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Abstract 

Mass spectrometers are analytical instruments that convert neutral atoms 

and molecules into gaseous ions and separate those ions according to the 

ratio of their mass to charge, m/z. The measurement is reported as a mass 

spectrum: a plot of relative intensity vs. mlz that can be used to deduce the 

chemical structure and composition of materials and compounds. Initially, 

the use of mass spectrometers was restricted to the analysis of volatile 

compounds. Recent advances in the development of ionisation techniques 

to produce intact molecules directly from samples in the liquid or solid 

phase, has extended the powerful use of mass spectrometry to compounds 

of increasingly higher molecular mass. 

The aim of this study was twofold: develop diagnostic techniques for the 

in-situ measurement of isotope ratios in laser isotope separation 

experiments; and to correlate it with the measured isotope ratios on the 

collected product. The outcome is a thesis that can be divided into two 

distinct fields of application: Firstly; the Atomic Vapour Laser Isotope 

Separation (A VLIS) of lithium, and secondly the Molecular Laser Isotope 

Separation (MLIS) of uranium, 

In both A VLIS and MLIS pulsed laser systems were used to ionise and/or 

dissociate atomic or molecular beams. The pulsed nature of the lasers is 

ideally suited to in-situ time-of-flight detection of the produced ions. 

11 



Different types of inter-changeable ion sources are common to the same 

TOF mass spectrometer. Each of these sources is selected according to its 

application. For instance., applications vary from photo- and multiphoton 

ionisation (laser ionisation) to surface analysis (laser desorption or particle 

bombardment) to chromatography (electron impact ionisation). Four 

different source configurations were considered in this study: 

(i) Atomic Laser Isotope Separation (A VLIS) oflithium; 

(ii) Multiphoton Ionisation (MPl) ofUF6 gas; 

(iii) Non-resonant ionisation during Laser Desorption (LD!) of solids; and 

(iv) Matrix-Assisted Laser Desorption (MALD) ofbiopolymers. 

The design of each of these sources will be discussed in detail in chapters 

to follow. Bulk analysis of harvested laser-produced products needs to be in 

correlation with in-situ analysis. Three different characterisation methods 

were used in this study: 

(i) Laser Desorption Time-of-Flight Mass Spectrometry (LD-TOF-MS) 

Oi) Quadrupole-based Secondary Ion Mass Spectrometry (SIMS); and 

(iii) TOF-MS-based Secondary Ion Mass Spectrometry (TOF-SIMS). 

Chapter I describes the principles of time-of-flight mass spectrometry, 

design parameters, as well as the instrumentation that were designed and 

constructed for the purposes of this study. Chapter II describes the 
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principles of Secondary Ion Mass Spectrometry (SIMS). In particular, 

research done on the establishment of tools to the non-expert user of SIMS 

to select analyses conditions, is described. Chapter III reports on the 

application of TOF-MS and SIMS during the A VUS of lithium. Chapter 

IV reports on the application of the different combinations of TOF-MS, 

LD-TOF-MS, SIMS, and TOF-SIMS during the MUS of uranium. 
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This thesis can described as a coaster ride two large 

enrichment projects (yearly budgets ~av~",,,, tens of millions of Rand), 

that spanned Qver seven during which time employment of mass 

spectrometric methods in the measurement of enrichment 

1"."."""'"'" the development of both projects. 
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The commercial nature of both the Atomic Vapour Laser Isotope 

Separation (A VLIS) and the Molecular Laser Isotope Separation (MLIS) 

projects, requires that knowledge of integral parts of the enrichment 

processes be kept secret. I therefore apologise in advance for the lack of 

detail in some chapters. Several internal reports were compiled which are 

classified and not available to the reader. 

Although the author was responsible for the irradiation test facility where 

all the enrichment experiments were performed, this thesis concentrates on 

the demands, solutions and performance of mass spectrometric instruments. 
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Chapter 1 

Tiule-of-Flight Mass Spectrometry 

1.1 Introduction 

Mass 

identification 

is a powerful 

measurement of atomic 

the 

molecular species. Because 

of high mass capability, the magnetic sector has been the 

dominant instrument ~_~,.,.., ... Of alternative the quadrupole 

found a 

techniques, but 

for itself the ease of with other 

time-of-flight mass spectrometer (TOF-MS) until 

TP(,pn. "" been 

The ron.· .. 'nl" principle TOF-MS has known since J J Thomson 

(1913) carried out his experiments on ionised particles. first SUC;Ce1~Snl1 

TOF-MS was developed in rnid-1950s [Wiley and McLaren (1 

but was limited by low mass resolution and poor sensitivity. This was to 

change only 1970s with two new inventions. 

Mamyrin et al (1973) published the account of a mass reflectron 

device, which the power of TOF-MS far beyond that 

the quadrupole and well the of the magnetic sector. At about 

the same time McFarlane et al (1974) announced the detection of high mass 
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ions from ~U"'~'111" desorption. TOF-MS was for this 

application, as it was the only instrument capable providing the 

mass analysis per ionisation event. Subsequently, ionisation 

initially surface then for multiphoton ionisation the gas 

phase, has also benefited from particular feature TOF-MS. 

1.2 TOF Principle of Mass Analysis 

simplest time-of-flight mass spectrometer (Fig 1.1) .. nr,,,,C"rC' of a short 

of the a few CerltInletl a 

drift region CD, from 0.3 to 4m in and a detector. 

Source Plate 

Drift D 

E=V/s 

v 

Field Free Tube 

Ion Detector 

1.1 A time-offlight mass spectrometer, AJTL",.."'FlV of a source 

region, afieldfree drift an ion detector. 
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the source electrical field is defined by a voltage V, 

placed on the source backing plate, and is used to accelerate ions in the 

source region to a constant pnf"TUV drift region is free is 

bounded by an extraction grid and a second placed just before the 

detector, both which are at potentiaL TOF-MS operates on the 

principle: if a group or packet (of differing mass to (m/e) 

ratios) is 1'" ... ",,,,11 on the surface of the backing plate, they are accelerated 

through the entire source-extraction region to the same final energy: 

2 
eV (1.1) 

and cross the drift region with 

112 

V= (1.2) 

Consequently that are allowed to traverse a distance D to the 

detector, separate in according to their mle ratio, the ions, 

having highest velocity, reach the detector first. Their flight is 

given by 

112 

t D (1.3) 
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utilise 

tube. 

separation ion packets must be pulsed into 

of ions del:ecltea yields a output pulses 

at various mass dependent arrival times within the 

typically than lms. each packet or a 

complete mass The mass is limited only the ability of 

heavy ions to be from the ::;'UHUlt::. the time available for collection 

the detector to detect them. 

1.3 TOF Mass Spectrometers 

ionisation region, ion extraction, a field-free tube, an ion detector . 

and a system data collection, manipulations and output 

characterise a TOF-MS. 

evaluate TOF mass spectrometers, one to compare their mass 

accuracy and mass resolution with types of mass spectrometers. Mass 

accuracy is a measure of "'''''''''''''''''.J of which mass a 

can be whilst mass R ml Am is a measure an 

instrument's c~pability to distinguish adjacent The width of 

peak observed the detector is determined by: 

(i) The time of ion formation; 

(ii) the finite volume ion formation; and 
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(iii) the initial 

Further limitations 

detector), 

velocity distribution. 

mass are to 

effects and tranSlmSSlOn grids. 

Ion 

these 

factors are inherent to the instrument 

influence to a minimum. The 

and effort was made to keep 

"U\j"~" can reduced 

to pure initial tenllOC)ral or initial 

(i) 

(ii) 

The 

length 

time of ion 

therefore is a pure 

A finite volume of ion 

is due to the 

temporal 

AU"'W.VU is due to the 

and a pure spatial distribution effect; 

laser pulse 

focus 

(iii) An initial velocity distribution entails initial forward and backward 

velocity distributions, differences magnitude they 

can separated into initial temporal and initial spatial 

distribution effects. 

mass one has to In summary, 

minimise 

an improvement 

distributions and space. 

TEMPORAL DISTRlBUTIONS 

Temporal 

compensated 

caused by 

as far as the '"""'v""',", 

length can only 

lasers with nruloseccmd and less 
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pulse widths are allowed for. In contrast, increasing the potential in the 

source can decrease the time distribution due to initial velocities (the tum 

around time needed for backward velocities). Although this would reduce 

temporal time distribution it would on the other hand, because of increased 

potential energy, increase broadening effects due to spatial distribution. 

Many different techniques have been proposed to overcome this problem. 

Back in the 1950s time-lag-focussing was introduced [Wiley and McLaren 

(1955)] where the ions were allowed to spread out in the field-free ion 

source before the extraction field is switched on. By choosing a delay time 

between ion formation and extraction, different velocities give rise to 

different spatial positions in the final extraction field and therefore two 

different ion kinetic energies. The resulting variation of the flight time can 

partially compensate the flight-time effect of the initial velocities. A 

detailed description is given in section 1.4. Browder et al (1981) used 

impulse-field:-focussing to rapidly accelerate the ions to very high 

velocities, before the normal acceleration field is switched on. Moller and 

Holmid (1984) improved on this technique by employing rapid field 

reversal. Finally, post-source focussing has also been used to compensate 

for initial temporal distributions (see section 1.4). 
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DISTRIBUTION 

Initial spatial distributions ion fonnation results a spread of ion 

in the region. This is main limiting 

factor the mass resolution in simple TOF instruments, but can be 

compensated· for flight-time ,..n • .,.p('f't1iCf 

field-free regIOn, called 

to the velocity of the 

for by the ncr'ea~ie due to longer acceleration 

is a point in 

the 

is compensated 

This includes the 

initial spatial distribution due to the spatially distributed ion fonnation 

as well as the pseudo-initial distribution due to the initial velocity 

distribution. flight-time corrections are only order. 

Weinkauf et al (1989) that a ", ... " ... ""H~ 

.nf'rp<I·"pl1 mass achievable, however, flight 

is needed, very weak acceleration electric were ,1\""" ... ...,u, 

a 

counteracting. 

times to tum around effect, which is 

A better solution is to use the space focus an ion source as IJ""-'Y""V-! 

origin with minimised spatial The then start from 

with only a distribution in kinetic energy. Flight-time in 

drift behind space due to pure effect can be 

a ..,~.,~u.~ ?T1 .. ,.enl compensating such as an reflector 

or a reflectron mass spectrometer. 
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1.4. TOFMS Design Criteria 

detail design a time-of-flight mass spectrometer (TOFMS) depends 

entirely on application. criteria, is apparent if one 

considers the advantages/disadvantages 

TOF mass spectrometry has three main advantages: 

(i) 

(ii) 

(iii) 

A advantage is speed with which a spectrum can be 

obtained - typically than 1ms. allows study of ion 

in a source with rapidly changing conditions. 

an entire mass spectrum can be recorded for each ionisation 

event. Therefore allowing for the accurate measurement of relative 

intensity even though source conditions might vary 

provided the each mass 

in same way. particular, the determination of isotopic 

abundance is met with success (Chapters 3 and 4). 

third the mass accuracy of the TOF mass 

spectrometer depends on electronic switching/triggering, rather than 

mechanical from stringent geometric 

conditions simplifies construction. Furthermore, it is found that the 

absence ion source and ion detector provides 
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higher transmission in the case of quadrupole and magnetic 

sector mass spectrometers. 

main disadvantage TOF mass spectrometers was initially its limited 

mass with advent of reflectron ion mirrors, mass 

resolutions far exceeding of mass spectrometers have been 

reported. Mass resolutions of up to 20 000 [Grix, et aI, (1988)J put 

mass spectrometers within reach 

appreciably lower cost. 

Linear TOF-MS 

magnetic sector instruments - at 

The simplest mass spectrometer consists an ion source and an ion 

collector situated at opposite of a linear evacuated tube 1.1). 

constant electric field extracts ions in ionisation region of the 

source. the of the ion source all ions have the same kinetic 

The ions are then allowed to travel down the field-free flight tube, the 

velocity of all the ions are then a function of their mass m to q 

Ions would therefore at the detector in corresponding to the 

same mlq ratio. charged ions, the lightest group would reach the 

aetect()r first, followed by of heavier mass. each 

ionisation pulse results in a mass spectrum, which can easily be displayed 

with an oscilloscope (Fig 1.2). 

9 



O.006......------r-~---r------r-----r"-~--, 

0.005 
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0.000 

10 15 20 25 30 35 

Time (ns) 

1.2 A typical time-oj -flight mass spectrum. The light masses arrive 

first at the detector <'ll~'UTr'O 

1.5.1. Time-of-Flight Equations 

Ions are either formed in the phase, generally in the centre 

source, or directly on va ...... uL'l". plate. Let us consider that ions are 

formed at some distance s between the backing plate and the pVlr,.,,'C, 

plate/grid (see fig 1.3). I-<nrlrI'lPT'rt'lf'llrp extraction field is strong enough to 

ensure that the ions (t8) the source 

IV""U,",.:o are' not constant. ions are accelerated through the entire 

source-extraction region to the same final kinetic """''''ll'''' 

eV (1.4) 2 
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Source Backing Plate 

v 

I 
G)! 

S I , , 
I 
I 
I 

E=V/d ..J.. 

A llmle-lJT-} 

free drift 

mass spectrometer with a source 

and an ion nOTO"" 

velocity at s in the source is then given by 

1 12 

Where integrating: 

1 12 
ds 

( 
m 

t -
s 2eE 

liZ 

2s 1I2 2s 
112 

In addition, the flight time in the drift tD U"",,",'VIU,,,,,, 

11 

...... ... 

a field 

(1.5) 

(1.6) 



12 

D (1.7) 

And total flight is then given by: 

(2s+D) (1.8) 

The time-of-flight of are ,",'VAtU'""',. on the root of their 

masses, ,,,,.,.,,,,,.,-,,'''''''' the ""vt'I',,,('l'llYn and drift 

This simplifies the calibration the mass spectrum tremendously by 

measuring the flight times two known masses to determine the constants 

a and b the following 

t am1l2 +b 

where b takes into account any offsets due to laser 

triggering of the recording devices, etc. 

1.5.2. Mass Resolution 

The mass resolution is defined as mltlm: a 

which the are accelerated to constant energy 

m 
Am 

::::: 
t 

2At 

12 

IS 

(1.9) 

time, 

in 

by: 

(1.10) 



where /).t is measured as full width at half maximum (FWHM) 

Linear time-of-flight mass sm~ctr'ornlet{:rs typically have mass of 

300 to 800 but often to be dependent upon the nature of the sample 

or laser power. nx'~eptlOllla mass resolutions up to 25,000 have 

demonstrated 

means 

formation, 

kinetic 

1.5.3. 

et (1988)], but have been no 

said U,,",L'JLv. the 1I1"1f'J>ric",i ... ti in the of ion 

initial location in the extraction field, initial kinetic 

fragmentation, to temporal, spatial, and 

that contribute to poor mass resolution. 

Extraction (WHey-McLaren Instrument) 

The Wiley and Mclaren instrument utilised pulsed, time-delayed, two

extraction as an approach to simultaneously time, space, and 

focusing. A schematic is shown Fig 1 In a two-stage extraction 

",,,,",,,u,, the seclona extraction field typically 1200V/cm) is 

larger than the first (Eo typically 300V/cm). With large EJ1Eo ratios ions of 

initial velocity directions are all allowed to tum towards the 

detector (direction of they are 

accelerated into the drift free 

initial velocity differences of up to 

configuration, ions having 

can be compensated 
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Source Back 

D 
s 

BoO 

Drift Tube 

Ion Detector 

1.4 A Schematic a/the Wiley and McLaren 

offlight mass spectrometer. 

ions fonned at a position So, in the source 

where the field strength 

extraction is determined 

enters this region initial velocity is: 

extraction time-

the flight time is: 

(l.11) 

the second 

When an ion 

(1.12) 

Its final velocity is detennined by its final kinetic energy 
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(1.13) 

where V/S j • Thus the time second region is: 

t ::: (!!!.-) 1/2 _~ 
I 2e 

(1.14) 

The spent in the field drift region is again: 

( !!!.-) 112 

\2e 
(1.15) 

The total flight time of an ion formed at position So is: 

(1.16) 

(1.17) 

instrument with a two-stage extraction, one first 

chooses the value of the drift length (D) and the lengths the source (s) 

and the extraction region (SI). If one then chooses a value the 

acceleration voltage (Va on the backing plate), then this will uniquely 

determine the voltage (VI) on the first extraction voitage Vj can 

then be experimentally to provide the best focus - which is 

LUI.,U;),)f,;;U at the surface/plane. 
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1.5.4 Laser Desorption from Surfaces 

In laser desorption from a surface the of the time-of-flight mass 

cn?'t'tt·,.,rr'F'TI'r IS simplified, 

distribution problems are eliminated. The lasers used in desorption 

instruments generally pulse widths of less than IOns. Ionisation times 

are, considerably than drawout pulse in the and 

McLaren instrument. initial temporal distribution, /1to, is therefore 

greatly reduced. Furthermore, since the ions are des orbed from a weU

defined, equipotential surface, the initial spatial distribution, L1so, is 

minimised. 

a single extraction source (length s), with the ions 

formed on the source backing plate. The ions are formed an initial 

kinetic ?>"",,'ret,, Uo. The final kinetic pnprrnf of an ion as it enters the drift 

2 
(1.18) 

final velocity again depends upon mass and is: 

(1.19) 
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To determine the flight time in the !,;O[lrCE~-e)aractH)1J consider that 

the velocity is not and integrate between the time of formation (to) 

and the time that the ion leaves source (ts): 

(1.20) 

=FU 1/2]+t o 0 (1.21 ) 

the region the velocity is constant, so the time spent is: 

(1.22) 

The total flight time is then: 

t (1 

If the potential difference over the source-extraction is V, all ions 

receive the same energy (e V) because of acceleration. E = Vis e V. 

Furthermore, pulse length lasers (3-60ns) are used, the 

initial temporal distribution is negligible therefore the flight is given 

t = (2mY'2[(Uo +e VY'2 f. U6/2 k 
e V 2(Uo +e VY'2 

(1.24) 



equation simplifies even further if the drift tube D is much longer than 

the source length s, because the flight time of an ion with V is 

then: 

2 
(1.25) t = 

the point at which Lit! Llso 0, that is when initial 

spatial difference during the ion formation, equals the resultant temporal 

difference is given by. obtain space-focussing source length should 

be: 

d= (1.26) 

with a= So + (E/Eo)s/. 

the accelerating voltage, V, is very large, then the flight will be 

insensitive to initial kinetic energies. The difference the arrival 

times of an ion with kinetic energy Uo, an ion with no kinetic energy 

(1.27) 

The mass resolution 6.m!m = e V» Uo, then mass resolution is 

given by: 

6.m --;::;2 
m 

12 

(1.28) 
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Expanding (e V + Uo/I2 to order, yields: 

(1.29) 

~ (1.30) 11m 
--I'::; 

m eV 

This implies that mass resolution is improved by using high 

accelerating voltages, e V » Uo. Furthermore, if drift tube is much 

longer than the source length, D » s, the mass resolution is not 

improved by lengthening flight tube further. In practice, the initial 

kinetic energy is order 0.1 to 1 To obtain a mass resolution 

exceeding 100, the acceleration voltage should at least 1000eV. 

1.6. Refledron TOFMS 

design of time-of-flight mass spectrometer should to 

the mass resolution. Eliminating or minimising the initial 

(time, space, and kinetic energy distributions) does this. Initial 

kinetic energy distributions are perhaps the most difficult to cater for, 

because are such an inherent of the ionisation For the 

same instrument configuration, the initial kinetic energy distribution that is 

observed from one sample to the next, could differ significantly, 
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even though ionisation and ion extraction parameters are the 

same. 

Ion extraction provides an opportunity for improving the mass resolution 

by compensating for the initial conditions, particular then 

the initial energy distribution. kinetic energy distributions 

(particularly in the case of MALDI) can be rather severe, which is beyond 

the capability of static field correction. 

In 1973 Mamyrin et al published a design for a high-resolution time-of

flight mass spectrometer that included a reflectron for kinetic energy 

Their instrument used electron impact ionisation, whereby ions 

were extracted by means of a UU'''-''',La'''''' system in which first was 

pulsed. reflectron consisted of two linear drift ¥~n"~~'" 

retarding which the ions are 

''-'I'''V.U. in which the ions are turned 

reflectron. The ions exit the reflectron and drift to 

geometry was chosen so that the ions enter the reflectron at an angle 

the centre, exit the reflectron a off the centre a total 

reflectron angle of 4°, This angle allows for the detector to be located 

U'\.JH~,""J''''' the source The Mamyrin ,n"'+-'~ yielded a mass 

resolution 1 part 3000. 
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A simpler arrangement to the reflectron is the single-stage 

reflectron, known as an ion mirror. In this case ""~t~n"l-,,,rI ions are 

retarded and turned around in the same reflectron single-stage 

reflectron provides a first-order 

distribution. penetration depth into the single-stage reflectron is 

obviously longer than in the Mamyrin case where the dual-stage 

providing for a more compact design. Second-order, dual reflectrons 

provide energy over a broad range of kinetic energies, for 

example a 5-ke V instrument will 

1.7. Ion Detection for TOFMS 

In mass 

synchrony to a constant kinetic 

due to differences in their 

ions are created, accelerated in 

and permitted to separate in time 

The time of arrival at a fixed detector 

surface information regarding their mass-to-charge (mlz) ratio. The 

amplitude of the detector signal at a given arrival time indicates the number 

of ions of the corresponding value. Thus, the detector output signal is a 

transient waveform that ali of needed to produce a mass 

spectrum (a plot ion intensity versus mJz). The difference in arrival time 

between the 

distinguish ions 

values of 15 and 1000 is typically 80IlS. To clearly 

999 and 1000, resolution along the time 



(mass) axis should be at least 5ns. the acquisition this 

requires a transient with a 200 MHz sampling rate and a 

that can hold 16k data points. A high gain and low noise 

detector is ~_n~-:-'_~ needed. Two different detector systems were The 

fIrst contains two microchannel plates mounted in a chevron 

configuration, whilst the system was a combination of one 

!~!'Jvl"U:tHU"" plate followed by an electron multiplier. 

1.7.1. Microchannel Plate (MCP) Detectors 

A microchannel plate (MCP) is an array of thousands to millions" of 

miniature electron multipliers orientated paranel to one another. These 

channel diameters are the lO-lOOJ.lm and have length to 

between 40 and 100. 

A MCP Uv~~lU" as a speciaUy formulated lead tube solid core 

assembly that is drawn and fused to form a mono fIbre. A bundle 

monofIbers, stacked in a hexagonal is drawn to form a multifIber. 

These multifIbers are then stacked fused to form a billet, which is 

sliced into wafers at specific bias angles, ground and polished to an optical 

fInish. The solid core is etched away, yielding a honeycomb structure 

millions of tiny holes. A thin Si02 layer is deposited on 



the inner walls of of tubes/holes. Each 

relatively 

then functions as a 

channel electron of 

channels. Finally, a metal electrode (nichrome or inconel) is vacuum 

deposited on both input and output surfaces to connect all channels in 

parallel. 

«v.u ... , operation, less than lkV bias voltage is across the MCP 

(output positive with to input). bias current flowing through 

resistive supplies electrons necessary to continue secondary 

process. total resistance betwe(~n PI'1"le"rI,"" is in the order 

1 09 n. When singly or in a cascade, they allow electron multiplication 

factors of 104_107 coupled with ultra-high resolution and 

resolution limited only by the ",u,.un,"" dimensions and spacing; 

1211m diameter channels with 1511m centre-to-centre are typical. 

Originally developed as an amplification image 

have direct sensitivity to charged particles and f'nf'rcr,>.TIl' 

photons. has extended their to such diverse fields as X-ray 

(Kellogg et ai, 1976) and UV (Lampton et aI, 1977) 

fusion studies (Dolan and "'-'11<"'5, 1977) and nuclear where to date 

most applications have capitalised on the superior MCP time resolution 

characteristics (Green et aI, 1 Girard and Boutot et 
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and (1962) built the first operational MCPs betvveen 

1959 and 1961 at Bendix 

1.7.1.1.Principle of Operation 

theory of channel multiplication covered 

(J Adams and B W Manley, 1966; Eschard and B W Manley, 

P Schagen, 1974). In this ""'''''"'VU merely the important parameters needed 

for understanding optimum will be highlighted. These 

entail phenomena of ion saturation 

dimensional scaling. 

THE CHANNEL ELECTRON MULTIPLIER; ION 

The simplified mechanism for electron multiplication in a straight channel 

electron multiplier is as follows: an incident electron produces 8 secondary 

electrons. are such If secondary are produced 

in the second stage, 63 in the third, 

is given by 

24 

so that overall G n 

(1.31 ) 



Assuming that the secondary electron emission is normal to 

walls u...,>l, ......... ' .. (1974) derived the following 

G 

where 

V is the total channel voltage, 

Vo is the initial energy of an emitted secondary electron ~ 

ct is the length diameter ratio, and 

A is the proportionality constant in the assumed relation 

J A 

where eVe is the electron collision energy in and 

channel 

gam 

(1.32) 

(1 

Straight channel multipliers typically operate at gains of 103-105
, the upper 

limit being set by the onset of ion feedback and the resulting performance 

instabilities. As the gain increases, so does the probability producing 

n"C"Tn,» ions in charge density at 

The ions are produced by electron collisions with residual gas molecules at 

ambient than 10-6 torr and with gas molecules desorbed 

from the channel walls under electron bombardment. Such ions can drift 

back to the channel input, producing ion after pUlses. In case a 



vacuum tube with a proximity photocathode, these ions can produce 

additional electrons at the photocathode, in a 

rrpr,pr,,1"nl? feedback situation. the case large channels, simply 

bending or twisting the v"<4UU,,",'" can suppress ion feedback. 

THE CURVED CHANNEL ELECTRON MULTIPLIER; 

'-"-'-'"'--''-' SATURATION 

the suppression of ion feedback allowed operation channel 

multipliers at it was foun~ that the charge pulse height 

distribution radically from a exponential to a 

quasi-Gaussian shape with FWHM of 50% or better at a peak of 108 or 

more. Such is the result of space saturation near 

channel output. At high gains, the charge density at the rear of the 

channels kinetic energy of "'1'1' .. £> ... '" as they interact with the 

channel walls until the secondary electron yield r5 is reduced to unity. 

the channel gain is limited by the space charge density which itself is 

defined by the channel geometry and the overall channel voltage. 

Loty (1971) has shown that the maximum gain for a space charged 

a fixed V and a, is proportional to the channel 

diameter. Therefore, since a Imm diameter channel saturates at a of 

channel should saturate at 106
. Therefore, 
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microchannel plates (-25J.lm pore suitably \;iUl"~HI,",'-'1 to Cl1t\nr,pcc ion 

should ",,,-,,,vu saturated in which have 

indeed been found to be the case (Timothy and Bybee, 1 

The phenomena of charge saturation and resulting quasi-Gaussian 

pulse height distribution allows an discriminator to be set for event 

counting so 

shifts. 

the measured count rates are insensitive to gain 

count rate vs. voltage characteristic exhibits a 

reasonably flat plateau; the latter cannot be 

exponential charge distribution. 

UU"Ulll'-'U with a negative 

~~E,a~".~'" earlier, ion feedback suppression may be achieved single 

multipliers by the simple expedient of curving the This is difficult 

for a thin (--<l.5mm) microchannel plate. Instead a commonly used method 

obtaining saturated output pulses is MCP 

Chevron configuration. Two MCPs, with channel bias angles of typically 

go or 15°, are placed so that channel bias angles provide a sufficiently 

large directional _._ .. ""'_ so as to inhibit positive ions produced at the output 

of the rear from reaching the input front 
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1.7.1.2.Detector Efficiency 

Hill (1976) reported that the secondary electron vHll"",VU coefficient g for 

lead glasses typically used in channel plates a maximum of about 2 

at incident primary electron of 300 eV. At low where the 

incident electrons do not have a for multi-channel 

detection efficiency should the open area ratio of 

the MCP, which is typically 50%. However, electron striking the interstitial 

electrode material produces secondaries, which can neighbouring 

channels. variation in efficiency is also dependent on 

incidence, for instance, if the electron trajectories are almost parallel to the 

channel there is a high probability for deep penetration into the 

channels a primary interaction; this in low gain output pulses 

near 0°. 

ion detection measurements reported in the literature 

been with and quantitative results only exist for 

than 30keV. However, efficiencies are the same order of 

as electrons. 
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1.7.1.3. Dead Time 

The channels in a 25mm diameter MCP with diameter 

channels is about 5.5x105
. total ->L""""'''', electrode to electrode, 

is typically 3xl08 n, so that each channel has an 

Rc= 2.75xlO I4n. 

of 

one considers the MCP to be a parallel plate capacitor, Imm thick, with 

half the volume between electrodes filled with Corning 8161 glass 

(dielectric constant 8 = 8.3), then the plate capacitance is - 200pP or 

After a channel is charge channel 

walls must replenished, and UI;;\.,aU;)1;; of the exponential nature of channel 

multiplication, most of the is depleted the 20% the 

charmel length. an charmel capacitance 

Cc 7.4xlO- 17 p, must be recharged through a channel 

Rc 2.75xl014 n. This channel or is by 

= Rc ~ ms 

In general, this recovery time can be written as 

Tc Kd 

where K is a proportionality constant which 

MCP and the glass dielectric constant. 

8161 glass constantK-4xlO- 13
. 
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(1.34) 

(1 

on the open area ratio 

MCPs made of Corning 



l1-h,~"r'h each channel of an MCP has a dead time on the IOms, 

the fact that there are 105 to 106 channels in a which operate more or 

independently, makes dead time of an MCP on the order 

of 10-1 OOns. is provided that no channel is vA\>U'-,U more 

frequently than once every 10 ms -

the active area ofthe MCP. 

distributed incident flux over 

1.8. The LD-TOFMS Instrument used in this Study 

laser desorption time-of-flight mass spectrometer was a Wiley-

McLaren type linear instrument The instrument was "".u""!!,",,,, and built in-

house. Due to the small amount of uranium product (nanogram quantities) 

that is collected during three hour irradiation experiments at OHz 

repetition rates, a instrument was needed that could measure 

isotopic ratios at low material consumption rates. 

Having successfully implemented in-line time-of-flight mass sm:ctr'omletf:rs 

both the lithium and the UF6 contact celis, a mature technology was at 

hand. utilisation same mass separation principle 

seemed to have the advantages for comparison of in-line and bulk 

measurements. decision to and build the ""C' .• ~~ 111-'" .u;,,-, was 

also motivated by the that none of the commercially available systems 

at that time allowed for routine analyses involving highly reactive uranium 
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products. For example the bearings of the turbo pumps had to be modified 

to run on sealed fomblin oil bearings, the o-ring seals had to be changed to 

viton, the microchannel plate detectors and electron multipliers had to be 

differentially pumped, etc. 

1.8.1 LD-TOFMS Instrument Specifications 

The initial system design consisted of a two-stage source-extraction region, 

lengths 1 and 2 em, respectively. The field free flight pipe was 1.2m long. 

A schematic of the instrument is shown in Fig 1.5. 

Sample 
Probe 

Source Back Plate 

It 

S=IOnun ! S,>'2Onun I 
I 

I I ... ~ I • I . 
Yo t. 

I 
I 

.1 

\ Laser Beam 

D=1200mm 

Eo=O 

I 
I 
I 

I • I 
I 
I . 

.1 I::' 

-

Ion Detect or 

Fig 1.5 In-house designed and built Wiley-McLaren type lasers desorption 

time-oi-flight mass spectrometer. 

