in order to make sure of the operation of the 

source assembly with 400 Hz power supplies to obtain the 

required beams at the voltage settings which were determined 

previously for 60 Hz power supplies, a high voltage terminal 

for the VDG was assembled with complete necessary circuitry 
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and 400 Hz power supplies. The design and some of the 

components (such as resistors, diodes, meters and power 

supply) were modified many times because of the unpredictable 

problems, which occurred due to the use of unregulated 400 Hz 

power supplies. The final assembled circuit which was used to 

test the source on the bench is shown in figure C. 6. The 

voltage settings obtained previously [see table (2.6)] were 

tested many times satisfactorily for the required beams. On 

some occasions the source assembly was tuned on one particular 

beam (usually 14N++ or 4He++ beams) and kept on running for many 

hours to verify the stability of the source. 
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Ion source assembly with all the electrical 
connection for 400 Hz testing set up. 
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