The sample platelets are mounted onto a 5mm diameter stainless steel 

probe with a conductive carbon adhesive. The probe design is such that 
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inserted the mass spectrometer, the of the sample platelet 

was flush the source backing to ensure a 

acceleration field. des orbed ions were in two stages with 

total acceleration voltage up to 

To operate the instrument under Wiley~McLaren VVJ,'ULUUJ.h' to 

obtain simultaneous time, space, and energy focusing, the approach was as 

follows: 

Parameters: 

$0== 1 cm 

81 =2 cm 

120cm 

Set the voltage on back at and solve equation 

(1.26) for such that d=D=120. the present values 80, 81, 

and Vo the solution Vion the first grid is 4438.6V, then: 

Eo = (4500 4438.6)/0.1 = 614V/cm; 

EJ == 4438.6/0.2 

(J' So + 

d= [s)" 

93V/cm; 

and 

----=----2 == 1 
So 112 ((J'1/2 + So 112 ) 

The detector of a combined microchannel plate, electron mUltiplier 

configuration. The microchannel (MCP) of 32mm diameter, liberates 

electrons in response to the incidence an ion, as as multiplies such 
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of 000 over its of 0.5mm. electrons by a 

measures had to to ensure a linear dynamic range large enough to 

1: intensity ratio the two main uranium isotopes at 

natural abundance. 

usually employed 

double Mep system in a chevron configuration, 

detection of ions in a 

of the second 

does not allow such a 

dynamic 

(Hamamatsu L,",,-.JV'" as secondary 

an electron 

amplifier. The 

amplification (1",1',,,.('1',,,, configuration is 106 at 

electron multiplier was modified to enable 

pulses in short bursts connecting capacitors 

dynodes. These serve as reservoirs 

available during large 

(24MQ) limits the current attainable. 

multiplier is fed to an 

supply. The 

of large current 

over the last four 

making them 

"'-_""/Tlt"'''''' chain 

the electron 

amplifier (EG&G 

Ortee 9305) with 50Q 

oscilloscope is used to 

and lOx amplification. A fast digital 

pulses. 

pulsed UV laser (N2) wavelength, lAmJ pulse and 

600ps pulse width type 000 (Laser Photonics) was for ion 

desorption. The was focussed (focal onto the 

surface at a The oval on the 

had the approximate of 0.5x3mm2
. of the 
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laser was attenuated with a combination of neutral density filters of 

different transmissions. 

The laser pulse, the trigger being obtained from a beam splitter and a fast 

UV -grade silicon pin detector, determined the starting time of the data 

system. The spectra were accumulated on a digitising oscilloscope with 

250MHz bandwidth, I Gsals sampling rate, and a time resolution as low as 

Ins. Data was read from the oscilloscope using a 486 IBM compatible 

computer via an IEEE interface with custom software. 

1.8.2 LD-TOFMS Mass Spectra 

Many of the limitations of isotopic abundance measurements in mass 

spectrometers arise from the requirement that the complete mass spectrum 

should be obtained from a single ionisation event. The time-of-flight mass · 

spectrometer is well suited for this purpose since it produces a time separation 

at the detector for ions of different mass to charge ratios that were formed at 

the same moment. 

The reproducibility of isotopic abundance of the same element measured with 

laser desorption TOF-MS is much better than the reproducibility of elemental 

. abundance ratios. This is because inter-isotope effects in the ionisation 
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tJH~'VV'N are much less sensitive than (similar to the 

"matrix" -effect in SIMS) to such as laser power deposition. 

feasibility LD-TOF-MS to perform ISOltODIC analysis was on a 

containing 10% tin, with natural isotopic composition. Sn is 

an ideal test sample, as it has 10 stable isotopes bunched between the masses 

of 112 to 124 - an "'",.~;vU'vu, test of mass resolution. relative intensities 

from as little as 0.65 to 32.6% - an test of the sensitivity and 

linearity of the instrument. 1.6 a typical mass spectrum obtained 

from the solder sample. Nine of the Sn peaks are clearly resolved, indicating a 

mass resolution of well of 120. 

0.5 1 0 

0.4 118 

0.3 
116 

[3 
E- 0.2 

0.1 

0.0 

10.4 10.5 10.6 10.7 10.8 10.9 
(ns) 

1.6 desorption TOF-MS spectrum of the Sn isotopes present in a 

solder. 
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The peak areas were measured. Table 1.1 gives a comparison of the natural 

isotopic abundance versus the LD-TOF-MS measurements. 

I Sn (amu) Natural abundance (%) LD-TOF-MS measured 
I 112 0.97 1.1 I 

114 0.65 0.7 I 

I 115 0.36 0.5 I 
I 116 14.5 14.5 I 
I 117 7.7 7.9 I 

I 118 24.2 24.4 
119 8.6 8.6 I 
120 32.6 32.5 I 

I 122 4.6 4.2 I 

I 124 5.8 5.6 I 

Table 1.1 Laser desorption TO FMS measured values for the isotopes of Sn 

vs. published isotopic abundance. 

During the concept design of the instrument it was also noted 

that although the measurement to 238 isotopes of uranium was 

the primary focus, it was more than likely that the of the MLIS 

product would involve UFx molecules, where x=O,] , .. 6. It turned out that 

etc. species were in measured. For that 

reason the instrument design had to accommodate measurements at much 

higher masses than the 235/238 elemental isotopes of uranium. the 

cnCflce of a 1.2m long drift tube and voltage 

1.7 a typical LD-TOFMS spectrum obtained from a 

sample. The peak intensities the UO and "1.",,-,,,,,,, are comparable to 
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that of the elemental 238U_peak. UOz, UFO, and peaks can clearly 

be seen. 
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1.7 A LD-TOFMS spectrum obtained from a MLIS product sample. 

The peak intensities for UO and UF species are comparable to 

that of the U-elemental peak. 

mass resolution of the instrument is more than sufficient to 

resolve masses up to 300. It was at point in time that the measurement 

High Mass proteins (>1000 amu) was a hot topic the scientific 

instrument capability measuring High Mass 

proteins had to be tested. 
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1.8.3 LD-TOFMS High-Mass Capability 

With of matrix-assisted laser desorption/ionisation (MALDI) in 

1988, molecular weights of biological macromolecules as 

and oligonucleotides, 100,000 Da, have been 

recorded. Initial success with oligonucleotide mixtures encouraged future 

contributions in U""I-'I-"U" the human ;::.. .. u,v .. , .. , 

MALDI a low concentration of analyte molecules is embedded in either a 

solid or a liquid matrix consisting a small, highly absorbent species. The 

matrix therefore retains the property of efficient and controlled 

while the analyte molecules are spared from 

would lead to fragmentation. A laser pulse with ,nUUVLVLU irradiance causes 

the mixture matrix and analyte molecules to undergo phase transition. 

Suitable matrices quasi-molecular formation of the analyte 

molecules by proton transfer TP<1f'T"",TlCl in the gas phase. 

1.8 shows an MALDI spectrum of horse heart cytochrome C (HHCC) 

with molecular mass 12360amu. 50mM solution was 

mixed with the to give IpMJlll analyte concentration. few III (a 

couple of drops) are deposited on the sample probe, allowed to dry in 

before loading into vacuum system. 
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Fig 1.8 A HULUk/ .. TOFMS spectra of Horse Cytochrome C 

The mass at 12360 and 12579 can clearly be resolved 

The peaks at 6180-6280 are the double charged species. 

A high-resolution scan of the peaks at 12360 is shown in Fig 1.9. A mass 

resolution of was measured. peaks at masses 12573 and 12782 are 

assigned to the addition n-sinapinic acid to the horse heart protein. 
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1.9 High mass MALDI TOFMS spectra of HHCC. 



The sensitivity of the technique is shown in Fig 1.10 where 75 femtomoles/~.d 

ofIlliCC could still be measured with ease. 

0.9 
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Fig 1.10 A MALDI TOFMS spectrum of 75 femtomoles ofHHCC. 

The mass accuracy can be seen in Fig 1.11 where a known mass standard 

bovine lung protein at 6500, was used as internal mass calibration. Using 

this known internal mass the flight times are converted to mass, resulting in 

a mass measurement of the lffiCC peak at 12364. The absolute value 

. should be 12360. The 4 mass differences constitute a 0.03% mass accuracy. 

Table 1.2 summarises the proteins and peptides that were successfully 

analysed with the LD-TOFMS instrument. 
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Fig 1.11 A MALDI TOF spectrum of showing an internal mass 

calibrates at masses 5377 and 6500. Using the known mass of the 

internal standard, mass calibration is done, resulting a 

measurement of the HHCC peak at 12364. 

Proteins and Peptides Mol.wt. I Proteins and PeDtides Mol. wt 
Aill.! Val 401.5 

I 
i Human milk lysozyme 14,693 

Leucine enkephalin 555.6 ! i Horse heart apomyoglobin 16,951 

Methionine enkephalin 573.8 
I 

Bovine pancreas-trypsin 23,290 

AlaJOVal 827.9 
! 

1 Bovine trypsin 23,311 

Gramicidine S 1141.5 i , Porcine pepsin 1 34,504 

i 

Substance P 1347.7 i i Porcine pepsin2 34,688 I 

I Ammonium octathymidylate 2568 
I 

. Yeast alcohol uehy'::'" V6' "'" 36,740 1 
, 

Human Q 
. ..l. in . 3465 I Yeast alcohol dehydrogenase 36,766 

Bovine insulin 5733.5 l Bovine albumin I 66,267 

Porcine proinsulin 9082 i Rabbit phosphorylase B 97,093 

I Human apolipoprotein em I 9421 I . Rhodabacter ("';,,,,,,;I.,t,.c 112,154 

Pig-heart cytochrome C 12,224 I E coli ~-galactosidase 116,336 

Bovine ribonuclease A 13,682 ! Mouse monoclonal anti 149,19°1 
I 

1 m:;from -e", 14,306 I Glucose isomerase 172,0001 -'" 

Table 1.2 Summary of proteins and peptides successfully measured with 

LD-TOFMS instrument. 
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Chapter 2 

Secondary Ion Mass Spectrometry 

2.1 Introduction 

The original roots of seCIDno.ar mass ",,...,,,,,t1""""'C't..u (SIMS) to 

the V"'j5,uU'.'U6 of the century. J J Thomson carried out his experiments on 

"particle nature" the electron. observed of ions a 

discharge on a metal deduced were 

all these were, the most part, 

a small fraction was positively Early SIMS instruments 

suitable analysis were developed from 1 by Herzog and Viehbock 

and from by the Ulr\,.!I"",,.C RCA Laboratories based on 

Honig's 1800 
un""''''''' .... sector 

sixties a uy.,uu'". of workers 

T",,,,tl1r,3,,, of secondlarv ion ""'.'",,, .• vu 

more about the geller:aI 

emphasis was mainly . 

on bulk analysis. A 

developed for mu;rmmal 

of SIMS were 

In 1967 the application of SIMS to thin 

analysis was and quantitative analysis of profiles was reported. 

Not was the ion current measured as a function of bombardment time, 

but also the (number particles per 
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of depth (A) and diffusion coefficients were a number 

applications in companies 

diverse fields. 

this chapter 

application 

commercial SIMS instruments 

theory SIMS is The emphasis is on 

SIMS, rather than on the design instrumentation. 

Fundamental resl~arc:h on the establishment a practical table of sputtering 

yields, for the is detailed. These findings form the basis 

selecting SIMS in the analyses collected laser..;produced 

lithium deposits (Chapter 3) and uranium fluoride deposits 

(Chapter 4). 

2.2 The Principle of SIMS Analysis 

SIMS operates on the principle a is bombarded with a beam of 

primary ions having energies several ke V. are 

to ion impact, mostly as neutrals, and only a small portion as ions 

(positive or negative), either in the ground or the excited state. 

(secondary) ions are extracted from the target region and passed 

a mass analyzer, they are on a basis of mass-to-

These separated ions are detected by 

means and the information fed to a recorder or computer. The result is 

a mass spectrum, starting at mass 1, if, up to several hundreds of mass 
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The mass is dependent on type mass 

Qualitative survey analyses of all elements from 

to uranium can carried out with The minimum 

detectable concentrations are and dependent, typically 

between to Ippb. Minimwn detectable concentrations are related to 

the material conswnption, as is a destructive technique. 

SIMS can used aetectlon of surface vV'Ll"'"U'U,'''~lVH and 

(Marais, Strydom, et 1988; Tullmin, Strydom, et aI, 1989 1990), or 

studying and interfaces of semiconductor materials 

and Strydom, 1985; Demanet, Strydom, et aI, 1986; Barnard, Strydom, 

et 1988; '-TMlrln,,.,.. et aI, 1989), or catalytic reactions. It can also 

to carry out depth In this case, of the obtained 

after ten minutes after hours allows one to visualise how the 

composition ofthe sample as a function of bombardment time (proportional 

to depth) changes with depth. Quantification of measured depth 

profiles is po~sible by means implanted (Botha, Strydom, and 

Marais, 1988; Strydom, Botha, Barnard, 1989; Strydom, 

Strydom, and 1991). 
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2.3 Theory of OJ .... T .. >J 

The sputter the basis of Energetic primary ions 

penetrate the solid where binary collisions atoms occur, 

and yielding recoil atoms. Primary will finally come to rest 

a slowing down at the so-called Meanwhile 

second, and nth target a dense cascade. 

These cascades replace the target atoms. If they are close enough to the 

outer surface of the 

the target, they can 

and their velocity vectors are pointing outside 

from the 

is an event caused by a 

a process called 

of cascades. 

Sputtering by direct 

relatively scarcely. 

information depth is 

were n .. "·"",,,1-

depends on the mass 

of target atoms by primary Ions occurs 

depth at which 

to the emission 

energy of the primary 

which are 

The information 

and on the mass 

are emitted from 

with a mean escaoe depth of about 

energy of the recoil atoms. The majority of 

zones immediately below 

escape two or more atoms emitted as one 

is restricted to one or two atomic layers, dimensions of 

to the average y,,,.uu,,,,,,, between two cluster particles are large 

atoms. 



is no complete theory at moment, which accounts for the 

processes the beginning up to emission of particles. 

a number of theories, which describe of the above, 

mentioned processes have been attempted. In cases these 

hold for certain conditions only or they to secondary 

ions given kinetic Six models are worth mentioning: 

(i) Kinetic model refers to ions emitted with kinetic 

(ii) 

greater 30eV, from 

ions. Secondary 

h<l ... rI ..... ""n1" by noble 

several 

metals under 

emission takes place 

the primary ion into and emission penetration 

secondary 

collisions ,",,,,,f""P'>l1 

via collision cascades. During the violent 

inner 

shells are excited. atom is then emitted as an excited 

neutral particle and de-excites outside the metal into an ion via an 

effect. 

The Autoionisation model is rare ion bombardment, 

assumes shell excitation into autoionisation state and 

relaxation the in vacuum via an Auger process, yielding a 

secondary ion an Auger electron. 
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(iii) The Surface effect model assumes that all processes relevant to the 

formation ions 

According to this, a 

place at or near 

while 

of the target. 

ejected will change its 

electron structure from that of the bulk target to the atomic or 

ionic level. ion yield is then calculated as the probability of 

finding an ion at a distance from surface. 

(iv) Bond breaking model considers all in the target to 

present as ionic compounds. Upon electlC)o of the elements 

ionic compound is broken, and the element retains charge. 

(v) The Thermodynamic model assumes that a plasma in complete 

thermodynamic equilibrium is generated locally in the solid by ion 

bombardments. The ratio of the number of ions generated in the 

plasma to the number ..... "'.""'.,,. in the 1J1<1,':>UI.<I any state 

is to unchanged during the emission. 

(vi) Collision model has been developed from the 

thermodynamic model. Sputtering and ionisation are described in 

terms initiated by penetration of primary 

particles. Peter Sigmund (1969, 1993) spent a lifetime in 

topic. his work, the process can described in terms of 

sputtering yields and rates. 
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2.4. SIMS Analysis Formula 

SIMS analysis is aimed at determining concentration of element M 

from the measured secondary ion current Furthermore, the isotopic 

abundance of the element of mass M should be into account, and 

"' ...... "",..,+"'rl for. The principle formula 

(2.1) 

where 

Ip is the primary ion 

Is is the secondary ion current; 

S is sputter yield (number of particles sputtered, N!, per number of 

impinging primary ions, Np); 

is the yield (number of ions number of impinging 

primary ions); 

is of ionisation (number of particles sputtered as ions . 

number of particles which been 

c is the fractional concentration actually ",,,,,.no.,+ 

f is the mass spectrometer transmission. 
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2.5. Normalised Sputtering Yields 

most important COJlsCQwenc:e bombardment Sputtering is 

solid target, sputtering yield, ~~'_A""" as the average number 

a 

target atoms removed for each incident ion~ is the quantitative measure 

thereof. Despite number of yields, which 

over the 1990 no measured 

compilation that provides non-expert user of 

sputtering process with a quick estimate of This is of paramount 

importance in SIMS, since the choice of ion "'IJ~''''''''''''' ion energy and LA~~""~ 

determine the amount of target material removed. amount of 

achievable as material removed np't-Pl"11nlf'tP" the minimum 

the depth of time (sputter time). 

The various models sputtering from which yield can be calculated 

are even less useful to a person because V .. LV .... ' ..... ", .. requires 

knowledge and ("·P'r\".f'f' the models 

which are not UI;;i\.,";;:>:>':U applicable in a real situation. With these users in 

mind the author and embarked on presenting a universal table 

sputtering yields of monoelemental poiycrystalline (Strydom and 

1984; Gries and 1984 a & b). 
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The table is based on an adaptation of Sigmund's well-known model of 

sputtering (1969) to the results of 620 yield measurements, which were 

taken from literature (given in Appendix B). These measurements were a 

combination of different primary ion beams on different target materials. In 

other words, the Sigmund model is used to supply structure to the 

experimental results so that other sputtering yields, which have not yet been 

measured or published, can be predicted realistically. The table consists of 

these predicted values for any combination of bombarding element ion and 

sputter element target for ion energies within the range 0.00 I < e < 100, 

where e denotes the dimensionless universal energy of the well-known LSS 

range theory [Lindhard, Scharff, and Schi~tt (1963)] - see Appendix A for 

a summary of ion implantation theory. To simplify the table, all sputtering 

yields were calculated for an atomic surface binding energy of leV. These 

normalised values can easily be converted to real sputtering yields by 

division by the actual atomic surface binding energy (which can be 

presented by the sublimation enthalpy). 

2.5.1. Calculation of aeff Values 

Sigmund's sputtering model was formulated for perpendicular incidence of 

monoenergetic and monoatomic ions on amorphous (and electrically 

conductive) monoelemental and defect-free smooth-surfaced clean solid 

targets. Since most real targets are polycrystalline rather than amorphous 
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(as shown also by the very small number of "amorphous" sputtering yields 

published compared to the number of "polycrystalline" sputtering yields), 

all 620 real sputtering yields used were of the "polycrystalline" variety. 

Little was known of the cleanliness, topography and defect density of most 

of the targets. From the relatively high residual gas pressure at which some 

of the measurements were made, it must be assumed, however, that 

cleanliness (in the sense of no gas coverage) was the exception rather than 

the rule. Also, medium-to-high defect densities are assumed to have been 

prevalent (if only for the radiation damage induced by the ion 

bombardment). Moreover, a smooth topography, even if present at the 

beginning, is unlikely to persist throughout most sputtering yield 

determinations where sputter removal of a substantial surface layer is 

involved. In these cases, the monoelemental character of the target is not 

maintained, because of incorporation of substantial quantities of the 

bombarding ion species in the target. Finally, preferential rather than 

random orientation of crystallites (as is expected for the typical 

polycrystalline target) cannot be ruled out in some of the targets. Overall 

this may be ineffectual (because the sputtering yield can increase as well as 

decrease as a result of preferential sputtering). 

In summary therefore, the adjusted model should be representative for 

sputtering of ion species-contaminated polycrystalline targets with a 
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high defect density and a !Ja5,-C(Wera surface topography of 

sub-micron roughness by perpendicularly incident 

monoatomic ions. 

and 

According to Sigmund the sputtering yield S (for the ideal situation) can be 

calculated from the formula 

(2.2) 

where 

• S is the sputter yield (atoms/ion) 

• fX is a dimensionless number the relative 

of the deposited energy from the incident ion for "IJU"'" 

• Sn is the nuclear stopping power (in eV.A2) of the LSS-theory, of 

target for incident ion, 

• B is the average surface binding energy (in eV/atom) of the atoms to be 

sputtered. 

Values of fX have been provided by Sigmund as a function of the mass 

ratio MyMJ (where 1 to the incident ion, 2 to the target 

element) and Sn is calculated from the theory (1963) as a function of 

the ion energy E. 



a can be replaced by a best-fit plot to yield "effective" a 

(designated by substitution 620 measured ",..",H",.·;,.,n yields, Sreal 

mentioned into equation 2.2: 

(2.3) 

The stopping power values were calculated from 

:::: (s) 
(2.4) 

where Z2 are the atomic numbers of the incident ion and target 

elements, respectively and Sn( e) denotes the dimensionless universal 

stopping cross-~;ectlOn (de/dP)n of the LSS theory. cross-

section 8n(e) , in the numerical form provided Schi$tt (1966), is 

approximated by the following set of expressions: 

- O.0205(logS)3 - O.l06(logS)2 -O.018810gs + 0.435 forO.OOI ~ s ~ 0.2 

8,,(S)= + 0.0583(1ogs)3 0.110(logs)2 - 0.1 logs + 0.356 for 0.2 ~ 8 ~ 10 

0.5[ln(L2948)]18 for 10 S 8 S 100 

The relationship between sand E (in keY) is given by 

s 
E 
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620 values of aeffi calculated equation 2.3 were fitted with a best-

fit, vs. 10g(M21M1} graph (where aefl denotes an approximation 

function) by the procedure "''''~'C'''''1''''U below. 

(i) Smoothing Step: This consists of 2 stages, viz. firstly the 

replacement all aejf values at (M\, by a repJrese:nta:tn 

average value CXejf·. Each 

a statistical weight which is equal to the original number of 

points which the average point represents. The second stage consists 

of a replacement of average points by a new set of points 

(log(M2IMJ), aejf"), which carry equal statistical weight of an 

arbitrary pre-set magnitude. This is done by a prc)ce1our in which a 

replacement point is cnosen so the sum moments of two 

points must equal the pre-set value. value is exceeded, 

one or both of average points are split into a doublet point so that 

constraint is satisfied. 

(ii) Curve Fitting Step: This step of fitting a curve to the 

almost smooth string of ") by any least-

square procedure. study, Chebyschev polynomials of 

Uv~:'l"""" were tried for the least-square fit and the following 

set of three smoothly interlinking was obtained: 

{ 

0.120 Jor L'5,-1.2 

a.if == 0.085'E +0.289L4 +OA02t +0.22L+0.1 89 Jor-1.2 '5, L '5, -0.144 

0.049<:C' -0.1 07E -0.209t +0.3 +0.207L2 +0.156L+0.183Jor 

(2.7) 
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where L log(M2IMJ). 

2.1 shows the 620 • values as well as graph of ae/ as a function 

10g(MYM/). The ,""1""fI('!\ lines UlUl\,.;aLv the spread of the associated aeff 

values. The quality fit in the different M21M, sub-ranges was obtained 

by optimising value given by: 

(2.8) 

where i is " ..... 'n .. ' .... over all samples. means of this simple test it was 

established that the * the aeff graph to * CXeff is equally good 

throughout most 

best-fit normalised sputtering yield (S"B) can be calculated from 

S'B O.042a* (2.9) 

Thus, sputtering yield is normalised to an atomic surface binding 

P-1"IP'rcnl of 1 e V, from which sputter yields are obtained upon 

division the actual atomic surface of target solid 

(represented by sublimation enthalpy). 
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Fig. 2.1 Graph of aeffvalues as afunction oflog(Mi M,).The vertical lines 

are indicative of the spread in measured values for that specific 

M2IM, combination. Clearly, Sigmund's formulation for a 

(broken line) is inadequate to describe the measured values. The 

polynomial fit, equation 2.7, gives a better representation. 

The SB values were tabulated (Gries and Strydom, 1984a and 1984b) for Z, 

and Z2 ranging from 1 to 90 in intervals of 2 or 5, and for E values ranging 

from 0.1 to 1000keV, provided these fall within the interval 0.00 1:-::;E:-::; 1 00. 

As this table is somewhat elaborate (given in Appendix C), some of the SB 

values are shown in Figs 2.2 - 2.6. 
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Fig 2.2 Nonnalised sputter yield SB as afunction of ion energy E with the 

atomic number ZJ=10, 30, 50, 70, and 90 of the incident ion 

species, as parameter of the target species represented by atomic 

numberZ2= 10. 
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Fig 2.3 Normalised sputter yield SB as afunction of ion energy E with the 

atomic number Z,=10, 30, 50, 70, and 90 of the incident ion 

species, as parameter of the target species represented by atomic 

number Z2=30. 
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Fig 2.4 Normalised sputter yield SB as afunction of ion energy E with the 

atomic number ZI=10, 30, 50, 70, and 90 of the incident ion 

species, as parameter of the target species represented by atomic 

number Z2=50. 
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Fig 2.5 Normalised sputter yield SB as afunction of ion energy E with the 

atomic number ZI=10, 30, 50, 70, and 90 of the incident ion 

species, as parameter of the target species represented by atomic 

number 22=70. 
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Fig 2.6 Normalised sputter yield SB as afunction of ion energy Ewith the 

atomic number Z{=10, 30, 50, 70, and 90 of the incident ion 

species, as parameter of the target species represented by atomic 

number Z2=90. 

When deciding on which parameters to use in a SIMS experiment, the 

available primary ion species and the instrument used prescribe primary ion 

energy, primary ion current and analyses area. The SB table or graphs 

forecast the SB-values for a given primary ion/target combination as a 

function of primary ion energy. Knowing the sublimation enthalpy of the 

target, the sputtering yield, S can be estimated. In section 2.5.3 the effect of 

angle of incidence, if not normal to the sample surface, can be included. 

Finally selecting the primary ion current and the size of the area to be 

analysed can estimate the sputter rate. This is done in section 2.5.4. 

Chapters 3 and 4 shows in detail how these graphs/table were used to 
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sputter rates on lithium and 

instrument. 

samples for a SIMS 

2.5.2. A Comparison of Three Versions of Sigmund's Model 

of Sputtering using Experimental Results 

The application of Sigmund's formulation of the sputtering yield in 

practical SIMS analysis can be a daunting task. Attempts have been made 

to modify (simplify) Sigmund's theory day-to-day application. 

This was done by means of a simple a-adaptation of the original model. 

Bohdansky (1983) and Yamamura et al. (1982) suggested two different 

modifications of the "IJU •• "" yield formula for incidence of mono-

pn.>rm"'hf'. ions on Strydom and Gries (1984) 

investigated their effectiveness in providing a better between theory and 

experiment. 

For the were calculated using each of the three 

formulae, 620 sputtering yields (published in 24 papers) see 

(Gries and Strydom, 1984b) and these values compared. Because the 

scarcity data for amorphous targets to which Sigmund's 

model applies, sputter yields for polycrystaUine were instead. 

The formulae are as foHows: 
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Sigmund (1969), as given before 

S (2.10) 
B 

Bodansky (1983) 

S (2.11) 

with 

12) 

Yamamura et al. (1982) 

Where the symbols have their usual meaning: 

.. S is the sputter yield (atoms/ion) 

.. a: is a dimensionless function of the mass ratio M:JMJ (where MJ and 

M2 are the mass numbers of the and the respectively) 

III Sn(E) is the nuclear stopping power (in e V .A2
) of the LSS~theory 

(1963), which is a function of the incident ion energy E, 

III B is the atomic "",.1'",,...1" VIH,,",UJ'!;!. """"r,nl (in e V /atom), 

.. Rp/R is of the projected to the ion species in 

the target, 

.. Erh is the threshold ion below which no sputtering occurs, 



• se(Ej is the dimensionless universal V1V''''''~'LU''' 

the LSS-theory, which is a ...... 'H~H of the dimensionless energy e, 

Each of three equations was solved a, S being substituted by 

the 620 measured <,"'HiT",,. yields mentioned above. distinguish the a-

according to were designated cteff (Le. effective a, 

aBo (Bodansky) and aYa (yamamura), same standard 

sublimation enthalpies were for B in aU cases. 

and 2.8 a plot the * vs. aBo' and aYa" as a function of 

MiMI, respectively. 

2.7 Values oj CXe.t/ (circles) aBo' (triangles) and associated 

approximation graphs CXejf" (Polynomial) and aBo" (Bohdansky). 

The graph of a-values proposed by Sigmund is shown. 



Fig 2.8 Values of * (circles) and aBo * (triangles) and associated 

approximation graphs ae.t/ (polynomial) and aYa * (Yamamura). 

The graph ,_VllJu""proposed by Sigmund is also shown. 

Satisfactory average results are provided by both the ,-,va .... ,,,,,,,, and 

Y amamura' s modification Sigmund's model in mass ratio range 

M2iMl<3 when compared with the 620 measured sputter yields used the 

investigation. However, are not more general, than that which 

can be by use of an a-clpplroximlltioln such as the 

polynomial of equation 2.7 in Sigmund's formula. is shown 

by the fact that the scatter • a is not reduced by either of the two 

modifications. 
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2.5.3. Dependence of Sputtering Yield on Incident Angle 

On the basis the ()l~,Ul~UlU theory the dependence of the sputtering yield 

on the incidence is contained in the dimensionless energy factor a. 

For polycrystalline and isotropic substances theory gives an angular 

dependence of the yield: 

(2.14) 

IfIIS angle of incidence with respect to the ""tr'Tor'''' normal; 

S(O) is sputtering yield normal incidence; and 

f is a constant depending mainly on the mass ratio MIMJ and only 

weakly on the constant m in the scattering cross-section: 

(2.1 

For large values of If!, equation 13) is expected to break down because 

the assumption an infinite isotropic medium, on which Sigmund's theory 

relies, is not ";-" •. "tl,, valid due to the particularly 

when most of the recoils are generated in the vicinity of surface (as in 

case of glancing incidence). In addition, as the angle incidence 

increases, the reflection coefficient of the also and 
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above a certain angle total reflection takes at least a perfectly 

smooth surface. 

The SIMS instruments used in this study an have angles of incidence that 

from 30° to 70°, all within the assumptions ofthe theory. As a result, 

sputtering yields that are calculated for the specific measurements 

taken equation 14) into account. 

2.5.4 Sputtering Rate 

Although it is essential to know yield, one still has to "'Vt·\T'''''~C 

this in terms of erosion or sputtering rate that is the consumption of 

material per unit time. The higher the primary ion current density (for a 

given beam crc.ss··secmc.n the higher the elemental secondary ion current 

for a given concentration but also higher the erosion rate. A 

compromise must therefore be made between primary ion current density, 

beam cro'ss-sec:non. desired sensitivity, and the speed at which the mass 

spectrum is scanned, particularly in the analysis of thin films. 

The erosion rate can be estimated [Werner and De 

z = 3.755 X 10~4 M 
RiS 

6S 

(1968)]: 

(2.16) 



where Z is the material thickness of material 

M is the average mass number; 

p the density glcm3
; 

S the total sputtering yield of the target; and 

Jlffi per hour. 

j the primary ion current density in JlAlcm2
. 

2.6. SIMS Instrumentation 

All SIMS have a vacuum chamber, primary ion source, a 

sample holder, an analyser and a detector the secondary ions, followed 

equipment for automatic data acquisition processing, and instrument 

control. Ion guns and detectors do not differ essentially from to 

instrument. The main distinction is based on the choice 

quadrupole, sector, or time-of-flight. 

namely 

Primary ion sources on the earlier SIMS instruments consist mainly of 

duoplasmatron ion guns, producing Ar, O2, and N2 primary ions. Later 

development included surface ionisation sources producing ions for 

improved negative SIMS. These primary could be focussed down to 1-

lO!lm beam diameters. advent liquid metal ion sources (LMIS) 

the early 80's, primary ions, allowed for primary ion 

beams to be focussed down to 100-1 OOOnm in diameter - a powerful tool in 

sub.;micron semiconductor technology. 
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2.6.1. Magnetic Sector SIMS 

Ions subjected to a difference U a kinetic p"Pt'rrv 

=eU (2.17) 

m is the mass the ions, and v their velocity. When these enter 

into a magnetic field B, they describe trajectories, and the Lorenz 

force and the centripetal force are in equilibrium: 

then move in 

mv2 

evB==--:::::: 
r 

with radius 

mv 
r::::::-

(2.18) 

(2.19) 

Ions with different momentum mv move along circles with different radii. 

Introducing a collector slit at the exit the u~,..u_ •• _ field allows for the 

detection specific masses. If the magnetic field is varied as a function of 

time, one mass can pass the collector slit and by recording 

the collector current as a function of time, one obtains a mass 

Insertion of equation (2.18) (2.19) 
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(2.20) 
r( em) :::: ---'--'-'----

B(G) 

where M is the mass amu; 

B is the magnetic field in G (1 G == 10-4 Vslm2 T); and 

n = 1, 2, .... counts the state of the 

Mass resolutions routinely achievable with magnetic sector instruments are 

of the order of thousands. However, to this the collector slit has to 

be small, resulting high loss transmission through the spectr<)m(~ter In 

order to obtain reasonable spectra, the magnetic field has to be 

slowly, or alternatively, accumulation spectra has to be performed. Since 

the sputtering process is continuous and destructive, long acquisition times 

lead to extensive seriously limits use of this 

type of spectrometer the analyses thin and n""'''1"''''''' studies. 

Furthermore, it rules out any application in single event ionisation studies, 

as is the case with in-situ analyses during pulsed laser isotope separation 

experiments. 

2.6.2. Quadrupole SIMS 

quadrupole mass spectrometers no magnetic field is Hvl.,I,;;;:);:)al for mass 

separation. The mass occurs in a system consisting of four 

hyperbolic rods to which a voltage is applied. The potential obtained 
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between the rods is result of applying simultaneously an 

DC voltage, a high frequency voltage to peak value V): 

<1)(x,y,t) (2.21) 

where <1)0 == (U V)COSlUt 

Ions injected into the rod configuration move along oscillatory trajectories 

through the rod system. Depending on the value UIV, only ions in a 

mass-interval have amplitudes of oscillations in the x-y plane, which 

do not become infinitely i.e. they move on "stable trajectories." 

These ions can therefore rod system and be collected at a collector 

at the end of the rods. 

amplitudes the ions rapidly when IJ"'~""AA'.'" through 

rod system, ions are finally intercepted by the rods. A mass spectrum is 

obtained by variation of U and V with with the UIV ratio 

constant at all times. Mass resolutions of several hundred are 

As is case with the magnetic sector instruments, it takes time to acquire 

a mass spectrum due to fact that the UIV field to scanned. 

Typical transmissions up to 7% have been reported. Due to the absence 

of magnetic fields, interfacing a ru'<l'",.. .... ",''' mass spectrometer with other 

analytical techniques such as Auger electron spectroscopy (AES) and 
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photoelectron spectroscopy (XPS) is easily achieved. The majority of SIMS 

measurements performed this study were done on a quadrupole-based 

instrument that was interfaced with an 

2.6.3. Time-or-Flight SIMS 

Time-of-flight mass spectrometers have been employed because their 

great transmission (better than 95%). The principle here is that pnmary 

ions source is pulsed, and the pulsed sputtered ions are mass 

analysed in a time-of-flight mass spectrometer, as described in Chapter 1. 

Liquid metal ion sources are easily pulsed, with energies of up to 30keV. 

reIJ.eCtron or electrostatic mass spe:ctr·ometers 

As seen U\JL'JI \.<, quest improved mass resolution makes 

electrostatic spectrometers the analyser of choice. 

2.6.4. Ion Detection 

Detection ion currents between 10,8 - 10'14 is achieved with a Faraday 

cup followed, by a amplifier. Nowadays, electron mUltipliers are 

commonly used for ion detection between 10,12 - 10,]9 A. The higher upper 

limit of with the multiplier ensures an overlap with signals 

obtained from the DC amplifier. principle the electron multiplier is 

that the ions to be detected strike the dynode of the multiplier 
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and electrons. electrons in turn a following 

dynode, which is at a potential with respect to the dynode, and 

.. ",I""""", i"l1rtl'l"",. secondary A of discrete dynodes can 

used to obtain the required amplification. Current amplification of up to 1 0
6 

is achieved. 

Channeltron multipliers have developed, consisting continuously 

distributed dynodes. They are made glass tubes coated internally with a 

thin metallic (continuous electrode) to provide secondary electrons. 

Current amplifications of between 104 and 10
8 

are The VG-

ESCALAB used in this study was fitted with a channeltron detector. 

SIMS Instruments used in this Study 

2.7.1. VG ESCALAB II QUAD-SIMS 

secondary ion mass was conducted at the 

on a IV'..,"..",,,,.,,, Generators Mk II, 

with a VG SIMSLAB. SIMSLAB consisted a DP50B 

duoplasmatron source , 160 ', and 40 Ar ') inclined at 700 to the 

sample normal, and a MIG 100 liquid metal ion source at 

The detection of ions was done with an MM12-12S 

quadrupole with a HTOIOO acceleration lens assembly capable 0-
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800amu mass Both primary ion sources were operated at 1 Oke V and 

rastered over a area 300x300llm2. The beam was kept 

below to enable slow sputtering rates. A small percentage of this 

material was ions were extracted into the 

quadrupole, by ;:)vQ,UU,'Ul", from low to high masses, a of ion 

counts vs. mass could produced. In addition, the QMS could be operated 

in a Depth Profile where specific masses were selected, and only 

counts of these masses were recorded. 

The mass resolution the quadrupole mass spectrometer was typically 

300, in other words at mass 300 

from mass 301. 

mass analyser could resolve mass 300 

2.7.2. PHI TRIFT II TOF-SIMS 

The TOF~SIMS analysis of uranium products was conducted at the Pill, 

USA and France, on a commercial Physical Electronics Systems TRIFT II 

time-of~flight mass spectrometer. This was part of an evaluation of a new 

series of instrumentation that entered the market. The Pill TRIFT II TOF-

SIMS employed 

consisting of three spherical electrostatic analysers. spectrometer had a 

nominal flight path. A pulsed field emission was used as primary 

ion source. Ion energies of3-25keV were available, with a maximum beam 
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current of 20nA. The minimum diameter was 120nm. The detector 

""":,-t,,,rr. vVi"''''",",U of dual microchalUlel with a screen. 

The II had a 

wafer, and a High 

hydrocarbon-covered silicon 

sp~~ctl'orrletl;r was ~40% 

resolution of 2 9000 at m/z 28 (Sij on 

resolution of 2 15000 at m/z 2 200 on a 

The through the 

atomic species, and >90% for molecular 
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Chapter 3 

A VLIS of Lithium 

3.1. Introduction 

Most chemical elements, they or "'1U,H1'-"U. naturally occur with a 

few slightly different masses, called isotopes. Lithium, for example, is most 

abundant as an atom with three protons and four neutrons, giving it an 

atomic weight of 7. about percent Lithium have one neutron less 

and a molecular weight of 6. These special forms of elements, caned 

isotopes, are very useful for like 1U",'\,",",'"'' 

and nuclear But sorting something as small as atoms by 

weight has always been a tremendous problem. 

Traditional 

costly, 

diffusion isotope separation, in addition to 

consuming, and dirty, also become politically 

controversial. Sorting out the various weights of isotopes in a gas or plasma 

has always required carefully tuned magnetic fields centrifuges. Since 

70's IsotO[Ie separation has been investigated by a number 

groups. 
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In this chapter the basic principles of ULVJ'lHv 

(A VLIS) is presented. the 

isotope separation 

of lithium is described. The 

design and ,..." .. ··+,... .. W\<l'nl''''' of an in-line time-of-flight mass spectrometer for 

the ~i and ratio irradiation 

experiments, is enrichment factors are correlated with 

measurements done by secondary ion mass spectrometry on collected 

products. 

3.2. Principles of Laser Isotope Separation 

Gaseous mixtures of various particles (atoms, molecules), that differs little 

or not at all in chemical properties is difficult or unr,.";,,, to separate by 

ordinary chemical methods. If the quantum levels of the particles 

somewhat one can, principle, excite certain particles selectively 

monochromatic laser radiation, leaving the other particles aside. The 

criterion selective excitation is not very rigid. It is enough to have at 

least one absorption of a particle shifted with respect to spectral 

lines of the other particles. 

The excitation of selected particles results in a in their chemical and 

physical properties, and may be used to separate substances by any 

method based on in the characteristics of and unexcited 

excitation energy must be much than the thermal 
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the particles is responsible for non-selective thermal 

excitation of the states aU particles in plasma. 

This is the most of substance separation by a laser at the 

atomic/molecular level. Three conditions are required for 

and molecular photo separation: 

atomic 

(i) At least one absorption line of the particle exists that does not overlap 

all absorption lines of other particles plasma. 

Oi) The frequency of the absorption line should be 

(iii) 

for monochromatic radiation specified by the separation 

method use. 

selectivity of should be maintained in the ensuing 

secondary photoionization processes of separation. 

The spectral line widths atomic and molecular absorption in plasmas are 

rather small. of particle difference is very 

to the slightest details atomic and molecular structures. 

One or more of the following effects cause spectral differences in atoms: 

(i) Difference in atomic number (number of protons 2). 

(ii) Difference in the number of neutrons 

(iii) Difference in the energy (the nuclear spin, causing an 

isomeric effect in the hyperfine structure of atomic spectrum). 
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One or more of the following 

molecules: 

cause spectral differences m 

(i) in the molecular chemical composition (number and type 

atoms a molecule, differences in electronic and 

vibrational moJecular spectra). 

(ii) Difference in the isotopic composition of molecules. 

(iii) Difference in the three-dimensional of molecules. 

(iv) Difference in the nuclear spin orientation of atoms in a molecule. 

3.3. Atomic Vapour Laser Isotope Separation 

The selectiVIty obtained with Atomic Vapour Laser Isotope Separation 

(A VLIS) in a single step, is much higher than that obtained with 

conventional separation A VLIS is based on the fact that different 

of the same element, while chemically identical, have different 

energies. As a result, isotope absorbs different colours of 

light, such that each has its own distinct colour signature. When illuminated 

by a laser beam colour an atom of 

isotope emits an electron becomes a positively charged ion. The ion 

can atoms of the other isotopes by an 

electromagnetic field. 

77 



Conventional isotope separation techniques - ;;;:,u"''"'v,.'" diffusion and 

- depend on mass differences of most 

diffusion, on the principle that common used technique, 

lighter molecules move than heavy ones through porous membranes. 

a cascade of porous barriers through which the lighter isotope is 

statistically more likely to pass can separate isotope. 

"'''1'''1''11''1' pass is small, which results in for multiple 

stages large plants and large power consumption. 

gas centrifuge a gaseous material compound a rotating 

throwing heavier to the cylinder wall where it is 

scooped from the isotope. processes require 

significantly power than do gaseous diffusion, but as a 

plant. mass differences on which gaseous diffusion and gas 

depend are about 0.01 for uranium. In contrast, fundamental selectivity of 

the A VLIS process by means the colour process is ,,"vi''''''n'''' 

high, greater than 1 0 000. a result A VLIS can a high degree 

isotopic enrichment on a single 

to achieve enrichment. 

cost. 

The process includes 

of the metal, selective "''''''vu''''''''u 

and relatively little equipment 

is low capital and 1"\ .... ,"',.",1'." 

component processes: vaporisation 

one photo-ionisation of the 
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and " .. "," "",ti of the ions from 

these will be <l!Slcussea in detail the next sectIon. 

neutral plasma. 

of Lithium 

In nature, stable 

Recently, 

IS0t:OP(~S, 6Li and exist at a proportion 

7.52: has of as the source oftritium, T, 

which is used as the fhel for thermonuclear fusion furnaces. On the earth, 

tritium is extremely rare and exists in a proportion of only 10-18 to 1 with 

respect to ordinary hydrogen. view meagre natural 

presence of tritium, it is readily appreciated that the must 

artificially manufactured on a commercial scale. 

of the "lHl:lJlv"~ methods available is by a nuclear 

following formula, which is by irradiation of 

neutrons 

+4.8 

of 

with thermal 

(3.1) 

This nuclear reaction permits production of tritium. Also, tritium can 

produced from 7Li as follows: 

+4He+ -2.5 MeV (3.2) 
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In this case the reaction not occur unless the neutrons a sufficient 

for thermal high energy this reason is used as 

neutrons and as the pH adjuster for preventing hydrogen embrittlement in 

nuclear fission light water reactors. 

Separating the two is of importance for the nuclear 

industry. The financial incentive is provided by the fact that natural 

lithium metal cost -R500Ikg, whilst 7Li, enriched to more than 99.9%, is 

worth more than R30 OOOlkg. 

3.4.1. Spectroscopy of Lithium 

Lithium is the lightest all metals and, being only the third in the 

periodic table, has been the centre of extensive theoretical and experimental 

spectroscopy studies. Only those of spectroscopy that underlie 

photoionisation will study. 

ground state electron configuration is 1 , placing the atom in the 

2s2s 1/2 state. 

n, with 42p2pO, 

quantum 

number l. These 

levels increase with principal quantum number 

highest lying state For a 

also with the orbital quantum 

differences become rather minute at n I. 

For these high lying states the valence electron is physically at large 
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from the nucleus. Therefore 

virtually the same electric field. 

The ionisation level au"u •. u is given at 

which point valence electron takes 

different states experience 

150 or eV at 

leave. photo ionization of 

lithium is but one means of relieving the atom of its valence electron. 

particular laser isotope separation is isotopic 

The '-'vc ..... " ..... use a photon to reach an auto ionisation state or the 

continuum is met poor and exceedingly small 

UH)''' ..... vu cross sections (Jess than lO-18 respectively. Furthermore, 

single /JU,.. .. vu IOnlSal[lOn need a tuneable m region of200nm 

(to overcome binding energy). Frequency-doubled dye 

can be used, but at very cost. 

Alternatively, multistep resonant .... ""'dLULlVl may used, with subsequent 

ionisation routes. Two UA-'>"U'''' routes can followed: the involves 

multistep ionisation directly the continuum, whereas with the sec:onlCl 

route a state just below the lVl.U""U\..IH 

ionisation methods still needed. 

is reached, subsequent 

Photoionisation from an intermediate state the continuum is 

by a very small cross section; than 10-17 cm2• with 
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more than one valence provide autoionisation states just beyond 

the ionisation limit; excitation ~ lO-15 , Although more 

attractive than the previous scenario, difficulty is experienced in the 

ionisation to ensure resonance with the autoionisation state. 

second three different ionisation methods can be used for 

excitation to high lying states (also referred to as Rydberg atoms/states), 

For a Rydberg state the binding of an electron is proportional to the 

of the principal quantum number n; for it is only 

0,0025 eV. Removing electron is therefore comparatively easily by 

either collisional, infrared field or electric field ionisation. 

In collisional ionisation a variety of mechanisms may be active, depending 

on the chemical between the excited atom and the carrier gas. 

However, of selectivity rules this method out contention. 

Ionisation by means of an laser is also not favoured due to low 

ionisation cross sections ~10-16 cm2
• 

In applying an electric field, either pulsed or fields may be used. Pulsed 

fields are only used if induce line broadening with resultant loss 

higher ionisation yields are obtained with 
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since the continuous 'vu,~~.,,~ .. high lying states is guaranteed. The 

mechanism electric field ionisation remains the same for the two options. 

An field ti1C'Tn"tc 

electron to 

some critical 

potential well that houses the valence 

the electric field is critical; at 

it is JJV""uv.,v to a Rydberg state to 

an autoionisation state with a high decay rate to the continuum (also 

to as forced-autoionisation). Too large a field will the 

~fI""""'''CT state directly into the continuum with a low cross 

section, whilst, too low a field would leave electron with a 

potential barrier separating it from the continuum. Ionisation cross sec:nOll1S 

5xlO-13 have been reported (Letokhov, 1 

3.4.2. Photoionisation routes for Lithium 

Many different transitions for lithium between the ground state and 

high lying Rydberg states. However, the availability of lasers with outputs 

in 

efficiency, 

550nm to 111m, high isotopic selectivity and high ionisation 

limited the choice routes. 

As mentioned ground state is 252S. The level is 1 eV 

the ground level. level can reached with a laser output of 

670.8nm. a negligible thermal population this is 
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transitional above the observed, even at 700°C. Being the 

state would therefore imply that 

accessible to laser excitation: 

atoms are in the ground state and 

(3.3) 

This transition has a of -27ns. implies an enormous 

absorption cross (-5xlO-12 with a very saturation 

intensity of only 10W/cm2
. The selectivity of transition yields 

isotope shift lSpm between 6U and 7Li. still 3.544 from the 

.Va",,,,,,,,"",,, limit, two further photons are ne<~aea. 

The next level reachable with a 610.4nm laser is 

with an even higher absorption cross section of 

Its lifetime is 14ns 

isotopic 

selectivity of this 

than Ipm. 

is much smaller that the transition, 

From previous section it is obvious that the third transition should be to 

a lying Rydberg state (n=10-15) with subsequent electric field 

ionisation. The level is still 1.513 e V from continuum, needing a 

laser wavelength 820nm to bridge the The Rydberg states with 

n=10-1S are situated 0.0604 - O. eV below ionisation level, 

third step to be tunable between and 900nm. 

~~::!!!!!!...4RydbergStates (3.4) 
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3.4.3. Lithium Vaporisation 

The separator "'l"'TPm serves a three-fold purpose of generating an atomic 

lithium beam, providing the laser irradiation zone, and collecting 

and The is operated at a vacuum 1 0.6 

to 10-7 mbar so that the mean-free path will allow straight travelling the 

lithium atoms. 

Lithium 

separator. 

is vaporised in a 

metal at 180 Fig 3.1 

heated crucible inside the 

the equilibrium vapour 

~""'co"l,,"a of lithium as a function of temperature. The pressure-temperature 

domain to the left of the curve is with liquid phase, whilst 

that to the right indicates the vapour phase. 

At the working point of 700°C atomic vapour leaves the crucible in all 

possible directions. Optimal laser irradiation and isotope selectivity require 

a well-defined and collimated atomic beam. 

3.2 shows a side view the ",p,...<>,.~,t"r system used in this study. 

sets of collimating 

irradiation zone. 

ensured an atomic 
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Fig 3.1 Lithium vapour pressure curve. All the AVLIS laser irradiation 

measurements were done at 700 0 C, with a vapour pressure of 10-6 

torr (indicated as the "Working Point"). 

Waste Collector Plate 

Product Plate Repeller Plate 

Slit 3 
----------------'I r----~uum 

'; Slit 2 

Fig 3.2 A side view of the separator system. The lithium is heated in a 

crucible to 700 "C, the vapour expands upwards through a series 

of slit plates to prevent non-selective pick up on the product 

collector plate. 
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number of atoms contributing to atomic the 

irradiation zone is a minuscule i" .. ."r>hru'l that leaving crucible. This 

resulted a low mass throughput of 3mg/hour. At high 

temperatures (700°C) the lithium is in the phase. Assuming thermal 

equilibrium, Maxwell velocity distribution applies: 

e 2KJ'dv (3.5) 

m is the atomic and M the molar mass. average velocity is 

by: 

the average velocity of the 6U and Is01:om~s at 700 is 

1 and 171 Not only extremely velocity 

pose a challenge to the irradiation/monitoring setup, also does the 

dltteren(~e in isotopic velocity to the complexity 

ensure that all atoms will be irradiated, the height of the a ... naU~IH volume 

was taken as distance that lithium atoms travel at average velocity 

the laser pulse 



3.4.4. The Laser System 

The selective Photoionisation scheme for lithium enrichment, as set out in 

section three-photon ionisation with wavelengths tunable in 

the range 600-900nrn. With the isotopic shift between and 

order of the should be tunable in 

ensure exact resonance with atomic transitions. Furthennore, a narrow line 

width of than 1 is essential to maintain selectivity. Optimal 

efficiency of the enrichment process demands that the laser intensity 

should be "' ... .LU'"'l'-'lU saturation of each of the pulsed 

are "" .. p·tnl''''' required. Organic dye were used. These lasers to 

be optically pumped by either copper vapour lasers (CVLs) or excimer 

lasers. CVL's were used in this study. 

3.4.4.1.Copper Vapour Laser (CVL) 

layout of a copper vapour laser is shown in Copper metal 

nuggets are evenly spaced inside an alumina tube, typically 1.5-2 m long 

and tub~ diameter of 40 mm. This ceramic tube is surrounded by a 

ceramic fiber insulating material, and fitted inside a Pyrex tube. At both 

ends the tube water-cooled, elongated allowing 

evacuation of the laser volume. Electrode fittings and laser windows 

are " .. "' .... 11" ... to the ends. Finally a metal water surrounds the laser, 
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acting as a thermal reference surface and as a coaxial current return for the 

laser discharge. 

Optics 

Glass Tube 

Thennal 
Insulation 

Ceramic Tube 

Copper Beads 

Fig 3.3 Layout of a copper vapour laser head. 

Optics 

The laser tube is filled with 20 Torr Neon buffer gas. A voltage discharge 

between the two end electrodes heat the copper metal to temperatures of 

around 1300 DC with subsequent copper vapour densities of ~5xlO13 cm-3
. 

A power supply capability of 5-8 kW average power at 15kV, with 1 kA 

currents rising in less than lOOns is required. 

Laser action takes place in a three level system between the two top most 

vibrational levels of copper (see Fig 3.4.). There are no states in between 

and those above the upper laser level are far removed, facilitating effective 

pumping. The lower laser level is metastable, thereby self-terminating the 

laser action. Since the upper laser level is also resonant it is preferentially 
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excited in an electric discharge. Laser takes place between the 

doublets 3dlD(lS)4p 2pO and 2n. The transition between the innermost 

levels is a 578.2nm (yeUow) and that between 

the green at 51 O.6nm. 

top and bottom levels in 

Laser mirrors on both sides of the laser tube complete the setup. The optical 

resonator was a plane-plane or an unstable 

COIlslstea of a back mirror coated maximum reflectance at the 

wavelengths and a common glass flat to the front as an output coupler. It's 

8% reflectance is sufficient 

however, cause a high IUu'prOrPt'lI'p 

laser is super radiant. Plane optics, 

the output beam; -6mrad for a 40mm 

tube diameter. confocal unstable resonator, on the other hand, comprising 

a small convex high reflectance mirror front and a normal concave 

mirror at the back, provides 

of -25% loss in output power. 

than Imrad divergence, but at the expense 
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Fig 3.4 The three level laser system of copper. 

3.4.4.2.Dye laser 

A dye laser derives its capability from its laser medium, a fluorescent 

organic dye dissolved in a liquid solvent. The dye itself consists of large 

molecules with multiple ring structures, having complex spectra. Usually 

there are two major absorption bands, one in the UV and one in the visible. 

The second partially overlaps the fluorescent band, inside which the laser 
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gain curve width of the gain curve is 

detennined by operating conditions; above the threshold it will be 

narrow and centred at the peak the fluorescent band. 

Using a number of solutions, output is from the near.:.UV to 

the near Tuneable outputs down to 216nm could furthennore be 

achieved with frequency doubling crystals. The is capable of 

producing narrow bandwidths and ultrashort pulses, which however~ 

are extremely sensitive to optical alignment of the pump beam and the dye 

laser cavity. 

The dye lasers used in study are on of Hecht (1986), 

shown Fig 3.5. The oscillator cavity IS fonned between 

diffraction grating and output mirror. grating is the wavelength 

dispersive element that can aligned so as to reflect a small wavelength 

along this way it serves to both select a 

wavelength and to restrict oscillation to a narrow bandwidth. stepper 

motor from the laser's panel computer control tunes the grating angle. 

Further reduction of the line width can be achieved with an intra-

cavity etalon. 

Beam expanding optics in the oscillator cavity ensure that the grating area 

is fully utilised, thereby its resolving power. The dye 
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is a removable flow cuvette with dye reservoir and circulation pump to 

remove excess heat deposited in the dye solution. A typical energy level 

diagram ofa laser dye is shown in figure 3.6 . 

Beam Splitter 

Amplifier 
Dye Cell 

Dye Laser 
Beam 

OSCILLATOR -----?) .... I(~- AMPLIFIER ---1 
Fig 3.5 Diagram of a pulsed dye laser. 
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l~. ,;z' Radiationless ,, - - decay 

- '- ~. 

Singlet 
states 

Laser 
emission 

Radiationless 
decay 

Alternative path 
~ through triplet states 

(not a laser transition) 

Triplet 
states 

Fig 3.6 Typical energy level diagram of a dye laser. 

On the left, three electronic levels are shown, each with a host of 

vibrational (bold lines) and rotational states (thin lines) superimposed. In 

the presence of normal line broadening mechanisms, these substrates merge 

into a continuum. Photons from a pump source are absorbed, causing a 

transition from the bottom of the lower band anywhere into the upper 

bands. Transitions to the highest band are responsible for UV absorption, 

whereas the middle one causes the absorption feature adjacent to the 

spontaneous emission curve shown in Fig 3.7. 
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3.7 spectral characteristics of a dye laser. 
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Excitation is followed by non-radiative decay to the bottom of the middle 

band, which acts as upper level. It has a a 

nanoseconds, which a < ...... "" .. 'VH the bottom takes place. The 

wide choice lower is the origin of the broad laser gain curve. 

Transitions to middle the band are favoured, as can be seen in 

the shape the spontaneous emission curve. The cavity ... ,-,,,.,,,,, limits the . 

reflection of only a particular wavelength through the dye cuvette. 

and forth reflections would amplify the output intensity through 

spontaneous emission. 



3.4.4.3.Integrated Laser System 

layout of CVL's, dye and separator is shown in 3.8. The 

path starts at the centre 25W CVL oscillator, which generates a high 

quality beam. The beam is amplified with a 40W CVL amplifier 

which beam is split with a partial reflector. Two 40W CVL amplifiers 

again amplifY both beams f'P""np("rn,pl'{/ The beam on acts as an 

optical pump for "'3 emitting -820nm, whilst beam on the is 

separated on a dichroic beam splitter into its 10.6nm) and yellow 

(S78,2nm) components. These two beams on their own optically pump the 

dye lasers 

and 

(670nm) and "'2 (61Onm). Al and are combined 

into the separator. 

pulses are virtually equal and therefore 

moment in 

path lengths of the three dye laser 

in the at the same 
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Fig 3.8 Layout oJintegrated laser system. 
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3.4.5. The Separator System 

ionisation the ions of the selected lithium isotope are separated from 

the neutral particles by applying both a pulsed electric field and a 

continuous magnetic field generating magneto-hydrodynamic cross-field 

on the electrons and The divergent ion orbits caused by 

crossed-field make it possible to collect ions separately 

from the other components of the vapour stream. 

In order to determine and optimise enrichment efficiencies, samples of the 

collected product are mass measured 

an enrichment a) are a convolution 

''''HlU''''''''' (given as 

ase~r-selecte:a ionisation 

and the non-selective deposition of non-radiated lithium vapour on the 

collection plates. the event of the latter contribution being dominant, a 

low a would obscure possible laser selectivity. Furthermore, it is a 

time consuming 

analysis. 

of irradiation, collection and mass 

introduction an on-line time-of-flight mass ,,,,,,,·,,rr'n.,,.,,,,,1-., .. provided 

information on the ion formation and isotope 

selectivity. Laser alignment, wavelength tuning and synchronisation could 

be optimised using output. optimised, irradiation for product 

collection could begin and be monitored with TOF. 
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I . 

3.4.5.1.Time-of-Flight Mass Spectrometer 

A linear in-situ time-of-flight mass spectrometer was used. The TOF 

utilises a double acceleration plate system of the Wiley-McLaren type. The 

pulsed laser irrad iation used for the selective ionisation of either one of the 

lithium isotopes, initiates the start of each TOF spectrum to be recorded . 

The process vessel, housing the lithium crucible/evaporator, electrostatic 

extraction plates, and the TOF mass spectrometer, is shown in Fig 3.9. 

Fig 3.9 

Waste Collector Plate 

Product Plate 

Ground Grid 

Repeller Plate 

: ' Slit 3 
~---; !~~uum 

Slit 2 

Heating Element 

End view of the process vessel shows the TOF-MS. 
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The atomised lithium beam expands upwards through a of 

collimating slits into the interaction zone. interaction zone between 

a set of electrostatic extraction of different potential, 22mm apart. 

The negative plate collects all the selectively ionised lithium isotopes of 

positive charge. This forms first '''l'.'VH of the dual accelerating TOF 

mass spectrometer. The ions exit product plate through a small hole, 

2mm diameter, into the second source, also 

22mm long, into flight pipe, with total flight length of 

456mm. Ion detection is done with a chevron microchannel plate detector. 

Typical electrical fields of 1200V/cm and SOOV/cm were used for the first 

and second regions, respectively. With these values flight times 

of t6 == 4.40!!s and t7 4.85!!s were The time is 450ns. 

Fig 3.10 shows a typical time-of-flight mass spectrum obtained laser 

irradiation of natural lithium. Clearly the 6Lil Li ratio is not that of the 

natural isotopic abundance of the material indicating 

ionisation/separation of the isotope. 
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Fig 3.10 A typical time-of-flight mass spectrum of lithium acquired during 

laser irradiation experiments. 

3.11 shows a sequence of measured spectra. This is the result of a two-

colour experiment, first wavelength was set at 610.82nm. The 

second wavelength was scanned from 670.84nm downwards. 3.1 

'''<511'''1'' of both sotIOP(~S with that 6Li very prominent, with an 

associated alpha of 112. 3.11b an '''~''~~'J~ in the 7Li signal as the 

wavelength .is decreased, reSUlting alpha is 76.2. Continuing decrease in 

shows the increase in the 7Li isotope, until eventually 

no ~i is visible - 3.1 In case the enrichment alpha is 108. 
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Fig 3.11 TOF measured alpha's for different two-colour selective 

irradiation measurements. The measured enrichment alpha's varied from 

112, 76.2, 3, to for 6Li, to 59 108 on shown in (aJ - (j), 

respective ly. 
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The maximum selectivity 7Li was found at 670.780nm. In this case 

peak for cannot be seen. the TOF-MS spectra the enrichment 

factor can be calculated, by the simple equation: 

a= 0 

where either the ratio the peak intensities or areas in the TOF 

C''''PI'r,.", can be used. Table 3.1 summarises the calculated a.-values, reported 

Fig 3.11. 

Wavelengths (nm) Alpha(7) Alpha(6) 

(670.840,610.380) 0.009 112.00 

. (670.811, 610.380) 0.014 72.50 

(670.813,610.380) 0.041 24.30 

(670.800,610.380) 0.417 2.40 

(670.812,610.380) 59.00 0.017 

(670.780,610.380) 108.00 0.009 

3.1 Summary of TOF-MS "'<'flY"',..-" a-values for different 

irradiation wavelengths. 

The values in Table 3.1 show that enrichment alphas excess of a 100 

could obtained on either the 6 or 7 isotope. The tn-line TOF-MS 

could easily measure differences in enrichment as a of the 



The next step was to correlate the enrichment of the collected product with 

that of the in-line TOF-MS. For this purpose product collector plates (thin 

aluminium sheets) were attached on the collector plate adjacent to the hole 

to the TOF mass spectrometer. These product plates were removed, and 

analysed with a secondary ion mass spectrometer. 

The SIMS analyses were done on the VG SIMSIESCALAB II, described in 

Chapter 2. The option of either the Ga liquid metal ion source or the 01 Ar 

duopJasmatron ion source had to be considered. Using the modified 

Sigmund's formula, described in Chapter 2, the product of the sputtering 

yield and surface binding energy is given in Fig 3.12 for Ga, 0 and Ar 

primary ions. 

4 

3 

2 

o~----~----~----~----~~===-----~ o 2 3 4 567 0 2 3 • <56 \ 2 3 4567 \ 0 2 3 456 100 2 3 45 1000 2 3 4510000 

E (keV) 

Fig 3.12 Calculated sputtering yields for Ii using Ga, Ar or 0 primary 

ions. The values at 1 Oke V are 3.8, 2.73 and 1.06 respectively. 
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Both ion sources were operated at 10keV, the calculated SB-values for Ga, 

Ar and 0 are 3.8, 2.73 and 1.06, respectively. However, the angle of 

incidence with respect to the sample normal was 45° and 70° for the Ga and 

Ar and 0 ion sources, respectively. Using the angle dependence 

relationship given by equation (2.13) in Chapter II, the calculated SB-

values for Ga, Ar and 0 are 1.3, 1.28 and 05, respectively. The enthalpy of 

sublimation at room temperature for lithium is 1. 65 eV/atom, resulting in 

sputtering yields of 0.79, 0.77 and 0.30 atoms/incident ion, respectively. Ga 

and Ar have the highest sputtering yields. Ga was selected because the 

source could operate stable at less than a tenth of the beam current of the 

duoplasmatron source. Furthermore, the superior beam quality of the Ga 

liquid metal ion source allowed area selection on the samples. 

Equation (2.15) was used to estimate the sputtering rate: 

z[,um / h] = 3.755 x 10-4 M[amu] 
p[g / em 3 ]j[pA / cm 2 ]S 

For values of p = O.534g/cm3
; 

j = 2xlO-3 JlN3xI0-4cm2 = 6.67JlNcm2
; and 

S(450) = O.79atoms/incident ion, 

the sputtering rate is estimated at : 

z[,um/h]=3.755xI0-4 6.92 =9.29xl0-4 

0.534 x 6.67 x 0.79 
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:. Z = 5.54 X 10-2 Jl11l/ min = 3.32Jl11l / s 

The estimated sputtering rate is 3.321lm per second. To acquire a SIMS 

spectrum from mass 1 to 10 the quadrupole is typically scanned in mass 

steps of 0.05 amu, counting secondary ions for 200ms per step. This 

implies a total scanned time of 36 seconds per spectrum. The material 

consumption per single scanned spectrum is therefore 120llm. 

Alternatively, there is only ~290 seconds available to acquire ~8 

consecutive spectra before 1mm thick lithium material is removed! 

In the first A VLIS experiment, lithium was evaporated without any laser 

irradiation. The vapour was allowed to deposit on SIMS sample plates. Fig 

3.13 shows a typical SIMS spectra obtained from these plates. The 7Li / 6Li . 

ratio measured with the SIMS agrees with the 92.4817.52 ratio of the 

feeding material to within 2% accuracy. The SIMS sputter rate that was 

selected was slow enough to allow for the collection of spectra, before all 

of the sample material was consumed. Furthermore, it is clear that the mass 

resolution of the quadrupole mass spectrometer is more than ample to 

resolve the 6Li and 7Li peaks. 
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3. 12 A typical SIMS spectrum of deposited lithium of natural 

isotopic abundance. 

3.13 shows a spectrum obtained from collected material where 

selective irradiation was used. the collection of product, 

the in-line TOF-MS measured an alpha(6U ) of higher than 50. does 

not compare well to the SIMS measured alpha of -4. One the more 

difficult problems to overcome in the A VLIS of lithium was the non-

selective pickup of non-radiated vapour that deposited on the collector 

plates. If the amount of enriched product were small compared to the non-

selective pickup, no matter how high the spectroscopic selectivity, 

average enrichment the product would be low. This problem was 

by the introduction of a of shutters and skimmer to 

prevent and back streaming of With 
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III place correlation between in-line spectroscopic enrichment factors 

(measured with TOF-MS) and enrichment factors of collected product 

(measured with SIMS) was better than 80%. 

II III, 
O~--~--~--~~--~--~L--

123 4 5 6 7 8 9 10 

Mass (amu) 

Fig 3.13 A SIMS spectra of enriched lithium product. 

3.5. Conclusion 

A time-of-flight mass spectrometer was successfully developed to measure 

in-line the relative abundance of the lithium 6 and 7 isotopes on a shot-to-

shot hasis. With this in-line diagnostic tool, it was possible to optimise the 

irradiation parameters, viz. wavelength, fluence, delays and irradiation 
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geometry to yield maximum TOF signal strength on the required 

isotope at possible selectivity. 

Collected A VLIS products irradiation 

mass spectrometry 

were 

isotopic with secondary 

abundance. Poor correlation the TOF-MS measurements was 

initially obtained. This was to a non-selective of 

lithium vapour deposited on the product plates. This problem was 

solved after the introduction a number of shutters beam slits to 

prevent direct deposition, as well as back streaming on product plates. 

With in place correlation between spectroscopic enrichment 

factors (measured TOF-MS) and enrichment of collected 

product (measured with SIMS) was than 80%. 
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Chapter 4 

MLIS ofUF6 

4.1 Introduction 

Molecular 

photon isotope 

Isotope Separation (MUS) of uranium is based on multi-

excitation UF 6 vibrational resonant IR 

lasers, followed by subsequent dissociation by 'h • ..t.""".. non-resonant IR 

irradiation. The \.u,,;:,uv!<U\A.I UF 5 ...... r.rln.r>. has an extremely low vapour 

",,.,,,,,,,,,,,·r .. and precipitates from process mixture the form solid 

methods of choice for the isotopic abundance of uranium 

compounds are glow discharge mass " ...... ,.. ... £\1"'" .... " (GDMS), source 

mass spectrometry (SSMS) and/or thermal ionisation mass """"1' ... £"...,,,,""', 

An time-of-flight mass spectrometer (TOF~MS) was developed to 

............... '-,,, parameters with regards to high isotopic selectivity and 

acceptable cut quantity (Scales, Human and Rohwer, 1991). TOFMS has a 

high transmission capability and high sensitivity 

monitoring, ideally suited pulsed radiation 
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ionisation region is not confined by the presence of electric or magnetic 

sectors, the instrument can easily be interfaced to a whole range of 

analytical facilities. From this established technology base, commercial 

instruments for analysis of solids and biopolymers have now become 

available. These successes stimulated the investigation of the solid UFs 

product with LD-TOFMS when GDMS and SSMS failed to measure small 

sample quantities (nanogram quantities deposited in thin films). SIMS 

analysis, known for mass analysis of surfaces and near-surfaces, were 

carried out to cross check LD-TOFMS measurements. 

This chapter reports on the characterisation of enriched solid uranium 

fluorides by laser desorption time-of-flight mass spectrometry (LD

TOFMS), secondary ion mass spectrometry (SIMS), and time-of-flight 

secondary ion mass spectrometry (TOF-SIMS). 

4.2. Molecular Laser Isotope Separation 

Since the advent of lasers they have been proposed as tools to induce or 

catalyse chemical reactions. Of all the reactions investigated, Jaser isotope 

separation on the one hand has received the most interest, and on the other 

hand has shown the most promise. 
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Most in nature have more than one isotope. increase the 

concentration a particular isotope, the isotopes to 

according to some difference in chemical or physical In 

cases the chemical ..... r. ... "",.h .. ", of the 

identity, then chemical is difficult 

meIIICaerl1:. Conventional methods separating isotopes of elements 

instead on physical processes that are by the small in 

the masses of the different isotopes. 

gaseous diffusion method passing the element in a gaseous form 

through a of chambers separated by porous barriers. lighter 

molecules diffuse through slightly in each 1:'11£"""'''"'' 

chamber the concentration of lighter isotope to that heavier 

increases slightly. Several hundreds to thousand chambers 

are needed to the of the lighter Isotope substantially. 

Gaseous diffusion thus requires large and expensive facilities that consume 

amounts of electricity. 

Other separation techniques based on mass include gas 

centrifuge, multiple distillation, and electromagnetic separation. Of these, 

the centrifuge has utilised as an alternative to diffusion. 
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More economical is a separation by or 

levels, 

different isotopes have slightly different pnp'ruv 

having slightly different absorption spectra. Consequently, 

radiation a particular frequency can selectively excite an atom or 

molecule containing one isotope to a higher level and leave other 

isotopic undisturbed. 

separated from the by 

selectively excited species can then be 

"",n'tic"", physical or chemical methods. 

Atomic Vapour Laser Isotope Separation (A VLIS), as seen the previous 

chapter uses selective photo ionisation to separate isotopes in an 

atomic beam. Molecular Laser Isotope Separation (MLIS), on the other 

hand, uses selective photodissociation molecules into stable fragments. 

4.3. MLIS of UF 6 

is flow-cooled via adiabatic "'AI"'Ull"!,-'!! through a 

(1993)]. At 100 

ground state is populated, isotope 

approximately 30% of the 

TTF':rp""",,,, in absorption <;!r"".f'Trl'l 

can be used for selective excitation of the isotope containing UF6 

molecules. is selectively excited by tunable 161lm laser energy 

obtained from a Raman shifted CO2 laser Kemp et aI, 1990). 

+ 238 UF 6 + carrier gas 235UF~ + 
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",,,,,,, .... ,,, species is further excited by a second and 

Ul;:>.;)V...,1U',",U by a 1O.6Jlm or a third 16!lm 

235 UF~ + photons + F 

molecules coalesce to form particulates that are 

from the remaining gas. suitable <O"<I"pn can be used to remove the 

radicaL step in process, excitation 

infrared is the most critical and difficult to achieve. The reasons are 

twofold. No laser is available at the frequencies of the vibrational 

transitions. The 

transitions 

absorption on UF 6 corresponds to 

"''''',",'VUU set problems arises the fact 

that ~.~ ... ~, .. element, 

is much 

which the isotopic shift of the V3 

vibrational mode than lem- l compared to 1 for 

the much SF6 molecules. Power broadening becomes a problem. 

most UF6 are not in ground vibrational 

but are distributed among thousands of vibrational states. 

The vibrational cooling 

photodissociation. 

4.3.1. UF6 Flow Cooling 

u~."''''''''''"'.., is essential for selective 

Expansion supercooling in a nozzle is an and means 

cooling the UF6 molecules. Static was impossible because 
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vapour of solid UF6 would provide too few molecules in the 

phase. The major concern of expansion supercooling is whether the gas 

emerging the cooling nozzle remains the gas phase long enough 

to act on molecules. expansion is in a non-

equilibrium state 

within the 

condensation is 

supersaturation and has a strong tendency to corlGeltlSe 

At a given temperature the major factor controlling 

number density the flow-cooled 

ratio of final to initial temperature during 

given by: 

expansion is 

(4.1) 

where P Po are the final initial pressures; and r = epIC v is ratio 

of specific heats at constant and constant volume. 

to unity, as is the case for the initial pressure andlor area 

expansion ratios must be very to achieve substantial cooling. To 

circumvent constraint, small amounts UF6 are mixed with a 

COllSI:Stlrlg of atoms or small molecules with y. 

Under these conditions substantial cooling can achieved with only 

modest initial and area expansion ratios. carrier 

also provides a collisional emrlronment that ensures continuum fluid flow 
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and thermal equilibrium among the vibrational, rotational and translational 

degrees of freedom of the UF 6 before irradiation. 

In the present study Laval flow cooling nozzles were used [see Thiart et ai, 

(1993) for detail description]. 

4.3.2. Selective Photodissociation of UF6 

After expansion cooling through the nozzle, the cooled gas is irradiated by 

a sequence of infrared laser pulses. The first selective laser frequency is 

tuned near the resonant frequency of the 235UF6 Q branch. The second laser 

frequency is red-shifted from the first frequency to achieve further 

excitation of the selected molecules, and still maintaining the selectivity. 

The third laser frequency is tuned far to the red to achieve maximum 

excitation/dissociation of the already excited molecules. 

4.3.3. The Laser System 

In this study a ,3xIR selective muitiphoton dissociation scheme was used . It 

consisted of: 

AI: Lambda 1, a 3bar isotope CO2 laser, continuously tunable and 

used for the selective excitation of the V3 fundamental mode of 
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either the 235UF6 or the 238UF6 molecules. The required output was 

between the lOR30 and lOR32 lines. This output had to be 

converted to 16~m by means of Raman conversion. 

11.2: Lambda 2, a TEA CO2 laser producing a single longitudinal mode 

through injection mode locking, and amplified by 2-3 CO2 

amplifiers to more than 1.5J/pulse. This line tunable system is red-

shifted from the A.t wavelength for further vibrational excitation of 

the At-selected species. The lines used varied from the lOR14 to 

the l0R26, and again had to be converted to 16~m. 

11.3: Lambda 3, also a TEA CO2 laser, tuned to the 9R28 line, 

responsible for the efficient multiphoton dissociation of the (At, 

A.2)-selected species. Alternatively, the same line tunable system 

was used, tuned to the P8 - P20 lines, converted to 16~m for an all 

16~m irradiation scheme. 

16~m: Raman conversion of the lO~m outputs was done in a Herriot 

type multipass cell, filled with para-H2 and cooled to liquid N2 

temperature. The incoming 10Ilm radiation is converted to 161lm 

through Stimulated Raman Scattering (SRS). 
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4.3.3.1. Carbon Dioxide Laser (C02) 

The carbon dioxide (C02) laser is a gas laser, able to operate in either 

pulsed or continuous mode. The C02 laser operates on a set of vibrational

rotational transitions. The C02 laser lines are emitted during transitions 

among three vibrational modes. The laser transitions occur when excited 

CO2 molecules drop from the higher-energy asymmetric stretching mode, 

V3 to the lower-energy symmetric stretching or bending modes, VI. This 

transition corresponds to a lO.5/lm photon. Relaxation to the bending 

mode, V3, corresponds to a 9.6/lm photon. However, the laser does not emit 

those precise wavelengths because the molecule changes its rotational state 

when it changes its vibrational state. The rotational energy is smaller than 

both thermal energy and vibrational transition energy, so the change can be 

either up or down. Because of this phenomenon, CO2 lasers can emit a 

series of closely spaced wavelengths. 

Transversely Excited Atmospheric-pressure (TEA) CO2 lasers operate at 

atmospheric pressure, with a pulsed electric discharge that is transverse to 

the laser axis. To select a specific CO2 wavelength, an optical grating is 

used to select the oscillation of only that specific line from the entire range 

of possible transitions. At atmospheric pressures the selection can be made 

from many discrete lines. However, as the pressure increases, the 

individual lines broaden. Above 3 atmospheres the separated rotational 
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lines start blending together to yield some output between the discrete lines. 

Above 8 atmospheres a continuous spectrum throughout the CO2 laser's 

operating range, is obtained. 

The frequency range ofa C02 laser can be extended from 8.91lm to 12.31lm 

b ·· . ., f 12C l3C 160 d ISO I thO tud Y usmg IsotOPIC mIxtures 0 , , ,an . n IS s y an 

. ., f 12CI60 12cISO d 12cl601S0 . d' th ~ h' h ISOtOPIC mIxture 0 2, 2 an IS use In e /1,/ Ig-

pressure (3-atmosphere) C02 laser system CBotha et ai, 1991 & 1994). 

4.3.3.2. Raman Conversion 

The C02 laser systems provide lOllm laser pulses, which were converted to 

161lm through stimulated Raman scattering (SRS) in a para-H2 medium. 

SRS is a process in which a laser beam, called the pump, generates optical 

gain collinear with the beam. This can be in a down shifted frequency, 

called the Stokes frequency, or in an up shifted frequency called the anti-

Stokes frequency. The frequency shift is equal to an energy level transition 

frequency of the Raman medium. The Stokes signals are usually generated 

from amplified blackbody and/or spontaneous Raman emission noise. 

Since the noise signal is quite small, large gains are required to generate 

useful signals. 
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H2, two rotational shifts are available, the S(Q) 

transition para-H2 and 586cm'! S(1) in ortho-H2• The first 

converts lOJlm radiation to 16p.m, the second converts it to 

Integrated Laser System 

integrated laser system used in this study is shown in Fig 4.1. 

options for the 2x16~m + lxlOllm and the 3x16Jlm-irradiation are 

shown. L3 refers to the 9R28 wavelength, whilst L3 * to the third 

161lm wavelength. 

For stimulated Raman conversion, a certain minimum input 

I"Pt''''M''F'r! to as "the Raman threshold") is needed before this non-linear 

optical process can be observed. The output the A.l laser system was 

not V1HJU"". to overcome Raman threshold on its own. For this reason a 

Four-Wave-Mixing process (FWM) was 

and A.3 were combined on a 100 lines/mm grating and circularly 

polarising with ,a Fresnel Rhomb, through the Raman celL The output 

16Jlm pulses were with a 90 lines/mm grating (blazed for 161lm) 

and then transported to the contact cell for irradiation eXt)erlments. 
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Fig 4.1 Schematic layout of the integrated laser system used In addition, 

theflow cooling nozzle and irradiation geometry are shown. LI, 2 

and 3 refers to the r l
, 2nd and 3rd wavelengths, respectively. L3 is 

the 9R28 wavelength and L3* is the 3rd alternative I6pm 

wavelength. 
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4.4. In-line TOFMS 

In-line measurement of the enrichment of or 238U can be done 

by either direct analysis of uranium containing products, or by indirect 

analysis in depleted uranium stream. In this study, time-of-flight 

mass spectrometry was used to measure in-line 

infrared irradiation of 

enrichment obtained by 

The problem and analysing product formed in the 

presence of a large excess ofUF6, was solved in the early 80's (M Stuke et 

aI, 1981, and P Dore et aI, 1985). their work, it is known that UF 5 can 

be selectively ionised by focussed laser irradiation with wavelengths in the 

region of 450 to 550nm. This is ideal in-line TOF-MS detection and 

analysis for isotopic content. 

TOF-MS was developed 

for enrichment experiments. 

skimmer with 0.8mm 

is situated -30mm below 

integrated with the Laval flow HUL..L.l'" used 

4.2 is a diagram of the developed system. 

"",","'111« (Beam Dynamics Minneapolis), 

outlet of the Laval nozzle. The skimmer, 

maintaining the molecular beam characteristics of the flow, samples a 

small fraction thereof. main gas flow is pumped away. The chamber 

skimmer is the of the TOF-MS. flight tube 

TOF-MS is at right angle to the direction of the gas flow. chamber is 
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pumped by a 2000 lis turbo-molecular pump, whilst the flight tube is 

pumped by a 1000 lis oil diffusion pump. The TOF utilises a double 

acceleration plate system ofthe Wiley-McClaren type. 

Molecules are ionised between the first set of plates, on the axis of the 

TOF-MS, bya laser beam admitted through ports not shown in Fig. 4.1. 

Two fields through a 1.5mm opening accelerate the ions into the flight tube 

and towards the detector. The pressure obtained in the main chamber is 

~5xl 0-3 mbar, while the pressure in the flight tube is better than 10-5 mbar. 

Gas Flow 

To Pump .... ~I---

Sample 
Slides 

! 
Nozzle 

---I~~ To Pump 

o Detector 

Turbo 
Pump 

Diffusion 
Pump 

Fig. 4.2 In-line TOF-MS integrated with the Laval nozzle. 
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The detector 

configuration. 

electrons 

electrons by a 

of a combined microchannel plate, electron multiplier 

micro channel plate (Mep) 

an 

liberates 

as well as mUltiplies such 

of ~ 1000 over thickness 0.5mm. Special 

measures had to be taken to ensure a linear dynamic range large enough to 

accommodate 1:140 two main uranium at 

natural abundance. The double MCP system a chevron 

usually employed ions in a TOF-MS, does not allow a 

dynamic Instead of the second MCP, an 

(Hamamatsu R2362) was used as secondary signal amplifier. The total 

amplification of this detector configuration is 106 at 3500V supply. 

electron multiplier was modified to the supply large current 

pulses in short bursts by connecting capacitors of 220pF over the last four 

capacitors serve as reservoirs of electrons, making them 

available during the pulse. The 

(24MO) limits the peak current attainable. 

of the 24-dynode chain 

from the electron 

multiplier is fed via a feed-through to an fast amplifier (EG&G 

9305) with 500 load resistance and lOx amplification. A digital 

oscilloscope is used to record the pulses. 

The 1064 run fundamental output of aNd: Y AG laser was used to ionise the 

MLIS product. The laser was focussed with a 250mm focal lens 

between the two plates the instrument. The timing of the 

124 



ionisation was with the time arrival the intir"'l'f'fi 

irradiated packet at the axis of the TOF-MS. delay was typically 

the order 460Jls. It was found that irradiated packets spread in time 

was minimal no turbulence in its path from 

irradiation position inside the nozzle through the skimmer, to the point 

ionisation inside the TOF-MS. 

The MLIS experiments used three different colours to selectively 

and dissociate UF 6. of pulsed varied 

shot to shot - sometimes, rather severely. In order to measure the 

enrichment as a function of the three fiuences, it was essential 

to measure the factor on a shot to shot basis. To suitable 

amplitude for both Is01tOD(~S on the oscilloscope, the signal was 

divided a 500 signal splitter fed to two channels with different 

sensitivity settings. 
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4.3 spread in the irradiated packet at the ionisation point 

in the TOF-MS. The optimum delay to ionise the peak of the 

irradiated packet in the TOFMS was -460ps after the upstream 

laser irradiation. 

Originally the was to transfer the two spectra captured by the two 

channels, to a computer for on-line calculation of the isotope ratio on a 

shot-to-shot However, with intensity barely measurable 

above the background noise for the natural feed material, careful 

accumUlation/averaging procedures were VHl.Ll"U.H source 

of the background in system was found to be due to detector shot 

noise. This is a purely statistical type of noise originating the that 

the isotope signal is due to a few or even a single ion only and the 
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fmite (small) probability of ''-'VI.AUI;;; such an ion. noise increases with 

the square root of the number of the ions being measured - the signal to 

noise therefore improves with the root of the strength. 

Increasing the 235-signal strength would obviously alleviate this problem. 

Increasing the fluence of the ionisation was not an option, as the 

limited dynamic of the detector could not with the m 

238-signal strength. Furthermore, increased fluence causes increase 

Coulomb repulsion of 

between the two peaks. 

on other, deteriorating the resolution 

A was developed for measuring enrichment factor, a, as a 

function the irradiation fluences 1>1 and 1>2 of the first two wavelengths 

Al and whilst keeping the fluence of the third wavelength as constant as 

possible. 4x4 matrix was created on the computer screen with 1>1 values 

classified in 4 on one and 1>2 values in 4 intervals on the other 

individual value of a calculated from the 1"pcr,c1"",,,,,.rI spectra, is 

stored in one of 16 elements according to its specific values of 

1>1 and 1>2 for that particular measurement. The a-values each box can be 

averaged to iI1}prove on statistical fluctuations. 

Measurements with the described in-line mass spectrometer, yielded 

enrichment a-values significantly different from 1, depending on the 

u". ~u. wavelength and fluence combinations for the three 

127 



The exact values cannot be published due to the confidential 

agreement between 

'vU!<.VlUa.. of France. 

Atomic Energy Corporation and its sponsor, 

4.5. LD-TOFMS Instrument 

laser desorption time-of-flight mass spectrometer used, was a Wiley-

McLaren-type (1955) linear instrument with a 1 flight 

instrument was designed and build in-house is described in Chapter 1. 

measurement of the enrichment factor, a, can be done 

desorption time-of-flight mass spectrometry (LD-TOFMS). enrichment 

experiment is carried out and product is collected over a 2-4 hour period. 

The product is collected on stainless steel plates, placed under the nozzle 

some 180mm downstream from the irradiation point Fig 4.2). 

product are removed from the loop for external LD-TOFMS 

analysis. The product plate is mounted on the HV back plate and irradiated 

with a focussed laser beam (0.5 mm2
). The intensity of the beam is 

attenuated with neutral filters (to less than 50mJ!cm2
). The laser 

beam ablates atoms/molecules from the sample Through non

resonant excitation, a portion of this ablated material is ionised. The ions 

are extracted and accelerated by the static electric field (10-40kV) between 

128 



the planar electrodes. 

arrive at the front plane 

ions then through a field-free region and 

The detector can be viewed 

directly on an analogue oscilloscope and is stored in a digital oscilloscope. 

average of a number of laser shots is used to improve the signal-to-

noise ratio and (typically 16 

Fig 4.4 a l-SeleCl[lVe UV 

dissociated Uranium oxide and fluoride species can clearly be seen. 

The oxide species originate from exposure to air. 235 components of 

the UO and U02 species is indicated with an arrow. The reader will 

that the concentration the 235 components in natural feed 

material is only 0.7% vs. the 99.3% the 238 species. measurement 

requires a dynamic of at least 99.3/0.7 ~ 140. The correct isotopic 

abundance was obtained using the corresponding uranium dioxide ions 

and 270. 

obtain the enrichment factor the ratio of the 235/238 (peak area) in the 

product is divided by the ratio of the material before radiation. In our 

case the ratio is -11140. Therefore, dividing the LD-TOFMS 

2351238 ratio by 11140, gives measurement of the alpha. 
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4.4 LD-TOFMS spectrum of natural uranium used as feed in 

irradiation experiments. The product was collected inside the 

contact cell on collector plates during non-selective UV 

dissociation of the gas. 

An alpha depth profile can obtained by consecutive values on 

the same position. In Fig an example such a measurement is shown. 

The variation in alpha from one measurement to next is in some cases 

as high as 50%. however, is believed to be a result the 

irregular deposition of the solid uranium product, rather than a variance in 

attained enrichment. The low duty cycle radiation (5Hz) combined with 

the continuous flow ofUF6 over the product plates would result in the 

adsorption unenriched UF6 on porous product An important 
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feature of this depth profile is final measurement of the alpha 

one, corresponding to natural uranium. possible reason for this is 

that un enriched flows over the product plates for -15 minutes 

before laser radiation commences, during which time adsorption takes 

place. This provides an internal check analysed. 
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4.5 LD-TOFMS measured alpha's from a of consecutive 

spectra acquiredfrom the same spot. This is the equivalent of 

an alpha depth profile into the sam'me. 
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4.6. SIMS Instrument 

The secondary ion mass spectrometry analysis was conducted at the CSIR, 

Pretoria, on a commercial Vacuum Generators ESCALAB Mk II, as 

described in Chapter 2. The option of either the Ga liquid metal ion source 

or the OIAr duoplasmatron ion source had to be considered. Using the 

modified Sigmund's formula, described in Chapter 2, the product of the 

sputtering yield and surface binding energy is given in Fig 4.6 for Ga, 0 

and Ar primary ions. 
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Calculated sputtering yields for U using Ga, Ar or 0 primary 

ions. The values at 10keV are 36.17, 22.92 and 7.67 

respectively. 
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Both ion sources were at lOkeY, 

7.67, 

calculated SB-values Ga, 

Ar 0 are 36.17, However, angle 

incidence with respect to the sample normal was 45° 70° for the and 

sources, respectively. Using the dependence and 0 

relationship 

values for 

by equation (2.13) in Chapter II, calculated 

Ar 0 are 19.0, and 4.86, respectively. The enthalpy 

of sublimation at room temperature for uranium is 5.43eV/atom, resulting 

in yields 2.7 and 0.9 atoms/incident respectively. 

Ar have the highest sputtering yields. Ga was ",",L\.,",.~'U because 

source could operate stable at than a tenth the current of the 

duoplasmatron source. Furthermore, the beam quality the 

liquid metal ion source allowed area "..",,",,,,.tVU on the 

Equation 15) was used to estlma;[e the sputtering rate: 

/ h] 3.755x 

of P 

j = 2xlO·3J,LAl3xl0-4cm2 6.67/lAlcm2; and 

S( 45°) 3.5atoms/incident ion, 

the rate is estimated at : 

z[,wn/ h] 238.029 
X 10-4 -----=1.167x 
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.". Z = 1.95 X 10-5 ,urn/ min = 0.324,u / s 

The estimated sputtering rate is 0.3241lm per second. To acquire a SIMS 

spectrum from mass 230 to 240 the quadrupole is typically scanned in mass 

steps of 0.05 amu, counting secondary ions for 200ms per step. This 

implies a total scanned time of 40 seconds per spectrum. The material 

consumption per single scanned spectrum is therefore ~ 131lm. 

Alternatively, there are only ~320 seconds available to acquire ~8 

consecutive spectra before 1 OOllm thick uranium material is removed! 

The mass resolution of the quadrupole mass spectrometer is typically 300, 

in other words at mass 300 the mass analyser can resolve mass 300 from 

mass 301. The enrichment alpha can be determined using either a SIMS 

mass spectrum or a SIMS depth profile. The Alpha is defined as the 

2351238 ratio of the product divided by the ratio in the feed material. 

Therefore 

a '" 140 x /(235) /1(238), 

where 1(235) and 1(238) is the peak (intensity or area) of the measured 

SIMS peaks. 
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4.6.1. Mass Resolution 

Secondary Ion Mass Spectrometry (SIMS) is used to analyse 

and near 

information. 

of collected MLIS _¥r""'n~+ The analysis nrf'''''FlP<: isotopic 

to the small amount product, the analysis (which is a 

destructive process of erosion of sample material) should done in 

"",.,,,+,,<,1' possible is therefore forced to work at 

the of time, mass resolution. this seC1:ton the 

of mass resolution and spectral 

enrichment alpha is addressed. 

on measured 

mass resolution of the quadrupole mass spectrometer on the 

II was optimised. Figures 4.7-4.8 show the mass from 

mass 225 to on enrichment staltloaro obtained before and 

mass resolution optimisation, respectively. 

The SIMS C"'''''f'h-nt'n shown in 4.7, is poor mass resolution. From 

spectrum it would appear as if there are at masses 234, 236, 

238, and even at 240. The the peaks at 237 and 240 are 

difficult to .... ""'IJ!".UJ optimisation of mass resolution 

the spectrometer only peaks at masses 

measured, clearly indicating the 

(maybe 236), 

UH 

and 239 were 
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Fig 4. 7 SIMS mass spectrum of 235 U and 238 U peaks acquire from a 

235 U-enriched sample before resolution optimisation. 
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With mass resolution optimised, a wide mass spectrum from mass 1 up 

to 300 amu, was recorded. The spectrum is shown in Fig 4.8. 

:III 

1&XD 

1((00 

o 

o 100 100 

Fig 4.9 A SIMS mass spectrnm from mass 1 to 300 amu. The insert 

shows that unit mass resolution is achieved at mass 300. 

spectrum is fairly clean, with peaks at lH, 58,6'Ni, 69,71 Ga, a 

of high mass uranium-oxy-fluoride peaks. The 235 and 238-uranium 

peaks rise to spectral overlap with the different oxide and fluoride 

in 4.1. For pv<>rnn mass is the combination of 

1 



In 

whereas, mass is the combination of 238Ul602 and 

4.1. Uranium oxide and fluoride masses for 

isotopes. 

two uranium 

beginning years this study (SIMS and LD-TOFMS) the 

enrichment alpha was measured on the 235/238, 11254 and 267/270 

ratios. The above mentioned spectral interference would indicate that the 

alphas measured on both oxide species would be lower due to the UF and 

contributions at and 270, respectively. The amount would vary 

proportional to the alpha, as for high alphas (> 1 0), the components of 

UF and UOF, Using a standard sample with an alpha 

of9.9, the spectral interference can calculated to be the following: 

(4.1) 

(4.2) 

(4.3) 
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The alpha ''-''' .... lVU. 

_ 238Ul60 = 1(254) - [(uI140).I(2S7)] (4.5) 

Similarly (4.6) 

(4.7) 

(4.8) 

I(276) (4.9) 

1(270) - {uI140)}.{I(273) - (u/140)J(276)]} (4.10) 

With equations the measured alphas obtained the spectrum 

shown in Fig are as follows: 

lOS 182 2100 26l<i 280 4360 4001 5366 4004 10.37 9.431 8.991 9.799 
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235, 1, 254, 270, 273, 276, are the 

SIMS values. The values 254* and 270* are corrected 238UO, 

and peak values, respectively. alpha values obtained for 

11254*, and 2671270* are 10.37, 9.7, and 9.8. 

of 1 of 235/238 alpha is a result of SIMS 

counts measured for that mass - hence, a higher margin of error. 

Nevertheless, the of three measurements is 9.96 ± 0.36. 

Without correction of the spectral overlap the is 9.6 ± 0.70. 

depth analysis following masses were made: 234 (background 

count), 251 UO , 267UO 270UO , 2, 2 

(including 235U16019F) . The background counts at mass were found to 

less than 10 counts/second, compared to the 50 counts/second 

obtained for mass 235. enrichment alpha uranium and the two 

uranium complexes were calculated, and are shown Fig 4.10. 

The spectral of at mass measured earlier is ~ 

that of 235UOF at mass is ~ 8.2%. Using these spectral corrections, the 

corrected alphas, is shown in 4.11. average U,UO 

alpha measurements is 10.24 ± 0.93 on the "as is" depth and 10.58 

± 0.67 on the spectral corrected profiles. Both these measurements are 

within 10% of one another (even for the spectral corrected 

an alpha of 10 improvement in the measured 
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obtained after spectral interference correction, decreased the standard 

deviation from 9.3% to 6.7%. 

At this point in the study it became clear that all SIMS analysis of MLIS 

accumulated product should: 

(i) Provide a spectrum showing ample mass resolution in the region 

225-275 amu, and 

(ii) Include the U, UO and U02 alpha measurements, the average of 

which (if found to be within 10%) should be considered to be the 

measured value. 
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Fig 4.10 SIMS depth profile measure alphas for U, ua and U02 on a 

2J5U . h d I -ennc e samp e. 
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Fig 4.11 SIMS measured alphas on U, va and V02 after a correction 

for spectral inteiference. Clearly the correlation in the 

measured alpha of the enriched standard has improved 

4.6.2. SIMS Analysis of MLIS Produced Product 

With SIMS the analyses of a sample is in the form of a spectrum of the 

sample surface. However, the sputtering process continuously removes 

sample material form the surface, resulting in the formation of a crater. The 

SIMS technique can therefore, provide in-depth information on atomic 

constituents by recording one or more mass peaks as the sputtering process 

erodes the sample - referred to as SIMS depth profiles. 

SIMS depth profiles were made for six different masses: 

235 U (235 isotope) 

238 U (238 isotope) 
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U0 2 (Uranium 235 isotope) 

270 U02 (Uranium oxide of the 238 isotope) 

273 UOF (Uranium oxy fluoride of the 238 isotope) 

(Uranium di fluoride of the 238 isotope) 

instrument setup is such that for 

ions is counted for a period 4 sec:on(lS 

mass the number of secondary 

For correct interpretation of the depth profiles, the procedure of 

product collection has to be considered. chemically cleaned collector 

plates are placed around the inside the contact cell, as shown 

before (Fig 4.2). process gas is loaded and circulated a period of up 

to 15 minutes the is During this period UF6 

adsorption onto the product plates takes place (layers of natural 

material are deposited on During irradiation 

gas, quantities of dissociated product as well as VF6 adsorption accumulate 

on collector plates. Once the irradiation is completed, circulation of the 

process is continued for 5-15 minutes to out process gas "a"",,o;; for 

MS measurements (during this period further occurs). 

is away. This ",,.,-,,,..p.rll1"'" was followed 

all of the experiments, however, variations in time used for the process 

circulation and pump were experienced from experiment to 
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experiment, due to unforeseen instrumental mishaps. This would change 

the individual layer thickness from one experiment to another. 

The collected product should therefore contain three layers as is shown in 

Fig 4. I 2 (a). As a result three distinct features are to be seen in the SIMS 

depth profiles of the uranium product samples, as depicted in Fig 4.12 (b). 

(a) 

(b) 

ENIUCRMENT 
I 

Noo.selective adsorption 

Enriched product layer 

Non-selective adsorption 

Ni I ss coUector plate 

Non~selc:ctive adsorption 

Enriched product layer 

Non-selective adsorption 

Ni I 5S coUc:ct« plate 

Fig 4.12 (aj Layered structure of product on collector plates. 

(b) Expected SIMS depth profile through the product layers. 

In Fig 4.13(a) SIMS depth profiles for 235U and 238U through an adsorbed 

VF6 layer on a product plate are shown. In order to obtain the enrichment 
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alpha the ratio of the 235 to 238 isotopes in the product, divided by the 

ratio in the same ratio in the feed, Fig 4.13(b). 

(
U -235) 

a = U -238 Prodllct ;:, 140.(U -235) 
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U - ~35J U - 238 Product 
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Fig 4. 13 (a) SIMS depth profiles for masses 235 and 238 through adsorbed 

UF6 on a product platelet. 
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Fig 4. 13 (b) SIMS depth profiles and calculated alpha curve for adsorbed 

UF6 on a product platelet. 
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The SIMS depth profiles for and shown in Fig 4. do not 

resemble "box-like" shape that one might have expected. The profiles 

can be divided into three first being a leading edge 

sputtered Tnr."YHTn the surface contamination/oxide the second 

the actual product layer; and the third being the extended tail. 

The fundamental processes of finite sputter segregation, and crater bottom 

topography often result a significant between the actual 

"Iv.""'.' ..... distribution and that AU"""'''''''' by a SIMS depth profile, but not 

differences in isotopes of the same element. To be more specific, it is a well 

lrnr,UTt'l phenomenon the abruptness of the leading edge is determined 

by the sputter mixing, whilst the trailing edge is a combination of knock-on 

broadening and signals originating from collapsing crater walls. Fig 4.14 

shows how of these separate broadening operations a box-

shaped profile. 

Fig 4.14 SIMS depth profile broadening due to sputter induced nonU'T<' 
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4.6.3. SIMS Analysis of Enriched Standards 

of product collection were undertaken an effort to 

the in measurements of the factor, alpha, 

with that obtained from bulk sample measurements, using Secondary Ion 

Mass Spectrometry (SIMS). systematic product collection and 

has been established however, the absolute values measured for 

alpha by the SIMS has to evaluated against standards of known 

enrichment. validity of such measurements is dependent on the 

resemblance of standard on the product formation/collection 

experiments. 

Several methods were investigated for the production enriched uranium 

standards. However, none of this involved photo-dissociation of as 

well as the of dissociated product under influence of gravity -

which is typical experienced in the pilot irradiation Instead gas, 

of known enrichment, was dissociated in a static with a UV Mercury 

l':>""''-'W'',,",U product accumulated on product lamp. The 

influence of gravity. 

under the 

Four different grades enriched were prepared and certified by 

Analytical Laboratories. The enrichment of the four samples 

enrichment alphas of 3.9, 6.0, and 9.9. A 1 static cell 
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was prepared for the irradiation experiments. Ni collector plates, similar to 

those in the pilot irradiation were at bottom 

the cell (see 4.15). It was found that the amount of product deposited on 

the plates as the from the entrance window increased. 

Placing eight Ni at Iv1i. .... lUl intervals down the length of the cell 

produced samples with the same enrichment but 

Samples resembling more or less the lH'ITIf'l'Il'l'In('.f' of 

plates could thp,rptrorp be selected for SIMS analysis. 

DVIIR 
Radiation 

)I 

different thickness. 

pilot irradiation 

4.15 Static shoWing the equally spaced Ni product plates used 

for the non-elective dissociation of known enriched gas. 

The following experimental procedure was followed for the four different 

enriched samples: 

(1) Load cell with lOkPa natural gas, for hours to 

condition; 

(2) Evacuate cell and load enriched UF6 and CI-l4 in a 1:5 mixture to an 

absolute of - 48kPa, leave for three hours to stabilise; 
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(3) Irradiate cell for 30 minutes with a Mercury UV lamp, and evacuate. 

fifth experiment was done, using enriched with an 

alpha In addition to irradiating with the UV Mercury lamp, 

irradiations with and 16~m >50 16R18 

and> 300 mJ/cm2 16P20 photons, was carried out. 

The SIMS analysis of the stalnaams was done under exactly the same 

instrumental conditions as those used earlier on the pilot enrichment 

samples. SIMS depth profiles were made for six different masses: 

U (235 isotope) 

238 U (238 isotope) 

U02 (Uranium oxide of the isotope) 

270 U02 (Uranium oxide of the 238 isotope) 

UOF (Uranium oxy fluoride of the 238 isotope) 

(Uranium di fluoride of the 238 isotope) 

is such that for each mass the number secondary 

ions is counted for a period of 4 seconds. One SIMS depth profile was 

made each of the samples. The results are summarised Table 4.2. 

4.16 (a)-( e) shows SIMS depth profiles and alpha curves. 
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NO ALPHA OF STANDARD SIMS ALPHA 

1 3.9 (UV) 4.6 ± 0.33 

2 6.0 (UV) 6.7 ± 0.27 

3 8.3 (UV) 8.3 ± 0.37 

4 9.9 (UV) 10.6 ± 0.20 

5 9.9 (ill.) 11.2 ± 0.64 

Table 4.2 Summary of SIMS measurements. 

ETCH TillE (SECONDSI ETCH TIME (SECONDS) 

(a) UV dissociation, alpha = 3.9 (b) UV dissociation, alpha = 6.0 

,L-__ ~~~ ____ ~ __ ~ __ ~ 
IJ ~oo 1000 15(1 200n 

.L-__ ~~ ______ ~~~~~ 
o ~[Q 1000 !!DO 2000 

ETCH TIME (SECONDS) ET CH TIME ISECON OSI 

(c) UV dissociation , alpha = 8.3 (d) UV dissociation. alpha = 9.9 

.t=:::==========i o 5l'O nO) lSCO 3)QJ 

ETCH TIJE (SECONDS) 

(e) IR dissociat ion. alpha = 9.9 

Fig 4.16 SIMS depth profiles and alpha curves for enriched standards. 
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The shapes of 238 peaks varied sample to sample, 

however, the two follow one <AU''"'''''''''' with a resulting alpha (ratio of the 

two) to within 10-15% of the certified standard. Fig 4.17 shows a 

comparison of the different alpha measurements. 
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4.17 SIMS measured alphas on different enriched standard samples. 

In addition to UV U",.:>V\oI'ULlV' IR dissociation was done. The resulting 

alpha measurement is slightly higher than that obtained with UV 

dissociation· still within 10-15% of the standard. Fig 4.18 

the two different alpha measurements. 
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significant be seen in the shapes the and 

depth profiles I'\prWPI~11 two different dissociations, however, for 

dissociated sample an increase the was observed. The 

SIMS secondary ion signals for that particular sample was rather low. 

1) 

2) 
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4.18 SIMS measured alpha on UV vs IR dissociated standard 

(alpha=9.9). 

conclusion the following can be made: 

Product collection, followed by SIMS can produce a 

measure of the average bulk enrichment; 

SIMS '~AL'H""'H measurement is not a single alpha 

value, but rather a band of alphas; 
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The validity of the absolute was checked on standard 

samples with known enrichment, in collaboration with Pelindaba 

Analytical Labs, and are within 10-15% of the certified standard. 

4.7 LD-TOFMS and SIMS Results 

The next part of this Chapter summarises chronologically the LD-TOFMS 

and SIMS of irradiation experiments over a period of 6 

years. period can be described by 4 distinct experiments, of which 

required an enormous amount of design, setup 

systems focus is on the MS analysis and 

interpretation of the measurements. 

The "August '93" experiment 

4.3 summarise the experimental conditions used during the Aug '93 

For the 1 was used to 

selectively excite on the isotope. The wavelength was tuned to 

628.3cm-! whi~h is resonant with the V3 ground state of the 235U isotope. 

The D2T4P5M nozzle was used, with the nozzle swinged open to reduce 

condensation, the carrier was Ar, and the upstream was 15kPa. 
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Isotope irradiated U(235) 

Duration 2 - 5 hours @ 5Hz 

Gas conditions D2T4P5M 

Wavelengths /...1 = Resonant, /...2 = 16R18, /...3 = 9.3).lm 

Sample Product collected on SS impact plates 

Analysis SIMS & LD-TOFMS mass spectra 

Accuracy 10-20% accurate 

Alpha 6-7 

Comments No spectral interference present 

Table 4.3 Experimental conditions for the Aug 93 experiment. 

Stainless steel impact plates were placed around the base of the skimmer, 

downstream from the nozzle. The collected product was mass analysed 

with SIMS and Laser Desorption Time-of-Flight Mass Spectrometry (LD-

TOFMS). The LD-TOFMS is an in-house built spectrometer that operates 

on the same principle as the SIMS, except that a laser beam is used to 

desorb/ionise the sample. The amount of product collected was small, 

hence, only a number of spectra from mass 230-240 could be recorded, 

before the product layer was consumed. From the spectra alpha values were 

calculated. Both the SIMS and the LD-TOFMS measured alpha values of 

6-7. The spectra were somewhat erratic, different alpha values were 

measured from point to point on the impact plates. The differences were 

believed to be a result of the thin inhomogeneous deposition of product. 

Figures 4.19 and 4.20 shows enrichment alpha depth profiles at four 

different spots of a product platelet, measured with LD-TOFMS and SIMS, 

respectively. 
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Fig 4.19 Four alpha depth profiles at four different spots of a product 

platelet, measured with LD-TOFMS. 
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Fig 4.20 Four alpha depth profiles at four different spots of a product 

platelet, measured with SIMS. 
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June '96: 3x16!lm irradiations 

The period after the August '93 experiment saw extensive upgrades in the 

laboratory. A third 16).lm wavelength was added, the sensitivity of the in-

line TOFMS was improved to measure at low upstream pressures, HF 

emission was developed to measure in-line cuts, etc. IR product was 

collected in a similar fashion as in Aug '93, except that Ni impact plates 

were used instead of stainless steel (the Cr in the stainless steel plates gave 

interference during SEM analysis of fluorine). Table 4.4 summarise the 

experimental conditions used during the June '96 experiment. 

Isotope irradiated U(235) 

Duration 3 hours @ 2Hz 

Gas conditions D2T4P5M 3.5 kPa Ar 

Wavelengths /"'1 = varied, /"'2 = 16R16, /"'3 = 16P20 

Sample Product collected on Ni impact plates 

Analysis SIMS depth profiles 

Accuracy 10-20% accurate 

Alpha 1 - 14 

Comments 
Significant more product. Report on 2351238 ratio. 
No spectral interference suspected 

Table 4.4 Experimental conditions for the June 96 experiments. 

The June '96 experiment was a series of product collection experiments for 

which the SIMS alpha was measured for UV dissociation, gas flow without 
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any laser irradiation, and different Lambda 1 wavelengths. Table 4.5 

summarises these experiments. 

GAS PUpstream (kPa) Irradiation TOFu SIMSu 

UF6 + CH4 + Ar 3.5 No irradiation None 1.0 - 1.1 

UF6 + CH4 + Ar 3.5 OnlyL2 &L3 None 1.0 - 1.1 

UF6 + CH4 + Ar 3.5 UV dissociation 1.0 - 1.1 1.1 - 1.2 

UF6 + CH4 + Ar 3.5 L 1 - Resonant 1.6 - 1.8 2.4 - 13.9 

UF6 +CH4 + Ar 3.5 Ll- R24* 1.7 7.0 - 9.4 

UF6+CH4 +Ar 3.5 Ll-R30 1.3 1.1 

UF6+C~+Ar 3.5 R28 < Ll <R30 0.9 1.5 - 2 .8 

UF6 +CH4 +Ar 3.5 Ll-R28 None 1.6 - 1.8 

UF6 + CH4 + Ar 15 L 1 - Resonant 1.1 1.1 

UF6 + CH4 + N2 15 Ll = Resonant 1.5 4.8 - 8.3 

UF6+C~ +N2 10 Ll = Resonant 1.2 - 2.0 1.1 - 8.6 

Table 4.5 Summary of June 96 product collection experiments. (R24* 

refers to the R24 line of the dual labelled cJ6d Bo isot~pe). 

The amount of product accumulated on the impact plates were substantially 

more than that of Aug '93. Consequently, the SIMS measurements could be 

improved by acquiring concentration depth profiles of the 235 and 238 

isotopes, inst<?ad of acquiring consecutive spectra. A number of SIMS 

depth profiles were recorded per impact plate. From these profiles peak and 

average alpha values were calculated. Similar to Aug '93 it was found that 

the alpha would vary from position to position on an impact plate -

indicating once again inhomogeneous layer deposition. The product 
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VV!"'"VHV!"" for UV dissociation, IR irradiation with only Lambda's 2 and 3 

(no excitation), flow without any irradiation were 

seen as control no selective excitation/dissociation of 

235U isotope was done, the measured SIMS alpha should be one. This was 

the case, as can seen in the Table 

shows a comparison between the SIMS alpha, in-line TOFMS 

alpha and two-level model prediction as a function of AI wavelength. 

This takes into consideration excitation of two molecular 

vibration levels. 

1 

101 

.. 
3 R28 
J I 

10° 

.. 
3 

1; 

10.1 

616 627 628 619 630 

LAMBDA 1 WAVELENGTH (em-I) 
SIMSl.AXO 

4.21 A Comparison between SIMS alphas, in line TOFMS alphas and 

model prediction as a function of A1 wavelength. 
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The SIMS alphas and in line TOFMS alphas have more or less the same 

trend, except between the R28 and R30 lines (627.2 em-I) where the SIMS 

alpha is greater than one. Further comparison with the two-level model 

prediction, indicates over estimation by the SIMS measurements. 

October - December '96: MLIS Plant Specification 

During this period, MLIS product was collected under the MLIS Plant 

specification conditions, given in Table 4.6. This was done for the original 

D2T4P50 nozzle, as well as the modified D2T4P5M nozzle. Enrichment 

alphas of 6-8 were measured only for the modified D2T4P5M nozzle. 

Isotope irradiated U(235) 

Duration 3 hours @2Hz 

Gas conditions D2T4P5M & D2T4P50, 10 kPa N2 

Wavelengths 1..\ = 16R24*, 1..2 = 16R16, 1..3 = 16P20 

Sample Product collected on Ni impact plates 

Analysis SIMS depth profile 

Accuracy 10-20% accurate 

Alpha 6-8 

Comments 
Report on 2351238 ratio. No spectral interference 
suspected 

Table 4.6 Selective irradiation experiments Simulating the irradiation 

parameters specified for a typical MLIS plant. 
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September 1996 - July 1997: Operation Bulk Analysis I-III 

This period saw an expansive investigation into the difference between the 

bulk analysed sample, and the in-line TOF mass spectrometer. Some 

dilution of the enriched sample occurs whilst in contact with the natural 

content of the non-irradiated process gas. The smaller the sample, the more 

pronounced the effect. Another effect that still needed investigation is the 

changed ionisation cross-section of the vibrationally hot UF6 that have not 

dissociated in the process and the influence this has on the selectivity to 

ionise the uranium bearing product only. 

Operation Bulk Analyses (OBA) was initiated to investigate numerous bulk 

techniques to measure selectivity and cut (the amount of product formed 

per irradiation pulse) and to explain the difference between the SIMS and 

the in-line TOFMS. 

Techniques employed were: 

SIMS Secondary Ion mass spectrometry of uranium bearing 

product; 

TIMS Thermal ionisation mass spectrometry; 

LD-TOFMS Laser desorption time-of-flight mass spectrometry; 

ZYGO Optical spectrometry for thickness measurement of product 

layers; 
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EDX Energy dispersive X-rays to measure uranium content and 

thickness; and 

U-mass Chemical spectrophotometry to determine U-concentration. 

experiments were planned and performed: 

OBAl Product was accumulated 20,000 shots a series of 

OBA2 

OBA2 

different irradiation parameters; 

Product was accumulated for 100,000 laser shots for the same 

of laser irradiation parameters as OBA 1; and 

Repeat of OBA2 but with different sample platelets that 

showed little absorption and less spectral ; ... 1-.... +'''', .... ''' 

The operation was extremely extensive. A few important conclusions were 

put forward originating the results, of which the following is perhaps 

the most important. It was that mass ~-~~-~ interference from 

carbo-hydrate molecules, later work on TOF-SIMS confirms this, can 

be found on the surface of some of the samples. Although this can be 

sputtered away in the SIMS depth profiling, care must when 

interpreting the depth profiles of uranium samples. interference can 

cause apparent selectivity even for dissociations. 

Furthermore, the high enrichment that were previously measured 

with SIMS could not be repeated during the OBA "'V'''''''''lrn~.",1-c 
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4.8 TOF-SIMS analysis of Collected MLIS Product 

Time-of-Flight Secondary Ion Mass (TOP-SIMS) uses a 

pulsed primary ion beam to desorb and ionise species from a sample 

surface. resulting ions are accelerated into a mass 

spectrometer, where they are mass analysed by measuring their time-of

flight from the sample surface to the detector. The stigmatic imaging mass 

the raster primary ion beam encodes the location of the 

species on The mass C"""I"N'l1m ion images 

are then used to determine the composition and distribution the "' ...... utJ',,.. 

surface constituents. 

The secondary ions generated during sputtering process do not 

with same kinetic This leads to a broadening 

in the velocity distributions of species with same mass. To compensate, 

mass spectrometers using either or reflectrons or 

hemispherical electrostatic analysers have been developed. The result is 

spectra with high mass resolution, capable of distinguishing with 

mass differences of less than 0.03 amu at mass 

The combined high sensitivity (can analyse thin low 

sample consumption (can analyse small amounts of product for hours on 
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end), and high mass resolution, makes TOF-SIMS ideally suited for the 

characterisation MLIS products. 

Analysis was performed on a TRIFT II Time-of-Flight SIMS system, 

equipped with a sector mass analyser. A major strength ofthe 

II analyser is its ability to provide energy compensation over a 200e V wide 

energy window. This is for elemental which 

have broad kinetic distributions, because THRIFT II provides 

high mass resolution and the rejection of low energy metastable ions 

without any significant in signal levels (sensitivity). Alternative 

analyser technologies (reflectron analyser) can only provide accurate 

energy compensation over a narrow energy window 

IOeV. 

Analysis of MLIS samples 

The objective of the analysis was twofold: 

(i) Characterisation of the lv'ILIS product; and 

approximately 

(ii) Meas~e isotope ratio (measurement of enrichment alpha). 

The analysis were performed in two phases, at first the double sided 

and samples B30, F7 and F22 were analysed to assess nature of the 
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results, which the rest of the samples were done. Table a 

listing samples submitted for analysis: 

NO SAMPLE DESCRIPTION 

1 TAPE Double-sided conductive tape, for sample adhesion 

2 B30 IR irradiation, L1 resonant with 235 (12/4/96) J 
3 F7 Gas flow, no laser irradiation 

4 F22 UV (266nm) irradiation, 6-7% cut 

5 F8I IR irradiation, Old I 

6 EH7 UV irradiation, 2% cut, 2 000 laser shots 

7 EH8 UV irradiation, 2% cut, 50 000 laser shots 

8 RH2 Enrichment standard 

9 A88 IR irradiation, Operation Bulk Analysis III 

10 B99 UF6 + H2, IR irradiation (experiment without CH4) 

Table 4.7. Summary of MLIS product samples submitted for 

Experimental 

1. Mass Spectral Analysis: a primary beam with energy of 15kV 

was to scan the This beam was electrodynamically 

compressed ("bunched") to provide sub-nanosecond primary 

pulses at the sample surfaces. In combination with the TRIFT 

spectrometer, this permitted high mass resolution spectra to 

acquired. 
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2. Depth Profiling: depth profiling was achieved using the same 15kV 

Ga+ After analysis a 30jll11 x 30llm area, the beam raster 

size was increased to concentrically to a 120jll11 x 120!lm, and then 

'unblanked' to produce a continuous beam which was used to 

remove material. The of analysis/sputtering 

proceeded, producing depth profile. A higher depth resolution is 

achievable by changing the sputter beam to lower energies, but for 

the purpose of this preliminary investigation, 15kV beam was 

sufficient 

3. Mode Depth Profiling: the problem using the sequential 

analysis/sputtering is that the sensitivity of TOF-SIMS is 

reduced significantly, since during the separate sputter 

sputtered material is analysed by the mass spectrometer. For this 

purpose a 'Pulse Mode' approach was used. At a high 

primary current and repetition rate (20nA, and into a small 

enough area (40llm x 40!lm), the beam erode the near of the 

sample, producing near surface profiles at sensitivity. 
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Results Phase 1: 

Fig 4.22 shows a mass spectrum acquired from the conductive double-sided 

tape used to mount and transport the metal substrate disks. All the major 

peaks in the mass spectrum are assigned to polydimethyl siloxane PDMS. 

compound is widely used as a release agent in the manufacturing of 

polymer products. The PDMS been 

observed on all the MLIS ., ... .u.U.l .. ~" is believed to have come from 

this tape material. 
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Fig 4.22 Positive TOF-SIMS spectraJrom the double sided tape. 

1 



For all three samples, a survey was near the centre of 

sample, in both +SIMS and -SIMS modes. Then following a light sputter 

etch with the primary ion beam to remove surface contamination, the 

analyses were repeated. 

Fig 4.23 shows positive TOF-SIMS survey scans the 

The rich ensemble elemental and molecular peaks is typical 

SIMS operated a mode. Under these low SDulterm 

conditions, the sample stays virtually intact, and several spectra can 

be recorded without too much material consumption. 

In +SIMS mode, logarithmic mass spectrum is shown the three samples, 

and .... ..,!uv •. !.:> .. incredible amount of information that is available in a 

mass spectrum. 

Fig 4.24 shows a narrow scan, 200 to 300 amu the same samples. The 

same scan is repeated after a 30s etch shown in Fig 4.25. 

U02 are now much more prominent. 
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4.23 

Mass [mlz] 

F7 AS-RECEIVED +SIM$ 

Mwlmlzj 

F22 AS-RECEIVEO+SIMS 

Massimlz] 

TOF-SIMS spectra for as-received samples B30, F7 and 

(200-800 m/z). 
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Mass [mJzJ 

F22 AS-RECEIVEO tSlMS 

Fig 4.24 Positive TOF~SlMS spectrafor as-received samples B30, F7 and 

F22 (200-300 mlz). 
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Fig 

254 

roo AFTER ETCH (30S, 8iJ<;m, 6OOpA) 

Masslmlzl 

Fl AFTER ETCH (305, 8O<;m, 6OOpA)+SIMS 

MQS!l[mlzl 

Mim[mhJ 

Positive TOF-SIMS spectra for 30s etched samples B30, 

F22 (200-300 mJz). 
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Positive 

monitored 

238UF 

depth profiles were done for sample B30. Species 

235U, 238UO, 238UOF, 

2, 

contamination). Even though 

more than 7000 amu, it was 

interference: 

238U0
2 

(mass 

270.0406) and 

interference a mass resolution of 

(representing silicone 

has a good mass resolution of 

to 

and 235UF 

the following 

254.0423); and 

(mass 270.0372). resolve these 

== 254/0/0033 76970 for the 

"'''''''''"uu one. The only spectrometer first it .. !",,,",.,..,,,!,!,,,,, and 79442 for 

capable of this kind interference is 

the ionisation 

is laser desorption, which need 

Magnetic 

with these 

sample 

Transform 

associated 

amounts of 

to produce repeatable 

Therefore, depth obtained for mass 254 and 270 

would represent the concentration the dominant e38UO and 

238UOF). TOF-SIMS is a parallel detection technique, species 

are monitored simultaneously. 

conditions: 

(a) Very near surface, 4.26 

(b) Near surface, 4.27 

(c) Deeper near Fig 

were taken same 

expansions in 
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Only those for sample B30 are shown. 

The data is plotted as intensity vs. sputter time. The time axis can be 

converted to depth when a suitable standard is profiled under the same 

conditions and its crater depth subsequently measured (or if a sputter rate is 

known for the material being profiled). Unfortunately, no standard was 

available at the time that these analyses were performed. Furthermore, it is 

anticipated that the making of such a representative standard would be 

extremely difficult, as so many different U-containing species are observed. 

In addition the surface flatness of the metal substrates were larger than the 

order of thickness of the collected product layer. The resulting SIMS crater 

would therefore follow the surface roughness contour of the substrate, 

hence, complicating the already complex TOF-SIMS depth profiles. A 

better sample collector platelet would be smooth CaF2 substrates. 
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Fig 4.28b Positive TOF-SIMS depth profiles deeper into the near surface, 
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4.29 TOF-SIMS depth profiles deeper into the near surface for 

UOandU02. 
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Fig 4.31 TOF-SIMS depth profiles deeper into the near surface for U, 

UOandUF3. 
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Fig 4.32 TOF-SIMS depth profiles deeper into the near sUrface for UO, 

UF3 and UF4. 
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1 n~,a;:""l ""U".1< of the isotopic signal at the outer of sample 

is complicated by organic interference at mass In order to make a 

measurement of the 235U signal, a 

around the centroid of 235U to 

narrow mass window must be used 

llBA."'':'" the from oren"',,,,',,, The 

data are shown Similar organic interference complicates the 

measurement at UO. For AU"''''"''''', interferes with 

After sputter cleaning (etching) with the primary ion beam, the organic 

contributions are removed at mass 235, and indeed at the higher masses. 

Also, sputter cleaning, of the DO and U02 

increases. The ratio measurements for 235/238, are thus made some 

surface cleaning organic material. The data is shown in Table 

Because of intensity of the oxide peaks, these have been to make 

the ratio measurements. 
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I SAMPLE CONDITION lj~U tj~U TOTAL %235 

F7 Surface 1135 140745 141880 0.80 

F22 Surface 1415 170478 170745 0.82 

B30 Surface 1243 143909 145152 0.85 

Table 4.8 TOF-SIMS isotopic measured values for U on as-received 

surfaces. 

SAMPLE CONDITION LJ~UO 238UO 235U02 238U02 TOTAL 

F7 Cleaned 1654 182032 1168 141200 326054 

F22 Cleaned 828 102032 1017 129252 233129 

B30 Cleaned 2926 275846 1421 146183 426376 

Table 4.9 TOF-SIMS measured isotopic values for UO and U02 after 

sputter cleaning . 

(a) • VI\..w..", contamination: all samples were contaminated by the 

compound polydimethyl siloxane (PDMS). This compound is 

widely used as a in the manufacturing of industrial 

polymer products. Since all three samples were stuck to double-

sided tape, which shown the of amounts of 

PDMS, it is likely that the PDMS had "crawled" up and over the 

samples (PDMS is very active). Consequently, all the 
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intense seCI[)naar ions detected in low mass region (0-200 mlz) 

the positive spectrum are assigned to various 

PDMS. For the peaks at 28,43, 73, 147,207, 221 

are due to Si, SiCH3, Si(CH3)3, ShOC5HI5, Sh03CsH15, Sh02C7H21 

and S404C7H21 respectively. In the negative SIMS data, peaks at 60 

and 75 are due to Si02 and SiOC2H5 (not shown 

surface organics tend to complicate the measurement of the 

235/238 Isotope ratios. 

(b) The major U-related peaks above 200 m/z in the positive SIMS 

the as-received samples are U(238), UO(254), U02(270), 

UOF(273), UF4(314), U20 3(524), U204(540), U203F(543) and 

U20s(S56). Peaks that are not assigned, but are surely U 

containing are 313, 323, 328, 339, 368, 402, and 461. 

Mass is another peak. 

(c) After sputter etching, the low mass organic material observed in 

positive SIMS is removed, and Na, At, K, Fe and Ga (implanted 

from the primary beam) are seen as to the high 

Na and K on sample B30, they were deliberately 

blanked from the spectra in order to measure other less intense 

(by a time delay before the detector). After 

sputter etching, the U oxides are increased in intensity, and now the 
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(d) 

U oxyfluorides are much more evident intensity of the UF 4 

314) is considerably lower after this sputter etching. 

negative SIMS " .... p,"Tr<l "_"1""1",,,,,,11 samples, oxygen 

is the most intense peak, although the fluorine level is significant 

too. The should be reminded that in SIMS there are different 

relative sensitivities for different :spt;!,.;lt~:s - any comparison on 

the amounts each species present is purely qualitative. 

Quantitative measurements are indeed if applicable 

standards are provided. In the higher mass region above 200 m/z, 

such as UOz(270), U03(286), UOzF(289), 

UzOs(556), Uz0 6(572) and U20sF(575), are clearly observed. A 

host of low intensity peaks are also observed which are not yet 

( e) sputter etching, the negative SIMS spectra also show an 

(f) 

increased yield of oxide and oxyfluoride peaks. In addition, intense 

signals from CN(26), Cl(35) and phosphates (POz, P03), were 

observed. Mass 85 is due to (primary beam artefact). 

In depth profiling data for the very near surface region on 

sample B30, the silicone contaminant falls away at the outer 

few mono layers, as expected. The intensities of all the F-containing 
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peaks increase with depth, except UF 4. The uranium and uranium 

oxide 

surface and then begin to 

near shows similar 

to reach a at near 

depth profile for the 

depth profile for 

the deeper region, the uranium and uranium oxide peaks faU 

immediately from the outer surface, but rise up later and effectively 

level out the sample. The F-containing peaks sharply 

the outer surface (with the exception of which fall from the 

outer and then peak and fall away. The UF3 

demonstrates this most dramatically. Clearly these profiles need to 

be depth calibrated with suitable standards. The different of 

the 235UO and 238UO seems to indicate a change in the 

235/238 ratio as a function of depth, however, this is not shown in 

atomic 235U and 238U signals, nor in the 235U02 238U02 

This is likely to the interference of 238UCH at . 

the same mass as 235UO. the organic is removed by sputtering, 

the peak at mass 251 represents the true 235UO signal. 

(g) Uranium isotope ratios: These are expressed purely by making a 

simple calculation of the (235 signal) 1 (235 + 238 signal), 

expressed as a percentage. In SIMS measurements isotope ratios, 

there are various which can shift an isotope ratio to a higher 

value than the published abundance, namely dead time correction of 
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the detector for "It";",,.:; masses, mass-dependant quantum efficiency 

of the detector, other possible mass interference e34UH), and so on. 

Ideally, a known would measured at the same time. 

Unfortunately none was available at the of the analysis. 

(h) In conclusion of Phase 1, the foHowing n:~ITIHrK 

• of PDMS contamination is the double-sided 

tape; 

• Additional surface organics complicate the already complex 

depth profiles; 

• 

• 

Different shapes of depth profiles of the uranium, 

uranium oxides and uranium fluorides, were ('\1"\""''''.1",/1 

235/238 measurements are strongly 11UU"".1"'1..,'" by mass 

interference; 

No significant in the presence of the 

containing species could be seen between the three 
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PHASE 2: 

In Phase 2 clarity on the following two issues were sought 

• At high mass resolution, what is the extent of mass interference 

235/238 ratio measurements; and 

Extend depth profiles to include 235/238 ratio calculations on U, 

UO, and UF4. 

Mass spectral data over the mass range 200-350 mJz were acquired for 

samples F8I, EH7, EH8, RH2, A88 and B99. Fig 4.33 a typical 

spectrum acquired from sample F8I. These spectra are cumulative spectra 

acquired during near profiles. These are not 

Because of this, the major peaks in this mass include 

masses, which are not so prominent at the outer surface (as were seen in 

Phase 1). Also, the PDMS peaks (which are annotated the spectra) have 

a relatively low intensity, because once removed from the outer surface, 

they no longer 40minate. 
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To mass at the important U-containing mass 

peaks, narrow mass around the peaks of were recorded. The 

maximum mass resolution performance is achieved with 600pA to 

primary beams (the 20nA beam suffers a 10-20% loss of mass 

resolution). A mass at mass with a 2nA beam 

F81 is shown in are three distinctive mass peaks, 

only one of which is the 235U peak. For the equivalent data acquired on 

".uiU."'" F81 with a 20nA beam (Fig 4.35), the slight reduction in mass 

resolution means that the middle (organic) peak is not distinguishable from 

Analysis with mass resolution capability would 

therefore measure a higher 235U content than what is actually in 

sample. A of would greatly assist in the 

accurate determination of this particular ratio. 
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SURFACE OF SAMPLE FB1 

HIGH !fISS RESOLUTION SCAM (2nA BEAM) 

231.911 

THill ARE ItILTIPLE PEAKS OEiECTED 

RT !fISS 235, PlIlBABLY DUE 10 SURfACE 

CONTAMINATION 

21).13 

mass resolution TOF-SIMS spectrum 

sample FBI at mass 
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HI 

CUKILRIIUE SPECTRUM fROM SURFACE PROFILE 

OF SAMPLE FSt (20nA BEAM) 

ORGANIC CONTRIBUTION TO MEASUREMENT 

IS LESS, SINCE THIS IS A CUKilftTIUE SPECTRUM 

BUT CONTRIBUTES ALL THE SAME 

2li.16 

235.1 

236.1l5 

AFIIUi 

236.2 

4.35 Medium mass resolution spectrum (20nA beam) for .<iinn1nll> 

at mass 
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surface measurement Of
235UO and IS 

,",V1HIJ'1""'L"U by the interference due to and 

v"~"UL'VU available in TOF-SIMS, it is unlikely that 

will be fully resolved. In 4.36 a high mass resolution (2nA 

beam), narrow mass (265.7 - 267.6 mlz) scan from sample 

F81, is shown. is a possible interference from (267.0535). 

SURFACE SPECTRUM FROM SAMPLE FBi 

AT ~ss 267.0331, THE APPEARANCE MASS fOR m UO, 

THERE IS II POSSIBLE INTERFERENCE FROM no UOCH (2S? 8535) 

26'1.1 261.5 

High mass resolution TOF-SIMS spectrum (2nA beam) 

sample F8I at mass 



shows even narrower mass scans around mass 267 on sample 

windows both 235U and 23&UOCH are 

showing clearly the overlap cannot be resolved at highest possible 

TOF-SIMS resolution. 

.. AfllL1 

SURFACE SPECTRUM FROM SAMPLE FBl 

23 5 UO, 
< J. I 

IN THE PRESENCE OF ORGIIHIC 
SURFACE CONTAMINATION 

< 3 Q UOOI MIGHT fORM AND INTERFERE 

unH 23'00, 

2Ii6.1i 

Fig 4.37 High mass resolution 

sample F8I at mass 267, 

for and 238 UOell 

II - APPEARANCE LlIHDOlJ fOR < 3. UOCH 
v 

spectrum (2nA beam) for 

/y1fj,U',",,,,,,,, the appearance windows 



Fortunately, the intensities of dramatically 

away outer surface, where the organic contribution is reduced. 

Consequently the lu,,-a3UlvU alpha values are nearer to the truth. It would 

appear that UO and U02 ratios will be the most useful 

monitoring the uranium enrichment in positive TOF~SIMS., provided: 

• "<M'''I-'''''~ can created which are COlltamllnatlOrI-tI'ee . 

• the mass biases for lL"".lVll efficiency and detection efficiency 

between 235U-containing and 238U-containing species can be 

accurately quantified for 

In h 238l 4.38, t e JF3 is identified unambiguously by <'rd-hu" ... " at 

mass 294.04. There is very low intensity organic interference at a slightly 

higher mass that appears as a "shoulder" on the 238UF3 peak. However, at 

mass 292, where the mass would appear, there is a significantly 

larger peak Fig 4.39). sputter etching 

deeper into the surface, the problem becomes even worse. Now, the 

peaks are more and the 238lJF20 peak completely 

swamps low intensity peak (see Fig 4.40). same situation 

occurs at mass 311, where would be found, there is more 

4.41-4.42). 
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although 238UF3 can identified quite mass 

SOt:ctra, there will be little VHU .. "" to determine 235UFx I 

bec;aW5e of the """'''''''''''''1'1 at 

SURFACE SPECTRUM OF SAMPLE 

3IlH 

DESPITE SOME ORGANIC INT£RFEREIICE, 

THE PEflX IS UNAMBIGUOUSLY IDENTIFIED 

~ 
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I al 
a 0 

..... 
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1HH 

2'J6.16 2'11.211 
2'JS.5 2'J6.S 

TOF-SIMS spectrum 

present on sample F8I. 

4 mJz) showing 238 UF3 
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SURFACE SPECTRUM OF SAMPLE FB1 

THE IHliEREHT PROBLEM urTH MEASURING 

A 2lSUF/ 39 UF3 RATIO IS THAT 

111 mUF3 HAS AN ALI«)ST IDENTICAL MASS TO mUF,O 

18 

1lSUF] ! mUF20 
I 

v 

m.M 

"RFIlLi 

m.5 292.8 2"12.5 2'13.8 m.s 

4.39 TOF~SIMS spectrum (291.3 - 7 shoWing interference 

at 
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CUMULATIVE SPECTRUM FROM PROFILE OF FB1 

Hoo, f-COHTAIlUHG PEAKS ARE INTENSE DEEPER INTO 
THE SURfACE, AND THE 2l8UFaO PEAK COMPLETELY 

SUIlMPS THE LOU IHTEHsm mUF) 

\ 
292.5 2'JH m.s 

TOF-SIMS spectrum (291.3 - 293. 7 m1z) showing 

VVTLr;lUU"lk' of by 238UF20 after sputter etching. 
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Fig 4.41 TOF-SIMS spectrum (313.3 315 mlz) 

on F8i. 
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Fig 4. TOF-SIMS spectrum (310.3 - 312 mlz) showing interference at 



The depth profile data various samples were 

4.49 show these depth profiles for sample F81. 

follows: 

4.43 -

is organised as 

It Fig 4.43 showing 238U-containing as counts vs. depth; 

'" showing species as counts vs. depth 

(although the mass 292 reasons given above, is due to 

The depth axes on all the plots are in arbitrary 
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Fig 4.43 TOF-SIMS near surface depth profiles for 238 V-containing 

species on Sample F8I. 
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Fig 4.44 TOF-SIMS near surface depth profiles for 235 U-containing 

species on Sample F8I . 
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It is clear the series of analysis fi'om 2, is some work 

yet to This is necessary to understand how best to make 

measurements not only of the surface but of the 235UX / 

about 

needs to 

contamination. 

will eventually permit statements to be made 

';'''''LUIJJ''-' is enriched or not. It is a protocol 

sample to future surface 

clean samples can be work need to be 

done to understand the mass bias effects on ionisation and detection 

efficiency 235U_ and 238U-containing 

of e3SUX / 238UX) will 

with for normal abundance 

to monitor 

outer 

simple, measured ratio 

determined several times 

After this~ there is some 

ratios at their 

Ul'-'<LB.Ul/<. of aU the various UxFyOz their intensities in the 

mass spectra are not yet understood. Much work will be required to 

appearance and disappearance various peaks at the surface 

with variables. 



5.9 Conclusion 

application of mass to the analyses of isotopic a.UI,UIUlrul\,o;;;; 

of phase and or solid samples is a well-visited subject. The 

conditions required by molecular separation to be able to 

measure very small (extreme sensitivity required) in a very short 

and in a confined have been challenged. additional 

complexity working with highly uranium put time-of-flight, 

secondary ion, and tlme-OII- secondary 

ion mass spectrometry to the test of their limits. 

This study evolved over a period of more than six years. At the 

termination of the program at the a tremendous amount of 

information has been gathered around the selective 

dissociation ofUF6. The space, in which were 

is enormous. At the outset the use of a couple of diagnostics to measure 

enrichment and the amount enriched, were considered. At the end an 

ensemble diagnostics were developed evaluated. No one .11"'>""11:-',","> 

was found to be able to measure the enrichment outright. Instead, a couple 

was to support one another under different operating conditions. 

low duty cycle (5/18000) at which MLIS uranium product was 

harvested, just did not yield enough product from which repeatable bulk 
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enrichment measurements could obtained. Pushing the in-line TOFMS, 

the LD-TOFMS and the SIMS to its sensitivity limits 

unfortunately interference constraints 

that hampered the measurement enrichment values. 

The use resolution and sensitivity on 

the one hand On the other hand it 

to be a vital characterisation of harvested product. 

Unfortunately, this was the end of the program, and 

opportunity to fully product was lost. 
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A. Ion Implantation Theory 

A.1. Introduction 

Ion implantation is the introduction atoms into the surface of a 

solid substrate by bombardment the solid with ions in the keV to MeV 

range. 

A.2. Basic Concepts 

In order to describe the ion implantation it is necessary to consider 

the separate concepts and events that contribute to the overall Ul\.;LUl'". 

Amongst are the following: 

• Binary Collisions 

Although ion implantation involves a beam many ions interacting 

with a solid containing many atoms, collision between one ion and 

one target atom is of basic importance. In many circumstances the 

of an ion a solid can as a suc:ce:5SIC)fl 

binary collisions in which the ion interacts or collides with only one 

atom at a 

8 



II Interatomic 

The collision between two atoms depends intrinsically on the 

interatomic potential V(r). The forces on both 

their are derived from V(r) so 

interatomic potential is of importance. 

II Energy 

an ion a solid it looses its "" ... " ........ " a 

and hence 

of the 

of 

with the target atoms until it eventually comes to rest. amount of 

pnpruv lost in collision will decide total path length or of 

the ion. Energy loss is considered to occur by 

processes. 

II Ion Range 

elastic or Hl'-'1 .... '''I" 

The of an ion is rI"'~,"''''''''' by the rate at which it energy. 

Having and energy one can calculate 

the ranges and predict the spatial distribution implanted impurities 

within layers and targets. 

II Channelling 

In a single crystal the lattice atoms are arranged periodically in space 

and in certain directions the structure has open channels bound by 

densely packed walls. Ions in these directions often do not 
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a random collisions, as in an amorphous material, but 

rather are by a succession of correlated interactions with atoms 

in the channel walls. This has a profound on many aspects of 

implantation . 

• Damage 

is transferred from the projectiles to the atoms as they 

slow down. An atom sufficient kinetic energy will 

displaced from its lattice site and the target will suffer radiation 

Since the energy required 

26eV, heavy ions of keY 

an atom is typically 

cause considerable damage. A 

atom may be sufficient energetic to act as a 

secondary projectile which in turn displace further atoms produces 

a cascade of 111"nlacelnelnt collisions. 

A.3. Energy Loss 

It is usual to consider that the implanted ion loses energy to the target atom 

by two independent processes, namely nuclear and electronic collisions (or, 

as they are also called, and collisions). Electronic collisions 

involve transfer from the moving ion to the of the target 

atoms and usually result in negligible deflection. In nuclear collisions 

kinetic energy is transferred to the struck atoms as a whole and this 



in the projectile relatively angle deflections. At high ... n ... ruv 

the electronic dominates the slowing down 

The rate of energy loss with distance -dE/dx is consequently composed of 

two terms which can be as 

dE 
dx (A. I) 

where Nis BU',U,",''''' oftarget atoms per unit volume and Sn(E) and 

are the nuclear and electronic stopping tV\'LAlP1rC 

A.4. Ion Range 

R represents the total path length of an incident ion coming to rest inside a 

target. The projected path is distance perpendicular from the 

outer surface to the rest position inside the target. Each ion that strikes the 

target will not follow the same path even though its initial energy is fixed. 

Not only will the UUlHV'",' of collisions suffered an individual ion vary 

but also path length. This will naturally in a distribution of 

stopping positions, which usually are to have Gaussian (or normal 

distribution) shape. will, course, also be a statistical spread in the 

total calculating ion one will consequently be concerned 

with averages of many events and must consider such properties as the 
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"''''''''H,F' projected range and standard deviation. Differential eqllauons 

computing projected and related quantities have given by 

Linhard, Scharff, and (1963) - usually referred to as the LSS). 

Summary LSS Theory 

statistical model the interaction between heavy is 

to a universal nuclear stopping Sn, and an electronic 

stopping power Se, proportional the velocity of the projectile, v. The 

potential has the form: 

V(r) = --'---=- (A.2) 

where 

+ (A.3) 

and is the Thomas-Fermi screening function and has tabulated 

numerically, Z1 Z2 is the atomic mass number the incident and 

target, r is the distance from centre of atom and 

and is of the ion and target atom, t'P"'''Pf'1tn 



Using approximation methods, LSS theory predicts a nuclear stopping 

power of the form shown Fig 1. and are 

"',,"L11 ,",,,,,,",u in tenns of dimensionless parameters 8 and p where 

(A.4) 

and 

p= (A.S) 

where N is Avogadro's u ... "u~~. 

'reduced' energy and distance parameters, the nuclear stopping 

power Le. {dFidP}n, is a function 8 only and is dependent on 

incoming particle or stopping sut)sumce, so that curve in A.l is a 

universal nuclear stopping power. Using same units, the electronic 

stopping is by 

{~;t :::: 
(A. 6) 

where 

k= (A. 7) 

and 

::: 
(A. 8) 

223 



dE 
dp 

0.6 

0.4 

0.2 

o 

E
dE /" 
~)n .~ 

----L------

J 4 

Nuclear and electronic stopping powers in units. Full 

drawn curve represent the nuclear stopping 

power, dot and dash lines the electronic stopping for 

Dashed line gives the nuclear stopping power for the 

potential. (see Carter and Grant, (1976}). 

In practice the' most lnTf'rp.,:n range quantity is the average projected 

Rp, since this is property usually AU"'",.,,,,,,,,,, uu,",u.". At 

very high energies where stopping is predominantly electronic, the 

projectile tends to move in a straight line in the direction of the incidence at 

the surface. Under these the average total path length 



R and the projected Rp are to a good approximation 

Naturally, for low energy particles, where nuclear stoppl!ng is important, 

angle ""<Iff",,.,,., occur throughout whole slowing down 

and under these circumstances Rp can be considerably less than R, more 

so the larger the mass ratio M:JMI. a approximation one has 

(A.9) 

which has been calculated power law potential and 

for situations where nuclear stopping dominates. 
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B. Table of Measured Sputtering Yields (8) for 

PolycrystaHine Targets 

table is 

are the mass 

in order of ascending M:Y'MI 

of the incident ion 

(where Ml and M2 

and for given M2IMJ ratio in the order ascending ion 

energy E. 

The values S were taken from tabulations or from the text where 

possible. Where 

means of an X-Y 

was not possible, the values were read 

instrument. 

The sublimation enthalpies of solid chemical 

data in Hultgren et aI, (1973). 
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1 55 133 13 26 3,42 1.00 0.744 -0.709 0.049 Andrews at al (1966) • 

2 55 133 13 26 3.42 2.49 i.700 -0.709 0.079 

3 55 133 13 26 3,42 4.00 1.880 -0.709 0.073 

4 55 133 13 26 3.42 5.00 1.970 -0.709 0.071 

5 55 133 13 26 3.42 7.00 2.250 -0.709 0.073 

6 55 133 13 26 3,42 7,40 1.890 -0.709 0.060 

7 55 133 13 26 3,42 8.00 2.340 -0.709 0.072 

8 55 133 13 26 3.42 9.50 2.370 -0.709 0.070 

9 55 133 13 26 3,42 10.00 2.310 -0.709 0.067 

10 54 131 14 28 4.73 10.00 2.720 -0.670 0.104 Blank et al (t979) I 

11 54 131 14 28 4.73 20.00 3.080 -0.670 0.099 I 
12 54 131 14 28 4.73 40.00 3.430 -0.670 0.095 

13 54 131 14 28 4.73 BO.OO 3.720 -0.670 0.093 

14 54 131 14 28 4.73 140.00 3.880 -0.670 0.091 

15 54 131 14 28 4.73 270.00 4.030 -0.670 0.096 

16 54 131 14 28 4.73 540.00 3.660 -0.670 0.096 

17 80 201 22 48 4.S7 4.00 I.S30 -0.622 0.068 Wehner at ai, (1961) 

18 80 201 22 48 4.87 6.00 2.200 -0.622 0.070 

19 SO 201 22 48 4.87 8.00 2.430 -0.622 0.069 

20 80 201 22 48 4.87 10.00 2.990 -0.622 0.079 

21 80 201 22 48 4.87 13.00 2.880 -0.622 0.071 

22 80 201 22 48 4.87 14.00 3.020 -0.622 0.071 

23 80 201 23 51 4.87 4.00 2.050 -0.596 0.074 Wehneret ai, (1961) 

24 80 201 23 51 4.87 6.00 2.650 -0.596 0.090 

25 80 201 23 51 4.87 8.00 3.060 -0.596 0.094 

26 eo 201 23 51 4.87 10.00 3.400 -0.596 0.095 

27 80 201 23 51 4.87 12.00 3.580 -0.596 0.094 

28 80 201 23 51 4.87 14.00 3.400 -0.596 0.085 

29 80 201 23 51 4.87 15.00 3.580 -0.596 0.OS8 I 
30 80 201 26 56 4.31 4.00 3.080 -0.555 0.092 Wehner al ai, (1961) 

31 80 201 26 56 4.31 6.00 3.770 -0.555 0.097 

• 32 80 201 26 56 4.31 8.00 3.600 -0.555 0.083 

33 80 201 26 56 4.31 10.00 3.790 -0.555 0.080 I 
34 80 201 26 56 4.31 12.00 5.260 -0.555 0.105 I 
35 80 201 26 56 4.31 14.00 5.260 -0.555 0.099 1 
36 80 201 26 56 4.31 15.00 5.780 -0.555 0.107 
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Wehneret ai, (1961) 

-0.532 Wehner at Ell. (1961) 

-0.532 153 

-0.532 0.153 

-0.532 0.162 

-0.532 0.143 

-0.532 0.162 

-0.532 0.145 

-0.497 0.189 Wehner et ai. (1961) 

-0.497 0.155 

-0.497 0.218 

-0.497 0.190 

-0.497 0.180 

-0.497 0.180 

-0.497 0.169 

-0.497 0.203 

-0.497 0.187 

62 80 201 29 64 3.49 10.00 11.300 -0.497 0.182 

63 80 201 29 64 3.49 10.00 11.600 -0.497 0.190 

64 SO 201 29 64 3.49 10.00 12.100 -0.497 0.196 

65 aD 201 29 64 3.49 10.00 12.500 -0.497 0.202 

66 80 201 29 64 3.49 11.00 13.100 -0.497 0.204 

67 80 201 29 64 3.49 12.00 12.300 -0.497 0.187 

68 80 201 29 64 3.49 13.00 12.500 -0.497 0.164 

69 80 201 29 64 3.49 14.00 14.400 -0.497 0.203 

70 13.000 -0.497 0.183 

71 13.200 -0.497 0.185 

72 13.400 -0.497 0.189 
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-0.311 0.151 Sigmund. (1969) 

-0.311 0.174 

-0.311 0.201 

0.173 

0.171 

0.230 

0.230 

-0.311 0.237 

17.800 -0.311 0.243 

19.900 -0.311 0.260 

23.000 -0.311 0.282 

25.000 -(l.311 0.296 

25.900 -0.311 0.296 

150.00 25.000 -0.311 0.280 

23.400 -0.311 0.259 

20.200 -0.311 0.225 

19.000 -0.311 

18.100 -0.311 0.209 

14.500 -0.311 0.173 

600.00 12.900 -0.311 0.159 

3.49 700.00 13.300 -0.311 0.168 

94 54 3.49 800.00 11.200 -0.311 0.147 

95 54 3.49 900.00 11.900 ..(1.311 0.160 

96 54 3.49 1000.00 10.500 -0.311 0.145 

5.74 4.00 -0.290 0.128 Wehner et al. (19S1) 

5.74 5.00 4.250 -0.290 0.122 

5.74 6.00 5.560 -0.290 0.148 

5.74 7.00 6.680 -0.290 0.168 

5.74 8.00 4.360 -0.290 0.104 

6.600 -0.290 0.145 

7.560 -0.290 0.155 

-0.290 0.140 

-0.290 0.145 

-0.290 0.128 
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-0.278 0.109 

-0.278 0.129 

·0.278 0.129 

-0.278 0.132 

-0.276 0.133 

-0.278 0.138 

-0.278 0.144 

-0.278 0.125 

-0.278 0.127 

-0.278 0.128 

0.186 Wehner et ai, (1961) 

-0.270 0.205 

-0.270 0.237 

19.800 -0.270 0.240 

-0.270 0.232 

-0.270 0.268 

-0.270 0.266 

-0.270 0.257 

125 -0.155 0.073 Coburn et ai, (1977) 

126 -0.155 0.078 

127 -0.155 0.082 

126 -0.155 0.072 

, 129 -0.155 0.067 

130 -0.155 0.093 

131 -0.155 0.083 

132 -0.155 0.093 

133 -0.155 0.097 

134 -0.155 0.094 

135 -0.155 0.098 

Alman et ai, (1961) 

230 



Sigmund, (1969) 

0.2 

0.217 

0.198 

0.216 

8.920 -0.118 0.210 

8,920 -0,118 0.198 

9.930 -0.118 0.220 

8,960 -0.118 0.191 

0.235 

0,226 

0.228 

84 29 64 0.246 

84 29 64 0.240 

84 29 64 3,49 0,248 

84 29 64 3.49 -0.118 0.244 

3.49 -0.118 0.240 

3.49 -0.118 0.234 

3.49 -0.11 B 0.233 

-0.116 0.227 

-0.118 0.214 

-0.118 0.198 

-0.118 0.198 

-0.118 0.210 

-0.118 0.195 

-0.118 0.226 

-0.092 0.151 Alman at ai, (1961) 

-0.092 0.176 

-0.092 0.167 

-0.092 0.177 

-0.092 0.178 

-0.092 0.183 

-0.092 0.204 

15.'100 -0.092 0.189 

3.91 65.00 15.600 -0.092 0.186 
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0.232 Almen at ai, (1961) 

0.243 

0.292 

0.330 

0.343 

0.331 

0.345 

0.353 

-0.053 0.223 Johar et ai, (1979) 

-0.053 0.237 

..0.053 0.277 

-0.053 0.325 

-0.053 0.347 

-0.046 0.088 Wehner et ai, (1961) 

-Q.046 0.096 

-0.046 0.095 

-0.046 0.088 

-0.046 0.098 

-0.046 0.095 

-0.046 0.094 

-0.046 0.081 

-0.046 0.087 

-0.046 0.085 

..0.046 0.083 

-0.046 0.092 

-0.042 0.122 Almen £It ai, (1961) 

-0.042 0.131 

-0.042 0.137 

-0.042 0.127 

-0.042 0.131 

-0.042 0.119 

-0.042 0.114 

-0.042 0.130 
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209 80 201 74 184 8,Sl 4,00 2,190 -0,038 0,095 Wehner at al. (1961) i 

210 BO 201 74 184 8.B1 6.00 2.430 -0,038 0,090 

211 80 201 74 184 8,81 8.00 2.560 -0.038 o.oa5 

201 74 184 8.81 10,00 2,620 -0.038 0.080 I 
213 80 201 74 184 8,81 12,00 2.840 -0.038 0.081 

214 80 201 74 184 8.81 14,00 2,800 -0,038 0,075 

215 80 201 74 184 8,81 15.00 2.360 -0.038 0.088 

216 80 201 78 195 5.86 4.00 6,340 -0,013 0,182 Wehnaretal.(1961) I 
217 80 201 78 195 5.86 5.00 8.650 -0,013 0.229 

218 80 201 78 195 5.B6 6,00 8.650 -0,013 0.213 . 
219 80 201 78 195 5.B6 B.OO 9.380 -0,013 0,206 

220 80 201 78 195 5,86 10,00 9.530 -0.013 0.192 

221 80 201 78 195 5,88 12,00 12.400 ·0.013 0.233 

, 222 80 201 78 195 5.86 13,00 11.600 -0.013 0.211 

223 80 201 78 195 5.86 14.00 10,800 -0.013 0.192 

224 80 201 78 195 5,B6 15.00 10.100 -0,013 0,176 

225 80 20 3,82 4.00 12.300 -0,009 0,231 Wehnerel al. (1961) 

226 BO 201 79 197 3,82 5,00 12,300 -0,009 0,212 I 
227 BO 201 79 197 3.82 6.00 15,700 -0,009 0,251 

22B BO 201 19 197 3.62 7.00 16.000 -0.009 0,241 

,229 60 201 79 197 3.82 8,00 18.900 -0.009 0.270 

230 BO 201 79 197 3,B2 10,00 21.900 -0,009 0,284 

231 60 201 79 197 3,82 12,00 22,500 -0,009 0275 

232 80 201 79 197 3,82 13.00 25,000 -0,009 0,297 

233 80 201 79 197 3,82 15,00 24.300 -0,009 0,274 

235 28 59 28 59 4.46 0,30 0.827 0.000 0.110 Hechll eI al. (197B) 

236 28 59 2B 59 4.46 0.30 0,863 0.000 0,115 

237 28 59 26 59 4.46 0.35 0,870 0.000 0.109 

238 26 59 28 59 4,46 0.40 0,919 0.000 0,110 

239 28 59 28 59 4.46 0.45 1,000 0,000 0,114 

~59 28 59 4.46 0,50 1.020 0.000 0,111 

241 28 59 2B 59 4.46 0.50 1,040 0.000 0.114 I 

242 28 59 2B 59 4.46 0,60 1,110 0,000 0,113 

243 28 59 28 59 4.46 1,00 1,320 0,000 0,110 

, 244 2B 59 2B 59 4.46 3,00 1.730 0.000 0,100 
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93 7.48 10.00 2,510 0.000 0,117 Bayet ai, (1979) 

93 7.48 20.00 2.450 0,000 0.096 

93 7.48 30,00 3,040 0.000 0,110 

93 7.48 40,00 3,220 0.000 0.111 

93 7,48 60.00 0,123 

93 7.48 80,00 0.127 

3.82 60.00 56.900 0.000 Bay at ai, (1976) 

3,82 90.00 107.000 0.000 

120.00 101.000 0,000 

122.000 0.000 

109.000 0,000 0.609 

103,000 0,000 0.542 

107.000 0.000 0.550 

0.000 0.476 

0.000 0.406 

0.000 0.391 

0,000 0,339 

0,000 0.289 

0,000 0.430 

0.000 0.357 

0.058 0,096 Almel1 at al. (1961) 

0.058 0.101 

0.058 0,124 

0.058 0.090 

0.101 0.149 Sigmund. (1969) 

0.101 0,202 

0.101 0.173 

0,101 0.211 

0,101 0.201 

0.101 0.203 

0,101 0.212 

0,101 0.232 
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Sigmund, (1969) 

282 0.109 

283 36 84 47 0.109 

284 36 84 47 0.109 

285 36 84 47 108 2.95 5.00 11.400 0.109 0.283 

286 36 84 47 108 2.95 5.00 12.200 0.109 0.305 

287 36 84 47 108 2.95 10.50 14.800 0.109 0.298 

288 36 84 47 108 2.95 10.50 16.700 0.109 0.335 

0.292 

0.288 

0.312 

0.314 

0.307 

0.321 

0.321 

0.343 

0.341 

0.364 

0.373 



0.255 Oeschsner. (1975) 

0.272 

0.275 

0.293 

0.292 

0.327 

0.347 

0.339 

308 0.204 0.260 

309 0.204 0.376 

; 310 0.204 0.409 

311 0.204 0.265 

312 

0.204 0.280 

0.204 0.333 

20.00 8.580 0.204 0.422 

25.00 5.340 0.204 0.258 

25.00 9.190 0.204 0.444 

30.00 6.560 0.204 0.316 

30.00 8.940 0.204 0.431 

35.00 8.940 0.204 0.432 

0.315 

0.366 

0.451 

0.347 

0.204 0.360 

0.204 0.328 

0.204 0.316 

0.204 0.318 

0.346 

0.342 

0.320 

0.280 

0.282 

0.309 

2.270 0.204 0.286 

339 18 40 2.270 0.204 0.309 

340 18 40 2.270 0.204 0.333 
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341 16 40 46 106 3.91 5.00 3.530 0.423 0.257 Sigmund, (1969) 

342 18 40 46 106 3.91 10.00 5.560 0.423 0.350 I 
343 18 40 46 106 3.91 20.00 5.630 0.423 0.317 J 
344 18 40 46 106 3.91 30.00 4.730 0.423 0.253 

345 18 40 46 106 3.91 40.00 5.4BO 0.423 0.288 

346 18 40 46 106 3.91 50.00 4.500 0.423 0.237 

347 18 40 46 106 3.91 50.00 5.710 0.423 0.300 

348 18 40 46 106 3.91 65.00 5.710 0.423 0.304 

R*t18 
40 47 108 2.95 0.23 1.320 0.431 0.208 Medved et ai, (1962) I 

18 40 47 108 2.95 0.25 1.330 0.431 0.204 i 
I 351 18 40 47 108 2.95 0.25 1.450 0.431 0.221 I 
! 352 18 40 47 108 2.95 10.00 10.200 0.431 0.485 I 

I 353 18 40 47 108 2.95 40.00 11.200 0,431 0.443 I 
I 354 18 40 47 108 2.95 120.00 10.600 0.431 0.456 J 

359 18 40 48 112 1.16 20.00 23.900 0.447 0.403 Sigmund, (1969) 

360 18 40 48 112 1.16 30.00 24.800 0.447 0.399 

361 18 40 48 112 1.16 40.00 25.500 0.447 0.401 

362 18 40 48 112 1.16 50.00 25.000 0.447 0.393 

363 18 40 48 112 1.16 60.00 24.900 0.447 0.394 

384 18 40 48 112 1.16 70.00 24.800 0.447 0.396 

365 18 40 48 112 1.16 80.00 26.200 0.447 0.423 

366 18 40 48 112 1.16 I 90.00 23.800 0.447 0.389 

367 18 40 48 112 1.16 100.00 24.900 0.447 0.412 



368 113 40 50 119 3.13 0.20 0.790 0.473 0.143 Knrtenat et ai, (1970) 

369 16 40 50 119 3.13 0.24 0.823 0.473 0.140 

370 18 40 50 119 3.13 0.34 1.030 0.473 0.153 I 
371 18 40 50 119 3.13 0.35 1,040 0.473 0.153 

372 113 40 50 119g 0.40 1.420 0.473 0,199 

373 113 40 50 119 3.13 0.45 1.180 0.473 0.157 

374 18 40 50 119 3.13 0.60 1.190 0.473 0.141 

• 375 18 40 50 119 3,13 0.130 1.260 0.473 0.134 

376 18 40 50 119 3.13 4.00 3.330 0.473 0.213 

1377 18 40 50 119 3.13 20.00 4.920 0.473 0.228 

378 18 40 50 119 3,13 30,00 4.360 0.473 0.191 

379 18 40 50 119 3.13 40.00 4,360 0.473 0.187 

380 18 40 50 119 3.13 50.00 4.230 0.473 0.181 

381 18 40 50 119 3,13 65.00 4.210 0.473 0,182 

382 10 20 29 64 3.49 5.00 2.610 0,505 0.371 Sigmund. (1969) 

383 10 20 29 64 3.49 11.00 2.860 0.505 0.374 

, 384 10 20 29 64 3.49 11,00 3.630 0.505 0,474 

385 10 20 29 64 3.49 15.00 3.420 0.505 0.447 

386 10 20 29 64 3.49 20.00 2.790 0.505 0.371 

387 10 20 
29t;-

3.49 20.00 3.420 0.505 0.455 

388 10 20 29 3.49 ~5.00 2.860 0.505 0.389 

389 10 20 29 64 3.49 30.00 3.350 0.505 0.467 

390 10 20 29 84 3,49 5.00 2.760 0.505 0.392 I 

391 10 20 29 64 3.49 10.00 2.910 0.505 0.361 

392 10 20t;; 64 3.49 15.00 2.990 0.505 0.390 I 

*," 64 3.49 20,00 3.160 0.505 0.421 I 
20 29 64 3.49 25,00 3.010 0.505 0.410 i 

, 395 20 29 64 3.49~ 3.110 0.505 0.434 I 
396 10 20 29 64 3.49 0.00 3.490 0.505 0.512 I 
397 10 20 29 64 3.49 50.00 3.000 0,505 0.462 

398 10 20 29 64 3.49 80.00 2.370 0.505 0.416 I 
399 10 20 29 64 3.49 100,00 2,790 0.505 0.527 

400 10 20 29 64 3,49 150.00 2.440 0.505 0.541 
, 

401 10 20 29 64 3,49 200.00 2.090 0,505 0.531 

402 10 20 29 64 3.49 300.00 1.920 0.505 0.610 

403 10 20 29 64 3.49 400.00 1.120 0.505 0.429 

404 10 20 29 64 3.49 500.00 1.120 0.505 0.503 

405 10 20 29 64 3.49 600.00 1.050 0.505 0.530 

406 10 20 29 64 3.49 700.00 1,050 0.505 0.587 

407 10 20 29 64 3.49 800.00 0.698 0.505 0.428 

408 10 20 29 64 3.49 900.00 0.698 0.505 0.465 

409 10 20 29 64 3.49 1000.00 0.698 0.505 0.500 
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Almen at ai, (1961) 

7) i 
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433 10 20 47 108 2.95 0.15 0.607 0.732 0.242 Medved at ai, (1962) 

434 10 20 47 10B 2.95 0.17 0.619 0.732 0.236 

435 10 20 47 10B 2.95 0.19 0.675 0.732 0.246 

436 10 20 47 lOB 2.95 0.19 0.708 0.732 0.258 

~ 437 10 20 47 108 2.95 0.20 0.703 0.732 0.252 

438 10 20 47 108 2.95 0.22 0.742 0.732 0.255 

439 10 20 47 108 2.95 0.22 0.760 0.732 0.261 

440 10 20 47 10B 2.95 0.24 0.813 0.732 0.270 ! 

441 10 20 47 108 2.95 0.24 0.830 0.732 0.275 I 

442 10 20 47 108 2.95 0.25 0.B68 0.732 0.286 

443 10 20 47 108 2.95 0.25 0.826 0.732 0.270 i 
444 10 20 47 108 2.95 0.25 0.900 0.732 0.294 i 
445 10 20 47 108 2.95 0.20 1.030 0.732 0.369 

446 10 20 47 108 2.95 0.30 1.380 0.732 0.420 

.447 10 20 47 10B 2.95 0.40 1.720 0.732 0.471 

448 10 20 47 108 2.95 0.50 1.970 0.732 0.496 I 
449 10 20 47 108 2.95 0.60 1.280 0.732 0.302 i 
450 10 20 47 108 2.95 0.60 2.070 0.732 0.490 i 
451 10 I 20 47 108 2.95 1.80 3.450 0.732 0.590 I 
452 10 20 47 10B 2.95 2.50 4.550 0.732 0.719 

453 10 20 47 108 2.95 4.00 4.550 0.732 0,650 

454 10 20 47 108 2.95 5.20 5.720 0.732 0.778 

• 455 10 20 47 lOa 2.95 10.00 4,480 0.732 0.551 

456 10 20 47 108 2.95 20.00 4.310 0.732 0.500 

457 10 20 47 108 2.95 20.00 5.000 0.732 0.580 
I 

458 10 20 47 loa 2.95 30.00 4.310 0.732 0.507 I 

459 10 20 47 10a 2.95 30.00 5.000 0.732 0.588 

460 10 20 47 108 2.95 40.00 4.650 0.732 0.563 

461 10 20 47 108 2.95 50.00 5.000 0.732 0.623 

462 10 20 50 119 3.13 10.00 2.150 0.775 0.293 Sigmund, (19SS) I 
463 10 20 50 119 3.13 20,00 1.920 0.775 0.244 J 
464 10 20 50 119 3.13 30.00 1.850 0.775 0.237 

465 10 20 50 119 3.13 40.00 1.720 0.775 0.226 

466 10 20 50 119 3.13 50.00 1.720 0.775 0.222 
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473 2 4 26 59 4,31 0,15 0,083 t169 0,345 Behlisch el ai, (1979) 

474 2 4 26 59 4,31 0,25 0.107 1.169 0.396 

475 2. 4 26 59 4.31 0.40 0.136 1.169 0.461 I 

476 2 4 26 59 4,31 0.80 0.170 1.169 0.517 

477 2 4 26 59 4.31 2,0.0 0.190 1.169 0.552 

478 2 4 26 59 4,31 4.00 0.161 1.169 0.503 

479 2 4 26 59 4.31 6.00 0.141 1.169 0.476 

480 2. 4 26 59 4.31 8.00 0,122 1.169 0.443 

481 2 4 28 59 4,46 0,15 0,075 1.169 0.314 Roth, (1980) I 
482 2 4 28 59 4.46 0.25 0.114 1.169 0.421 I 

483 2 4 28 59 4,46 0.50 0,106 1.169 0.344 

484 2 4 28 59 4.46 0.50 0.159 1.169 0.514 

. 485 2 4 28 59 4.46 1.00 0.100 1.169 0.294 

486 2 4 28 59 4.46 1.00 0.130 1.169 0.382 

467 2 4 126 59 4.46 1.00 0.155 1.169 0.455 

488 2 4 28 I 59 4.46 1.00 0.188 1.169 0.553 I 

~ 4 28 59 4.46 2.00 0.188 1.169 0.535 

4 28 59 4.46 4.00 0.146 1.169 0.442 I 
491 2 4 28 59 4.46 4.00 0.188 1.169 0.569 

492 2 4 28 59 4,46 4.70 0.168 1.169 0.520 

493 2 4 28 59 4.46 7,50 0.159 1.169 0.542 

494 2 4 29 64 3.49 0.20 0.127 1,204 0.412 Roth. (1980) 

495 2 4 29 64 3.49 0.30 0,180 1.204 0.535 

496 2 4 29 64 3.49 0.40 0.213 1,204 0.596 

497 2 4 29 64 3.49 0.50 0.250 1.204 0.673 I 

498 2 4 29 64 3.49 0.60 0,228 1.204 0.596 

499 2 4 29 64 3.49 4.00 0,280 1.204 0.681 

500 2 4 29 64 3.49 2.00 0.329 1.204 0.769 

501 2 4 29 64 3,49 4.00 0.284 1.204 0.702 

502 2 4 29 64 3.49 8.00 0.247 1.204 0.701 I 
503 2 4 29 64 3.49 15.00 0.206 1.204 0.707 

• 504 2 4 29 64 3.49 20.00 0.200 1.204 0.770 I 
505 2 4 ~ 23.00 0,204 1.204 0.832 

506 2 4 30.00 0.151 1.204 0.703 

507 2 4 29 64 3.49 38.50 0.089 1.204 0.476 
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SOB 2 4 42 96 6.83 0.20 0.020 1.380 0.161 Roth, (1980) 

509 2 4 42 96 6.83 0.30 0.022 1.380 0.162 

510 2 4 42 96 6.83 0.50 0.032 1.380 0205 

511 2 4 42 96 6.83 1.00 0.014 1.3BO 0.080 

512 2 4 42 96 6.83 2.00 0.011 1.380 0.059 I 
513 2 4 42 96 6.83 2.00 0.050 1.380 0.262 J 

I 514 2 4 42 96 6.63 4.00 0.045 1.380 0233 I 

515 2 4 42 96 6.83 4.00 0.053 1.380 0.274 

516 2 4 42 96 6.83 6.00 0.040 1.380 0.217 

517 2 4 42 96 6.83 6.00 0.048 1.380 0.260 

51B 2 4 42 96 6.83 7.50 0.040 1.380 0.224 

519 2 4 42 96 6.B3 B.OO 0.039 1.380 0221 

• 520 
2 4 42 96 6.83 100.00 0.016 1.380 0.256 

I 521 1 2 28 59 4.46 0.80 0.050 1.470 0.534 Roth, (1980) I 

I 522 1 2 28 59 4.46 1.00 0.040 1.470 0.431 

1523 1 2 28 59 4.46 2.00 0.039 1.470 0.447 

I 524 1 2 28 59 4.46 4.00 0.029 1.470 0.381 

1525 1 2 28 59 4,46 7.50 0.021 1,470 0.345 

526 1 2 29 64 3.49 0.50 0.071 1.505 0.645 Roth. (1980) 

527 1 2 29 64 3.49 1.00 0.080 1.505 0.702 I 

528 1 2 29 64 3,49 2.00 0.075 1.505 0.707 J 
529 1 2 29 64 3.49 B.Oa 0.045 1.505 0.607 

530 1 2 29 64 3,49 10.00 0.049 1.505 0.730 

531 1 2 29 64 3.49 12.00 0.047 1.505 0.766 

· 532 1 2 29 64 3,49 20.00 0.032 1.505 0.675 I 

533 1 2 29 64 3.49 30.00 0.028 1.505 0.798 

534 1 2 29 64 3,49 30.00 0.035 1.505 0.993 

535 1 2 29 64 3.49 40.00 0.021 1.505 0.717 

· 536 1 2 29 64 3,49 10.00 0.051 1.505 0.763 Vants et al. (1960} 

537 1 2 29 64 3,49 11.00 0.046 1.505 0.711 

538 1 2 29 64 3,49 20.00 0.032 1.505 0.684 

539 1 2 29 64 3.49 30.00 0.029 1.505 0.a08 

540 1 2 29 64 3.49 31.00 0.035 1.505 1.010 

541 1 2 29 64 3.49 45.00 0.023 1.505 0.825 



542 2 0,225 Roth, (1980) 

543 2 0,258 

544 2 0,260 

545 2 0.376 

546 2 0.354 

0.097 Eckstein et ai, (1973) 

0.109 

5.00 0.005 1.667 0.114 

6.50 0.005 1.667 0.130 

B.OO 0.003 1.667 0.274 

12.00 0,008 1.667 0.274 Summer et al. (1971) 

18.00 

28.00 

36.00 

56.50 

1.681 0.077 Roth, (19BO) 

1.681 0.119 

1.681 0.160 

1.681 0.190 

1.681 0.174 

1.681 0.133 

1.681 0.058 

1.681 0.052 

1.681 0.057 

40.00 0.013 1.769 0.093 Gregg et ai, (1977) 

60.00 0.014 1.769 0.115 

80.00 0.012 1.769 0.111 

100.00 0.009 1.769 0.094 

120.00 0.010 1.769 0.109 

571 26 1.771 0.242 Roth, (1980) 

572 28 1.771 0.266 
: 573 28 1.771 0.302 

574 1.771 0.295 

575 28 1.771 0.266 
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576 1 1 29 64 3.49 0.25 0.014 1.806 0.279 Roth. (1980) 

~ 
1 1 29 64 3.49 0.50 0.025 1.806 0,450 

1 1 29 64 3.49 1.00 0.036 1.806 0.618 

1 1 29 64 3.49 2.00 0.032 1.806 0.588 

580 1 1 29 64 3.49 7.50 0.017 1.B06 0.441 

581 1 1 29 64 3.49 30.00 0.005 1.B06 0.299 

582 1 1 29 64 3.49 50.00 0.004 1.806 0.278 

5B3 1 1 29 64 3.49 70.00 0.002 1.B06 0.221 

: 584 1 1 29 64 3.49 100.00 0.002 1.B06 0.22B 

585 1 1 29 64 3.49 120.00 0.001 1.B06 0.207 

566 1 1 29 64 3.49 150.00 0.001 1.B06 0.184 

2.00 0.006 1.964 0.153 Roth. (1980) 

4.00 0.007 1.964 0.210 

8.00 1.964 0.259 

15.00 0.005 1.964 0.198 

30.00 0.004 1.964 0.224 

50.00 0.003 1.964 0.169 

593 1 1 47 108 2.95 2.00 0.034 2.033 0.602 Furr et al. (1970) 

594 1 1 47 loa 2.95 3.00 0.033 2.033 0.595 I 
595 1 1 47 108 2.95 3.00 0.037 2.033 0.678 I 
596 1 1 47 108 2.95 4.00 0.035 2.033 0.667 I 
597 1 ~2.95 5.00 0.033 2.033 0.655 

598 1 1 47 2.95 6.00 0.034 2.033 0.702 J 

~ 
1 47 108 2.95 7.00 0.033 2.033 0.696 ! 
1 47 108 2.95 7.00 0.036 2.033 0.771 I 
1 47 108 2,95 8.00 0.032 2.033 0,710 

~47 108 2.95 8.00 0.033 2.033 0,732 : 

47 108 2.95 9.00 0.034 2.033 0.7.80 

604 1 1 47 loa 2.95 10.00 0.032 2.033 0.759 

605 1 1 47 108 2.95 11.00 0.033 2.033 0.B07 

606 1 1 47 108 2.95 12.00 0.025 2.033 0.630 



2.294 0,518 FUff at al. (1970) 

2.294 0.599 

2,294 0.642 

0.643 

0.716 

79 197 3.82 7.00 0.669 

79 197 3.82 8.00 2.294 0.673 
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C. Predicted Normalised Sputtering Yields for 

Mono-elemental Polycrystalline Targets 

for 

table contains values SB as calculated from 

within the range 0.001 < c < 100. 

Atomic number incident ion 

number oithe incident ion 

Atomic number of the target 

Mass number of the 

on",,,, ..... ,, in ke V 

and 2.9 

Product of sputtering yield S and surface binding 

energy B 

The SB values are tabulated and ranging from 1 to 90 in intervals 

of2 or 5, and for E values ranging from 0.1 to 1,000 keY, provided these 

fall within 0.001 < e < 100 (the for equation 2.7). 

MI and M2 values corresponding to the Zl and values used are: 
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Zl 

Ml 

Zl 

M2 
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0.20 0.21 0.22 0.23 0.24 0.25 025 0,25 0,25 0,26 

0.17 0.18 0.19 0,20 0.20 0.21 0.21 0.22 0.22 0.22 
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Zl 

MIlO 

"D. 5 

M2 6 10 

E SB SB SB SB SB SB SB SB SB SB SB SB SB SB SB SB SB SB SB 

0.10 0.70 0.95 1.35 1.57 1.68 1.72 1.70 1.65 1.59 1.52 1.45 1.38 1.31 1.24 1.18 1.12 1.07 1.01 0.96 

0.15 0.76 1.05 1.50 1.78 1.92 1.97 1.97 1.92 1.85 1.78 1.70 1.62 1.54 1.46 1.39 1.32 1.25 1.18 1.12 

0.20 0.80 1.11 1.62 1.92 2 .09 2.16 2.16 2.12 2.05 1.97 1.89 1.81 1.72 1.63 1.56 1.48 1.40 1.32 1.26 

0.25 0.83 1.16 1.70 2.04 2.22 2.31 2.32 2.27 2.21 2.13 2.05 1.96 1.86 1.77 1.69 1.61 1.53 1.44 1.37 

0.30 0.85 1.20 1.77 2.13 2.33 2.43 2.45 2.41 2.34 2.26 2.18 2.09 1.99 1.89 1.81 1.72 1.64 1.55 1.47 

0.40 0.89 1.25 1.87 2.27 2.50 2.62 2.65 2.62 2.56 2.48 2.39 2.30 2.19 2.09 2.00 1.91 1.82 1.72 1.64 

0.50 0.91 1.29 1.95 2.38 2 .63 2.77 2.81 2.78 2.72 2.65 2.56 2.46 2.36 2.25 2.16 2.06 1.97 1.86 1.78 

0.60 0.93 1.32 2.01 2.46 2.74 2.89 2.94 2.92 2 .86 2.78 2.70 2.60 2.49 2.38 2.29 2. 19 2.09 1.98 1.89 

0.80 0.94 t.37 2.09 2.59 2.89 3.07 3.13 3.12 3.07 3.00 2.91 2.82 2.71 2.59 2.50 2.39 2.29 2.17 2.08 

1.0 0.93 1.38 2.15 2.68 3.01 3.20 3.28 3.28 3.24 3.17 3.08 2.99 2.87 2.76 2.66 2.55 2.44 2.32 2.22 

1.5 0.90 1.36 2.24 2.83 3.21 3.43 3.54 3.55 3.52 3.46 3.38 3.29 3.17 3.05 2.95 2.84 2.73 2.59 2.49 

2.0 0.87 1.33 2.24 2.92 3.33 3.58 3.71 3.74 3.71 3.66 3.58 3.49 3.38 3.26 3.16 3.04 2.92 2.79 2.68 

2.5 0.83 1.29 2.22 2.94 3.42 3.69 3.83 3.87 3.85 3.80 3.73 3.65 3.53 3.41 3.31 3.19 3.08 2.94 2.83 

3.0 0.80 1.25 2.18 2.93 3.45 3.77 3.92 . 3.97 3.96 3.92 3.85 3.77 3.65 3.54 3.43 3.31 3.20 3.05 2.94 

4.0 0.74 1.18 2.11 2.88 3 .45 3.83 4.05 4.11 4.12 4.09 4.02 3,95 3.83 3.72 3.62 3.50 3.38 3.23 3.12 

5.0 0.70 1.12 2.04 2.82 3.41 3.83 4.08 4.21 4.23 4.20 4.15 4.07 3.97 J.85 3.75 3.63 3.51 3.37 3.25 

6.0 0.66 1.06 1.97 2.75 3.36 3.80 4.08 4.23 4.29 4.30 4.24 4.17 4.07 3.95 3.86 3.74 3.62 3.47 3.36 

8.0 0.59 0.97 1.84 2.62 3.24 3.71 4.02 .4.20 4.31 4.35 4.35 4.32 4.21 4.10 4.01 3.89 3.77 3.62 3.51 

10 0.54 0.89 1.73 2.50 3.12 3.60 3.94 4.14 4.27 4.34 4.36 4.35 4.29 4.20 4.11 4.00 3.88 3.73 3.62 

15 0.44 0.75 1.52 2.25 2.86 3.36 3.71 3.95 4 .12 4.22 4.28 4.30 4.27 4.22 4.18 4.10 4.02 3.89 3.79 

20 0.37 0.65 1.35 2.05 2.65 3.14 3.51 3.76 3.95 4.07 4.15 4.20 4.19 4.16 4.14 4.08 4.01 3.90 3.82 

25 0.32 0.57 1.22 1.88 2.47 2.95 3.32 3.59 3.78 3.92 4.02 4.08 4.09 4.07 4.06 4.02 3.96 3.86 3.79 

30 0.28 0.51 1.12 1.75 2.31 2.79 3.16 3.43 3.63 3.78 3.89 3.96 3.98 3.98 3.98 3.95 3.90 3.81 3.75 

40 0.23 0.41 0.95 1.53 2.06 2.52 2.88 3.16 3.37 3.53 3.65 3.74 3.78 3.79 3.81 3.79 3.76 3.69 3.64 

50 0.20 0.36 0.83 1.36 1.86 2.30 2.66 2.93 3.15 3.32 3.45 3.55 3.60 3.62 3.65 3.64 3.63 3.56 3.53 

60 .0.18 0.32 0.73 1.22 1.70 2.12 2.47 2.74 2.96 3.13 3.27 3.37 3.43 3.47 3.50 3.51 3.50 3.45 3.42 

80 0.14 0.26 0.60 1.02 1.44 1.84 2.17 2.43 2.65 2.83 2.97 3.08 3.15 3.20 3.25 3.26 3.27 3.23 3.21 

100 0.12 0.22 0.52 0.87 1.25 1.62 1.93 2.19 2.40 2.58 2.72 2.84 2.92 2.97 3.03 3.06 3.07 3.04 3.04 

150 0.09 0.17 0.39 0.67 0.95 1.24 1.51 1.75 1.95 2.12 2.27 2.39 2.48 2.54 2.61 2.65 2.68 2.67 2.68 

200 0.07 0.13 0.32 0.55 0.78 1.02 1.23 1.45 1.64 1.80 1.94 2.07 2.16 2.23 2.30 2.35 2.38 2.39 2.40 

250 0.06 0.11 0.27 0.47 0.67 0.88 1.07 1.24 1.41 1.56 1.70 1.82 1.91 1.99 2.06 2.11 2.15 2.16 2.19 

300 0.10 0.24 0.41 0.59 0.78 0.95 1.10 1.24 1.36 1.50 1.62 1.71 1.79 1.86 1.92 1.96 1.98 2.01 

400 0.19 0.33 0.48 0.63 0.78 0.91 L03 1.13 1.23 1.32 1.41 1.49 1.56 1.62 1.67 1.69 1.72 

500 0.16 0.28 0.41 0.54 0.66 0.78 0.88 0.98 1.07 1.14 1.21 1.27 1.34 1.39 ' 1.44 1.47 1.51 

600 0.14 0.24 0.36 0.47 0.58 0.68 0.78 0.86 0.94 1.01 1.07 1.13 1.18 1.22 1.26 1.30 1.34 

800 0.19 0.29 0.38 0.47 0.55 0.63 0.70 0.77 0.83 0.89 0.93 0.98 1.02 1.05 1.07 1.09 

1000 0.24 0.32 0.40 0.47 0.54 0.60 0.66 0.71 0.76 0.80 0.84 0.87 0.90 0.92 0.95 
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Zl 10 

Ml 21 

M2 6 

4.12 

4.42 4.45 

0.40 1.26 4.63 4.8) 4.91 4.95 

0.50 1.33 4.99 5.18 5.30 5.36 

0.60 1,38 5.28 5.50 5.64 5.71 

0.80 1.45 5.74 6.00 6.17 6.27 

600 0.16 0.28 0.62 1.02 1.47 1.97 2.47 2.97 

800 0.13 0.23 0.50 0.83 1.21 1.62 2.04 2.47 

lOOO 0.11 0.19 0,42 0.70 1.03 1.38 1.75 2.12 

250 



Zl 15 
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17.6 ]9.2 2M 22.1 

2,25 3.52 4.94 6.39 15.6 17.0 18.4 19.8 21.1 

1.94 3.06 4.19 5.50 14.0 15.3 16.6 18,0 19.2 



Zl 25 

Ml 

7.:1. 

M2 

1.5 

2.0 

2.5 

3.0 

16.8 19.3 

17.1 19.7 22.1 

17.2 20.1 22.7 

17.1 20.1 22.8 

16.9 20.0 22.8 

28.0 28.4 

29.7 30.1 30.6 

32.7 33.3 33.8 

34 .1 

36.4 37.1 

37.6 38.4 39.1 

39.5 40.3 41.1 

22.3 24.3 26.3 28.2 30.1 31.9 33.5 35.1 

20.3 22.2 24.1 26.0 27.8 29.5 31.1 32.7 
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1,84 3.14 4.19 

1.97 3.35 4.46 5.39 

4.96 5.97 

2.41 4.09 5.41 6.50 

259 4.39 5.82 

2.90 4.92 6.52 

3.15 5.35 7.11 

3.63 6.19 8.25 

31.2 34.3 37.3 40.2 
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68.9 71.1 

72.6 75.0' 

74.3 77.1. 

74.S 77.41 

256 
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SB SB SB S8 S8 SB SB S8 SB S8 S8 SB SB SB SB S8 

4.0 3.31 5.18 9.07 

5.0 3.58 5.60 9.81 

6.0 3.80 5.95 lOA 

8.0 4.15 6.52 11.4 

10 4.43 6.96 12.2 

260 



0.10 

0.15 

0.20 

0.25 

0.30 

2.5 

3.0 

4.0 

5.0 

6.0 

8.0 

16.7 18.0 

18.6 20.0 

20.3 21.8 

21.8 23.5 

24.5 26.3 

26.7 28.7 

28.6 30.7 

31.7 34.2 

29.5 37.8 45.9 53.5 60.8 67.8 74.S 

28.1 37.0 44.9 52.4 59.6 66.7 73.6 

27.3 35.2 42.9 50.2 57.3 64.2 7U 

25.9 33.6 41.0 48.2 55.0 61.8 68.5 
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19.3 

21.4 26.8 27.6 28.3 

23.3 29.0 29.8 30.6 

25.0 31.1 31.9 32.7 
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92,9 : 

97,4 

104 

S2A 61.0 69,3 77.3 85.2 92.8 120 126 

4L7 50.7 59.3 67.4 75.4 83.2 90.9 99 106 112 118 124 130 136 

40.3 49.0 51.4 oSA 733 81.0 88.7 96 103 110 116 122 128 134 
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SB SB SB SB SB SB SB 

. 0,80 

1.0 

L5 

2.0 

25 

3.0 

400 

500 

600 

800 

1000 
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0.50 

0.60 

0.80 

1.0 

50 6.99 

60 7.27 

80 7.71 

100 8.03 

400 9.36 

500 9.30 

600 9.18 14.8 27.3 38.4 49.0 59.2 68.9 78.2 87.1 95.8 104 112 120 128 135 142 148 154 160 

800 8.91 14.4 26.6 31.5 48.0 58.1 67.8 77.1 86.1 94.8 103 112 120 128 135 142 149 155 161 

1000 8.62 13.9 25.8 36.5 46.7 56.7 663 75.5 84.4 93.1 102 110 118 127 134 141 148 154 160 
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Abstract Two modifications of Sigmund's sputteri formula, 
vi z. by Bohdansky and by Yamamura et a 1 •. are compared with an 
a-adapt ion of gmund's original formula to experimental 

ing yields taken from 1i ature. Using a-values for 
the comparison,it was found that the consi rable scatter 
these values (aver for gi ven Ml, ZI, M2 , ) is not reduced 
by either of the two modifications, for values in the 
ran ~/Ml >100. In each of the three versions the sc is 
systematic, however, in as far as el yield 

values of a which are consi low or interme-
di over a wi range of Mz/M1 ios. 
(Received for Publication February 7, 1984) 

Two modifi ions of the well-known sputter yield formula 
normal inci of mono-ener ic ions on sinqle-element t 
gi yen by 5i gmund 1 ~ vi z. proposed by Bohdans and Yamamura 
et al. 3 , have been investig for their iveness in providing 
a better fit between theory and ri ment th an a simp 1 e a-adaptati on 
of the origin model. this purpose all formulae were sub
jected to a procedure whereby i r a-val ues were ca leu 1 ated for 620 
measured sputter yiel (published in 24 p )'+ and these values 
compared. Because, the scare i ty of spu i n9 a for amorphous 
targets which igmund's model applies, sputter yiel for pol 
crystalline targets were used ins ad. 

The three formulae are as follows: 

Sigmund l 

O. a Sn(E) S = __ -;-:--__ _ (1) 
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Bohdansky2 

s = 0.042 a Rp Sn(E) g(E/ .) 

2/3 
with g(E/Eth) = [l-(Eth/E) ](1-

Yamaillura a 1. 3 

0.042 a Sn(E) 
( S = -:-:---

(2) 

(3 ) 

where the symbols have their usual meaning: 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

S is the spu yi d (atoms/ion), 
a is a dimensionless function of the mass ratio M2/Ml (where Ml 
and M2 are the mass numbers of the ion ies and the target 
respectively), which represents the fraction of the energy 
available for sputtering, 
Sn(E) is the nuclear stopping power (in eV.A2

) of the wel1-
known LSS heory5, which is a function of the incident ion 
energy E, 
Us is the atomic surface nding energy (in eV/atom), 
Rp/R ; s the rat i 0 of the projected the range of 
ion species in the~target, 
Eth is the threshold ion. energy low which no sputtering 
occurs, 

(e:) ·is the dimensionless universal 
cross i on of the -theor y, whi 
dimensionless energy E. 

electronic stopping 
is a function of the 

Each of the three equations was solved for a, with S being sub-
ituted by the 620 measured sputter yi e 1 ds ment i oned above. di s-

tinguish a-values according to their origin, they were desi ated 
<leff (i .e. effective a, Sigmund), aBo (Bohdansky) and <lYa 
(Yamamura). The same standard sublimation enthalpies were used for 

in all cases. In addition, the following ia1 rel i.onships 
were 
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(i) For Eth values in 5 2 and 3, from ref. 6 

:::: {8( M1/M2) 2 /5 Us Ml/M2 > 0.3 

, Us /y(l .. Y), y:: 41~1 M2 ,for Ml/M2 :; 0.3 
.. ,(Ml +~12) 

Another express ion 
discarded because it 

Eth, proposed by Yamamura et a 1 • ,3 was 
values in the high Mz/M1, region which 
than energi es wh i ch sputter; n9 were significantly higher 

was d. 

(ii) the Rp/R ratio in eqn 2 

R/Rp :::: M2 1/1* + 1 

with ~* :::: (0. 

where kis the well-known ant of the LSS electronic 
stopping cross-s ion Se(E),5 and 1/Ik::::O.2is the cor-
rection of the projected range for k :: 0.2. 5 

purposes of the sent calculation ~k=O.z was ed from 
Fig. 8 in ref. 5, extrapol to E :::: 0.001, and approximated by 
the following set of curves 

o. - 0.033 1n E, 0.001 < E " 0.4 
~ .2 :: 0.301 0.052 1n E, 0.4 < E " 1.0 

0.305 - 0.060 1n e, 1.0 < g " 20 
0.5748-0 • 515 , , 20 < 8 " 500 

In Fig. 1 the values of R/Rp obtained by the use this ex-
pression are compared with those from three other calcul ions. 

For gri!-phical displ the a.-values the 620 individu values 
were reduced to 60 by representing those wi th the same (Ml' Zl, M2, 
Zz) combin ion by their average value a. In this way values 
aeff, aBo and nYa were obtained which are plotted vs the ratio 
M2/Ml (in log-log form) in Figs 2 and 3. Note that the number a .. 

values which make up an individual aver a is not same for' each 
average. In particular, the low outlier at M2/Ml ::: 1 is derived from 
a single self-sputtering ue of at 0.3 V. 
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80 

~I 0 

can be approximated (within 10%) 
Ae-B with A ::: Ow224 -0.082 1n k, 
LSS electronic stopping constant. 

a 

o 

FIGURE 1 The fl/Rp ratios 
according to 

• two exact cal cu 1 ions by 
•• Lindhard al. 5 (solid lines 

for £ ::: 0.001 and E ::: 100) 
•• Gibbons et al. 7 (broken 1 ines 

for E = 0.001 and E ::: 100) 
• two approximations proposed by 
... L i ndhard et a 1. 5 (dot-marked 

line) 
•• Bohdansky8 (cross-marked line). 

The R/Rp ratios of Gibbons et al. 7 

by R/Rp ::: (M2/Md wG + 1, where 1)1G :: 
B = 0.498 + 0.163 1n k and k the 

A 

2 

FIGURE 2 Values (circles) and ~Bo (triangles) and of the as-
sociated approximating graphs Qeff (POLYNOMIAL) and aBo (BOHDANSKY). 
The graph of a-values proposed by Sigmund is also shown (SIGMUND). 
The aeff values are labelled with numbers. 
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/). a Yo 

a 

SIi~M 

10 I POLYNOM(A~ '! AA 9:+ 
'0 o· 

. " 

,o·zL ______ ...L-___ ..,..--__ ----1 ___ --:... __ ---'--:-__ ----' 

_I 0 2 

FIGURE 3 Values of ~eff (circles) 
sociated approximating graphs -
The aph of a-values pro po by 
The aeff values are labelled with 

and aYa (triangles) 
(POLYNOMIAL) a~d aYa 

Sigmund is also shown 
numbers. 

the as
(YAMAfVIURA) . 
(SIGMUND). 

From Figs 2 and 3 it is apparent that the considerable scatter 
aeff values (n logarithmic scale) is not reduced for ther 

the ~ values (Fig. 2) or the, - values ( g. 3), except for the 
four poi nts at, the extreme hi end of the Mz/Ml seale (M2/Ml > 100). 
In fact, in the ran~e 10 <M2/Ml < 100 the individual values of aBo 
and aYa tend to have a wider relative spread (i.e. relative to the 
average) than the values. It is also seen that application of 
the Bohdansky or Yamamura formulae changes the absolute itions 
of the ~ points, but not in general their rel ivepositions (with a 
few except ions) . The of the Bohdansky and Yamamura mod i ca
t ions on the Sigmund formula i sin both cases small at the low end 
of the M2/Ml scale (viz. aBo ~ aYa ~ 1.2 aeff) and largest the 
high end (viz. 40 aeff < aBo < 150 - and 15 aeff < aYa < 100 aeff). 
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The th in the majority of £ases the relative sitions of 
the &Bo and &Ya point~ remain the same as for the ff ints 
indic that none of the additional par s in the modHic ions 
(i.e. Rp/R, E/Eth and (E)) has any significant influence on 
the scatter of these points. It was noticed, however, that the (i 

values of ain target e1emen (e.g. Au, Ag, Cu) were high at all·· 
M2/Ml r ios, and those of other elements (e.g. Mo~ ,Nb) were lovi, 
while of a third group Cincl. Pd, Ni, H) re intei~medi 

One can speCu 1 ,therefore, that the scattet~ is i c and th 

the a values are samples from a quasi-parallel set aphs, one 
for each element. 

curve marked POLYNOMIAL in gs2and 3 re nts a t 

(least squares) fit to all (620) Cleff values and consists a set 
of three smoothly interlinking expressions (including two polynomi
a 1 s) as fa 11 ows (cf. ref. 4): 

0.120 for 1 ( .1.2 

0.0857 15 + 0.289 14 + 0.402 13 + 0.350 12. + 0.220 1 
Cleff ::: + 0.189 for -1.2 < 1 ( -0.144 

0.0449 16 - 0.107 1
5 

- 0.209 1'+ + 0.314 13 + 0.207 1 2 

+ 0.156 1 + O. for .144 < 1 ( IJl 

Other approximations for Cl have been proposed by Bohdansky2 and 
Yamamura et a1.,3 each pertaining to the particular modific ion of 
Sigmund's formula. These are shown as a straight line, marked BOH
DANSKY, in Fig. 2 and as a (two-segment) curve, marked YAMAMURA, in 
Fig. The corresponding analytical ssions are 

for 0.5 < M2 /M1 <10 

::: {0.010 + 0.155 (M2 /M1)o.73 

0.321 + 0.0332 (M2/Ml)1.1 
for M2/Ml < 
for M2/MI ) 50' 

( 5) 

( 6) 

When judging these approximations for closeness of fit to the 
plotted (i values it must remembered that in Figs 2 and 3 equal 
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ordinate displacements represent equ ltiplications factors and 
not equal addition terms, i.e. a symmetric error margin ars 
asymmetrical in these figures. When this is taken into account, it 
is readily concluded that for the a.Bo values used here approxi
mation aBo becomes 'less repres ative (too low) for M2/Ml > 3, 
\'lhile for the values the approximation aYais a reasonable 

sentation all M2/Ml values. 

In summary, satisfactory average results are provided by 
Yamamura modification Sigmund's model at all mass ratios (using 
Bohdansky's expression for Eth), and by Bohdansky's modific ion in 
the mass rat i a r M2/Ml < 3 when compared with the 620 measured 
sputter yie1 for this inve igation. These results are not 
more nera 1 though, than can· be obt ned by use an empi ri ca 1 a

approximation 1i the POLYNOMIAL of eqn 4 in Sigmund's original for
mu 1 a. Th i sis shown by the th at the (apparent 1 y target -re 1 ated) 
sc a values is not reduced by either of the two modifica
tions. 
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A Practical Table of Sputtering Yields for the Non-Expert User 

W.H. Gries and H. J. Strydom 
, National Institute for Materials Research, CSIR, P.O. Box 395, 

Eine Sputterkoeftlziententabelle fUr den Praktiker 

Many users of surface analytical techniques in which sputter
ing by ion bombardment is used have difficulty in selecting 
the best conditions for a particular task. While it is 
1;;<OL'''L.:1.U:) difficult to predict sputter yields !Jlulti-element 
;)<UUV""", reasonable estimates can be made for mono-el
emental solids. This has been done by the authors for the 
case of polycrystalline mono-elementaI solids bombarded at 
normal incidence by element ions within the energy range 
0.1 to 1000 keY, and the results have been tabulated (lJ in a 
normalized form. 

South Africa 

The predicted sputter yields were calculated from an 
adapted version of Sigmund's well-known sputter yield 
formula [2] 

S = 0.042 O! SnlB [atoms/iQn] (1) 

where a is a dimensionless number which the rela-
tive availability of the deposited energy of incident ion 
for sputtering, S" is the nuclear stopping power of the target 
for the incident ion, and B is the average surface binding 
energy of the atoms to be sputtered. 

In the adapted version Sigmund's (X replaced by 
a best-fit graph to a plot of "effective" O! values (designated 

1.2 .-------r----..,---~--r----r-,----...,..----_,_---___. 

1.0 

O.S 

a 0.6 

0.4 

14 nf 
., \"f , , 

... 
"', 

' .... 
~1·~.0~-----~O.~5------0~-------O~.5~------I~.O-------~1.5~-------2L,O----=-~2.5 

.2g 
Fig. 1. Broken line: Sigmund's ce. Solid line: Best-fit approximation 

Offprint requests to: W. H. Gries. Plasma-Wandwechselwirkung, 
Max-Planck-Institut ffir Plasmaphysik, Boltzmannstr. 2,. D-8046 
Garching b. Miinchen . 
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obtained by substitution of 620 measured sputter yields 
taken from literature into Eg. (1) 

B/O.042 Sn. (2) 

This by a iX.rr (M1/M 1), 

represent average values (iX.ff) of 
for the same (M b M 2, where M and Z are mass 
numbers and atom numbers and 1 and 2 refer to 
ion and solid respectively. The numbers in 1 are 
values. The vertical lines indicate the associated 
acre values. 

The normalized yields the in 
ref. [1] were calculated as 

SB = 0.042 (ieff Sn • (3) 

Thus, the tabulated values are normalized to an atomic 
surface 1 eV, which real 

division by the actual atomic 
surface energy the solid by 
the sublimation enthalpy). . 

The scatter of experimental lJ..ff values in Fig. 1 
emphasizes that the tabulated sputter which are 
derived from the ii.rc must be regarded only as 
estimates. 

A comparison used here with two 
of .. a5Ul~'UU sputtering formula,' viz. by 

Bohdansky [4] and Yamamura et al. showed that 

728 

these modifications do not lead to a reduced scatter of atff 

values. 
However, the numbers with which the average points 

1 are labelled show that the scatter of 
is not entirely For 

elements the values are high at all M 21 MIra tios 
(e.g. Au, Ag, Cu), those of other elements are consistently 
low Mo, Nb), while those of a third 

Pb, Ni, W). One can 
that the iXeff values could be samples from a 
set of (ieef graphs, one for each element. this point is 
proved by further the graph must serve as a 
first order 
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ion mass to 
and devices are The differences in sector quadrupole mass spectra-

meters are outlined. Applications include both types of instruments. Qualitative as well as quantitative 
measurements in order to. obtain elemental or chemical information are are 
to illustrate how SIMS was used to study. the effect of on crystal diffusion during 
metal-semiconductor contact formation. epitaxy of quantum well structures and failure analysis in device 
fa brication. 

van dinamiese SIMS (sekondere-ioonmassaspektrometrie) en hul vir 
en -toestelle word Die verskille tusgen magnetiese en 

word uitgewys en toepassings van beide tipes instrumente word aangetoon. 
Kwalitatiewe sowel as kwantitatiewe metings wat elementere en chemieseinligting bied, word 
Voorbeelde word gegee am te iIIustreer hoe SIMS is om die effek van onsuiwerhede op kristalgroei. 
diffusie gedurende metaal-halfgeleierkontakvorming. van kwaritumputstrukture en 
in te bestudeer. ' 
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1. Introduction 
The development of semiconductor materials and 

very high sensitivity concentration depth 
Typical parameters for the three modes 

deviCe over the last few years has 
nr'r".,Q'rH" demands on surface and interface character

ization In most cases atomic sensitivities of 
per million to per billion are The 

information is either the distribution of 
interdiffusion and reaction of interfacial 

with high depth resolution and no spa-
tial resolution, or the actual structure of a device in a 
plane parallel to the where resolution 
is essential due to the small linewidths used in circuit 

or the need for surface lllliformity in devices such 
as photodetectors. 

Of all the availablecharaderization ",,~..uU"'iC'''O, 
ondary ion mass spectrometry (SIMS) has the 
of its incredible sensitivity 'for small concentra-

combined in some cases with a spatial resolution of 
less than 0.5 !Lm. Sensitivities down to 1014 (less 
than 10 p,p.b.) have been obtained with this 
[lJ. 

SIMS has three distinct modes of operation ~ 
and dynamic. In static SIMS the 

bombarded with a low energy, low 
which leaves surface 

the surface. By r~;telr-S(:an,mllg 
a fine focussed ion beam under static conditions across 
an area of surface and collecting the ions at 
each point, a chemical can be produced this is 
referred to as SIMS. SIMS uses 
flux oxygen or caesium ions to obtain a very 

se(:onda:ry ions. Since the surface is eroded very 

are in Table l. 
SIMS has been extensively reviewed in recent years, 

from a of viewpoints - 71, and a repeat of 
that information would serve purpose. Instead we 
will focus on of SIMS to .,...r'''''''.,....~ 

of semiconductor materials 
and device fabrication. 

2. Generations of SIMS machines 

Since the first construction of a double spectrometer for 
and mass in 1955 [8J, the 

eV~"flT)m"nt of SIMS instruments followed three distinct 
paths [9J. The mass . 
ate lateral resolution, utiliZes 
densities to perform trace a.l.l,,,"l."'" 

The utilizes a micro-focussed 
. mary ion beam of micrometer dimensions that is rastered 

Table 1 Modes of SIMS 

Analysis Current Beam Surface Data 
mode diameter lifetime format 

Static < lOnAcm",2 2-3 mm > Spectrum 

Imaging < lOnAcm-2 < 200nm < 103
5 

or maps 

> lOfLAcm- 2 > 5fLm < Is Cone. depth 
profiles 
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across the Lateral resolution is limited by the 
beam size. The ion approach ra-

diates the sample with .a broad beam of primary ions. 
lateral resolution is achieved forming an 

of the surface with the secondary and 
transmits this stigmatically the mass 
spectrometer. Because the ion beam erodes the surface, 
the analytical'front moves into the allowing an 
m_no'''''' analysis, or Lateral resolution is 

the ratio of the extraction field strength to the 
energy spread of the sputtered ions. Resolutions of 0.5 -
1.0 11m can be achieved. 

The detection of either 
lll'LJ<,l:"".:'" sector mass or mass ana-
lysers. The first commercial instruments were of the mag
netic sector type [9J. The more recent use 
quadrupole masS detection, due to a number of reasons: 

(b) 

Magnetic stray fields rule out combinations with 
other surface-sensitive techniques which involve 

electron spec-
1)hot(lel!~ct:ron spectrosco-

not been 
for the ~PT1"n""lV' 

" (c) Magnetic sector instruments suffer from memory ef-
fects, decreasing dynamic range 
in of the ion op-
tics. 

e d) ion analysis has up now been 
I>vi,,.",npi'v difficult with sector instruments. 

(e) the mass resolution of the 
is by far to that of the 
loss in 

In paper we will focus our attention on "nnii,r,,_ 

tiona of dynainic SIMS to semiconductors. The results 
were obtained a magnetic sector ARL ion micro-

mass (IMMA) [10] and a 
based SIMS LAB attached to the VG ESCALAB Mk II 
spectrometer. The instrumental have been 
described elsewhere - 14]. In the discussions that 
follow, the conditions are not 
in detail where reference is made to earlier 
work. 

3. Qualitative SIMS 
All elements from to uranium and combinations 

DOIlVI.I.Lornlcions or cluster ions) can be 
ions can be used for 

chemical once calibration standards has 
been done, while the cluster ions can be used for qual
itative identification of chemical compounds or for the 
study of chemical structures. 

In semiconductor devices the movement and location 
of dopants and the inertness or reaction over of 

It,,"rT1<,t;'H,. layered structures are of interest. 
Most of the time, the relative distribution of impurities 
or lattice atoms after different sample treatments (ion 

epitaxy, etching, etc.) is or more 
importance than the actual concentration 
levels. This is where the depth information 
with sensitivity in the to parts-per-

S.-Afr. Tydskr. Fis, 12 nr. 1 (1989) 

SIMS, is of the utmost 
examples from a 

of processes and encountered in 
Ut"'<::U};.>l:tl<::LlO of compound semiconductor materials 

of processes. 

3.1 Impurities in starting materials and their effect on 

the solid state 

conductive infra-red Ut!Lt!C;LVLO 

background levels in n-type material should be 
below 5 X 1014 to ensure photoconductive response 
of the device. In developing (HgCd)Te several 

may influence the of the grown mate-
such as quality of the 

gas or the quartz used for 
A series of SIMS on SSR-

grown (HgCd)Te material raw materials from sev-
sources and employing different types of quartz [15]. 

The was to jdentify elements that dominate 
the background After (to 
obtain bulk both 
spectra were The free carrier 'concentration 
in the sample was determined by Hall analysis A 
correlation between the carrier concentration the 
relative Cl was found. In 1 the average 
sSCl to count ratio is plotted as a function of the 
carrier concentration at 77 K. It was concluded that the 
source of the Cl contamination was' a combination of the 
Cd material and the silica as as the 

of the elemental starting material. 
ex,~mple ilh'J<bc:>t,.,,, a useful way of SIMS as 

a The question still remains: 
what is the total concentration of Cl This 
can be determined 
discussed later in the paper. 

3.2 Ohmic contacts 

Before a'semiconductor material can be used in a device 
application, or in order to electrically characterize it, a 
low resistance or ohmic contact has to be made. In con
tacting to the metal or metal 
alloy may react with any of the constituents 
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1 The eliTe count ratio in determined 
as a function of the free carrier concentration at 77 K. 
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compound, or diffuse into the crystal lattice. 
Indium has been used for contacts on (HgCd)-

Te. high carrier concentrations measured in 
the material using such contacts have led to the suspicion 
that indium diffuses into the materiaL SIMS 
of indium contacts on (HgCd)Te [16] showed 
indium contamination into the bulk of the material 
as well as laterally in remote from the contacts. 
A schematic .of the sample showing the different 

U1\OH1"<.1. as well as the SIMS indium 
are shown in Figure 2. 

The indium depth 
dium contact shows a di!)pl;ac€:m,~nt 
imum from the 
the nature of the contact as ox-
ides and other has been examined [17]. 
The condition of the surface after dean

a major role in the final distribution of the 
found. Chemo-mechanical polishing or etching, 

for yields Cd- and Te-rich surfaces "OQ~O"+; 
form on such a surface. When the indium 

is on top of this it reacts with the 
oxide and semiconductor present, and a layered 
structure is observed'with SIMS depth IHT"".'H, 

The oxide found to be present SIMS has 
"A~"C.!.J'l"U by a feasible model. 

is illustrated in 
plexity of the contact formation when indium is 
used. The oxides the of the 115In+ 

from the surface in I). 
Ohmic contacts for source and drain metallization for 

GaAs MESFETs are mostly based on AuGe and Ni. Al-
this contact is widely used, its behaviour 

with GaAs is not fully understood. One 
argues that Ge as a group IV element TO'~'~."'''Q 

Ga in'the sublattice of GaAs to form an n+ 
in this wayan olmiic contact is obtained. 

The effect of an interfacial layer of Ni between the 
AuGe and GaAs on the Ge distribution in the contacts 

schematic re]:)resent 

19]. 
where 

100 nm 
with a 

of the most dominant elements 
in certain These conclusions were supported 
by AES and Rutherford, back-scattering [20]. 
Without the mechanism of ohmic contact 
formation in thls we maintain that 
the second structure favours the formation of a lower 
resistance ohmic contact, since more Ge is present at the 
metal-GaAs interface. Transmission electron microscc>py 
studies have also out that low-resistance contacts 
are formed when a exists at the 
interface [21], a very likely situation in the with 
the interfacial Ni 

COllt3,ctS is one 
of the biggest and it is believed to 
be due to a thin oxide layer on the surface of the GaAs. In 
order to circumvent this it was proposed that ion 
beam mixing be used to the interfacial layer 
The morphology of contacts which have been 
to an ion step has shown great 
[23]. SIi11S and AES have been used to (Ni-AuGe) 

9c 

loS 

~ 
:::l 
0 
U 
u. 
0 
0:: 
W roo 
:2 
:::l 
Z 

10
3 

102 
0 2000 8000 

TIMEls) 

2 Schematic of on which 
profiles were done. The spots are 

numbered 1, 2 and 3. Hatched areas are contact areas. Shown 
are SIMS of In on indium contact 1), next to 
it , and remote from it . 

CdTe+ In 

Hg t Til species .. In 

(HgCdITe 

Figure 3 Prrmn."rI model for oxide formation on 
Te (from ref. 

contacts onto GaAs after argon ion 
implantations [24]. From the profiles obtain~d it 
follows that the ion step prior to "Wlll'<UWl!', 

enhances the interdiffusion of the metallization 

3.3 Quantum well structures 

tia,nd-Il;oL1J engineering in semiconductors is 
done by controlling the concentration of one 
ments in a ternary, or two elements in a quaternary 

A novel way of confining electrons to cer
is by introducing a new periodicity in the 

by very thin (a few atoms thick) 
of alternate composition or Two families of 
new semiconductors are quantum wells and superlattices. 

quantum well structures of alternating GaAs 
,,,,,.,,.,..,, •• '"IN GaAs well thicknesses as 

1 TIm, are being grown by MBE and OMVPE 
The of SIMS depth 

through these structures are limited atomic 
effects and non-uniform within the o..u'"",,.,<;;,", 

area due to inhomogeneous primary ion current density. 
It has been that for low energy ion bombard-

incidence of the beam, careful 
cluster ion detection and heavy 

bombarding reduce recoil mixing increase 
resolution [25,26]. 5 shows the SIMS depth 
of an OMVPE well structure vVA~"A".W'5 

of GaAs and Alo.3Gao.7As grown in 
our The AIGaAs thickness was 
constant at 60 nm, while the GaAs quantum well thick-
nesses were 2.5, 3.75, 5.0, 7.5, 10. 12.5 and 15 nm 

In this run a switching sequence 
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4 The SIMS depth profiles together with a schematic 
int,erpret.ati<m of the most dominant regions for a Ni-AuGe

and Ni-AuGe-Ni-GaAs contact system. 

was and p1j.uses in the 
varied in an attempt to calibrate 

The SIMS of the 
obtained a micr6-focussed !:)""",U.l", 

energy and 5 nA cm-2 beam current 

sequence were 
parameters. 
cluster ion was 

with 5 keY 

at 45", rastered over an area of 400 x 400 , with 
electronic gating of the from 20% of this 
area. The range between the maximum of the 
AlGaAs layer and the minimum of the GaAs varied 
from less than one order of for the 2.5-nm 
quantum well, to almost two orders of for the 
15-nm quantum well. 

It is clear that a sequence of AIGaAs, the 
GaAs well, AI-rich AIGaAs and AI· 
GaAs is obtained in the SIMS Comparison with 
cross-sectional TEM shows the AIGaAs and AI-rich Al
GaAs as the contrast, with the GaAs and n.,l-UU'Ul 

A1GaAs as the darker contrast. The power of 
other structural with SD15 to under-
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stand some of the features obtained is 
this eX<ill11:He. 

illustrated 

3.4 Failure analysis 
tlondmg failure on ISO-CMOS circuits has 
been with SIMS. It was found that wires 
that were bonded to aluminium bonding lifted off. 
In order to make them the bonding pressure had 
to be increased to such an. extent that the chips broke. 
It is well known [27] that 8i dissolves in when in 
direct contact, pitting or void formation under 
the contact, as well as of the AL Since this 
effect was suspected in this case, the amount of Si in the 
Al was determined with SIMS. 

A micro-focussed lO-keV Ga beam at 1 nA 
incident at 45°, and rastered over 60 x 60 nm2

, was used 
to for 27 Al and The amount of Si is eXlpressed 
as a percentage of the 27 Al not atomic %). 
A CMOS was taken as a since the Al is 
not in contact with poly-crystalline Si as in the case of 
the ISO-CMOS. The Al contained 1% Si. As 
illustrated in 6, no bonding nr,,, .. ,,,,..,,,,, occurred on 

less than 3% Si in above 3% 
bonds failed, above 6% all bonds 

It is believed that Al 
be achieved were hardened 
Si dissolved. The arose having. too thin a 
layer of Al For thicker Al vV'W"U'"'5 

the Si does not diffuse to the UV.LLUJ.HI', 

heat treatments. 

4. Quantitative SIMS 

The fundamental analytical 
of the 

is that 
ion flux 

to the composition of the analysed. Ionization' 
efficiencies vary over several orders of magnitude for dif-
ferent and likewise vary with the chemistry of 
the thus, ion often vary non-
linearly with concentration. Quantification of SIMS thus 

a set of standards for each new matrix to be 
Relative factors relating 

the sensitivity for a element to the major matrix 
are to be determined. The easiest way to prepare 

such is to implant known amounts of ions for 
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which RSFs are. required [28]. 
The correlation found between the relative Cl content 

in Hgo.aCdo.2Te determined by SIMS and the residual 
carrier concentrations determined Hall (see 
discussion on in materials and 
1) still needed quantitative numbers to determine the 
activation of The RSF for CI was determined 

a set of (HgCd)Te standards at differ-
pnp'l'''',PQ (200, 300 and 400 ke V) and a dose of 5 x 

now in atomic concen
tration, as a function of free carrier concentration. From 
the figure it follows that for the residual Cl impurities the 
activation is very low 3.1% and 15.7%) 
SSR growth. material used in this was 

[15], which is believed to be the reason for 
the low activation [J'" "'''Jl1Ld.!,>'''' 

5. Conclusion 

The broad range of elemental and chemical informa
tion obtained in semiconductor tec:hnolc,gy 
with SIMS has been demonstrated. The im-
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Figure 6 Schematic of CMOS and ISO-
CMOS devices, together the SIMS measurement of the 
Si signa.l as a peI'cerlta~~e of'the AI signal, from a number of 
bonding pads as lHUll<;C'"'''J. 
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7 Residual Cl impurities measured SIMS in 
as a function of the free carrier concentration 

mined by Hall at 77 K. 
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mense with the lateral resolu-
tion, makes SIMS in the,semiconductor charac-
terization environm.ent. New demands for smaller dimen· 
sions in device fabrication and enhanced in 

VJC,H\ .. ,",Vll structures will push improve-
ments in the limits of resolution and dynamic 
range. 

In nr,){l1H·t.l en,rironm,ents, SIMS forms a 'powerful 
in many processes. Since there are 

nrl>hlpIT'" with a based on a ~,.""th.r;n 
process, it is to combine it as far as 
possible with other surface and subsurface techniques. 
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ABSTRACT 
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Time-of-flight mass spectrometry (TOF-MS) employs relatively simple, inexpensive instruments with 

high sensitivity and virtually unlimited mass range. Commercial spectrometers have been available 

the 1960's. Applications were found in vaporization and analysis of coals, elemental 

isotope ratio measurements and multiphoton ionization processes of organic molecules. 

With the advent maltnx-aslnst(~d laser desorption (MALD) in 1988, molecular weights of biological 

maiCrOltIlOJleClUes such as proteins, carbohydrates and oligonucleotides, exc:eeQmg 300 kDa, have been 

Initial success with oligonucleotide mixtures has encouraged future contributions in mapping 

the human gen:om,e. 

",..r\ll ... '" ofth~ present status of the TOF-MStechnique will be given. Performance characteristics 

of locally designed and manufactured spectrometers will discussed. Examples in the 

desorption of metals, multiphoton ionization ofUF6 and matrix-assisted laser desorption of high mass 

proteins will be prese~ted. 

INTRODUCTION 

At the Atomic Energy Corporation of South Africa, time-of-flight mass spectrometry has been 

employed as a diagnostic tool in laser isotope enrichment of uranium. this established 

technology base, commercial 

available. 

...... ll'~LU" for analysis of solids and biopolymershave now become 

Time-of-flight Mass Spectrometry (TOF-MS) operates on the principle that a packet ofions of different 
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mass to charge (mlz) ratios is rapidly accelerated through a constant electrical field V to a fixed kinetic 

energy. The ions will posess individual velocities u, which are inversely proportional to the square root 

of the mlz ratio: 

Allowing the ions to traverse a fixed distance L to the detector, they disperse in time according to their 

m/z ratio, the lightest ions, having the highest velocity, reach the detector first. The time-of-flight is 

then given by 

TOF = £ = ~ £' . ~ M 
. U 2V Z 

To utilize this time-of-flight dispersion the ion packets must be pulsed into the flight tube. Each packet 

of ions detected yields a series of output pulses at various mass dependent arrival times within the TOF 

time scale, typically less than 1ms. Hence each packet or ionization event yields a complete mass 

spectrum. The mass range is limited only by the ability of heavy ions to be created from the sample, 

the time available for collection and the capability of the detector to detect them. 

TOF-MS has a high transmission capability and high sensitivity for single event monitoring. Since the 

ionization region is not confined by the presence of electric or magnetic sectors, the instrument can 

easily be interfaced to a whole range of analytical facilities. 

TOF-MS has the following advantages: 

Ideal where i0nization is pulsed/spatially confmed; 

Produces a complete mass spectrum of each ionization event; 

Has high transmission; 

Has low sample consumption; 

Virtually unlimited mass range; 

Easy mass calibration; 

Simple mechanical design; and 

Low cost. 



INSTRUMENTATION 

la is a diagram of a linear TOF

MS with a laser desorption ion source. 

initial is produced 

by a pulse oflaser light absorbed by the 

sample. ions are extracted and 

accelerated by the static electric field 
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LASER 

IONS I DETECTOR I 

HV GND GND 
lOns 

planar electrodes. The 

pass through a IH"'IU.-.Ll 

Fig. lea) Linear TOF mass spectrometer. 
and arrive at the front plane of 

the detector. acceleration voltages are typically 1-40kV (positive or negative polarity) and flight 

path from 0.1 to 3m. 

The perfonnance of a TOF mass spectrometer determined by its mass accuracy and mass resolution. 

Mass resolution 

R = m 
IJ.m 

IS a measure of an instrument's 

capability to produce separate signals 

LASER 

with masses. The BY GND 

practical limitations of the mass 

resolution are the ion production . 

time, initial velocity distribution and 
Fig. 1 (b) Reflectron 

the spatial extent of the ionized 
mass spectrometer. 

volume. Initial velocity distributions can be reduced by using a reflectron instrument as shown in 

Figure 1 b. In this instrument, an ion is placed in the flight path of the ion packets. This leads 

to increased mass resolution for all stable ions in the spectrum. 

desorption sources use pulsed lasers with pulse durations of less than 100 ns. UV lasers as well 

as IR lasers have been employed. The light is focused through a window into the mass 
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be detected, the ions produced be into electrons at a conversion electrode. 

electrons are then used to start the multiplication cascade an electron multiplier. 

,.,,, .. 'r,,,-.,,,,, used for conversion is either copper-beryllium or the lead glass surface of a micro channel 

plate. The transient signal produces by a shot can be viewed directly on an analog 

oscilloscope and a transient digital oscilloscope. Multiple shots are to improve the 

signal-to-noise ratio and the shapes, thereby of mass 

APPLICATIONS 

MLIS OF URANIUM 

The differences in isotopic mass of a particular atom a molecule attf~ct<; the frequencies of vibrations 

and rotations of a molecule and also its infrared absorption Spectral absorption 

lines of a low pressure are so that even a small isotopic shift allows selective excitation 
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2(a) LD of natural uranium. 
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chosen isotope by an appropriate infrared source. 

The isotopic enrichment of for power generation in llU .... ,i"'ru is the most economically 

important objective at Molecular Laser Isotope Separation of uranium is based on multiple 

photon isotope selective excitation of UF 6 vibrational by lasers. Excited UF6 

molecules are then radiated with iLU"iiL>'>'" 

UF 5' which precipitates as a solid. 

ofa wavelenght to induce dissociation to 

the is flow-cooled to populate the ground where isotope . m 

absorption spectra can be utilized to selectively excite the 235U isotope containing molecules. In-line 

.... .LU'VViL ..... ,""u. mass spectrometry is used to optimize irradiation parameters for optimum selectivity at 

acceptable cut quantities, while a separate desorption mass spectrometer can be used to analyse 

collected material. Figures and b show spectra for natural and enriched standards. The laser 

desorption spectrum uranium product shows distinct peaks for UO, 

species. ratio for 238:235 for U02 gives the natural ratio of 140:1. For enriched 

standard the increase in 235U can clearly seenm 2b. 
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2 (b) LD TOF-MS of an enriched uranium standard. 
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• n-.L • ..,., .... DESORPTION OF TIN 

The launched first commercial laser desorption TOF mass spectrometer August 1992. The 

mass spectrometer enables isotopic and elemental information to be determined from bulk solids, near

surface layers, as well as instruments consist of either a nitrogen (337nrn) laser or a 

Nd:YAG (1064,532, and 266nrn) laser. A '-'ll\J'!,-,,-, between a 1 and ene(~tlve length) 

reflectron spectrometer is available. 

1. 0 II""""""'-.,.......,.-~-r-"'T-.,.......,.-~-r-"'T-.,.......,.-~-r-"'T--.-.....,.-~-r-"'T--.-.....,.-""I""""" 
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TOF-MS of tin. 

Many of limitations of isotopic abundance measurements in mass spectrometers arise the . 

requirement that a complete mass spectrum should be obtained from a single ionization event. The 

TOF-MS is wen suited for this purpose. The reproducibility isotopic abundance ratios of 
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the same element is much better than the reproducibility of relative elemental abundancies. This is 

because inter-isotope effects in the ionization process are much less sensitive than inter-elemental 

effects to' variables such as laser power deposition. 

Isotopic analysis of tin was performed on a commercial solder containing -10% tin. Figure 3 shows 

a mass spectrum of the ten isotopes. The peak areas were measured. Table 1 gives a comparison of 

the natural isotopic abundances vs the laser desorption measurements. These values are in good 

agreement with the published values. 

Sn Natural LDTOF-MS 
(amu) isotopic measured 

abundance (%) 
(%) 

112 0.97 1.1 

114 0.65 0.7 

115 0.36 0.5 

116 14.5 14.5 

117 7.7 7.9 

118 24.2 24.4 

119 8.6 8.6 

120 32.6 32.5 

122 4.6 4.2 

124 5.8 5.6 

TABLE 1: Laser desorption TOF-MS measured values for the isotopic abundances of natural 

MALD OF PROTEINS 

In Matrix-Assisted Laser Desorption (MALD) a low concentration of analyte molecules is embedded 

in either a solid or a liquid matrix consisting of a small, highly absorbent species. The matrix therefore 
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retains the property of efficient and controllable energy while the molecules are spared 

from excessive that would lead to fragmentation. A laser pulse with irradiance causes 

the mixture of matrix and analyte molecules to gas transition. Suitable enhance 

quasi-molecular ion formation of the analyte molecules by proton transfer reactions in the gas phase. 

Figure 4a shows an MALD of horse Cyl)DCnrOnle C ~.LU.'-''-' with molecular mass 12360 

amu. doubly charged peak can be seen at 6280 amu. The sensitivity of the technique is shown 

In femtomoles ofHHCC could still be measured with ease. A resolution scan 

at 12360 is shown in 4c. A mass resolution of320 was measured. The mass accuracy can 

seen in 4d where a known mass standard bovine 

calibration. As a result 

0.03%. 
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CONCLUSION 

Time-of-flight mass spectrometry has been around for some time now and has been plagued by poor 

mass resolution and unreliable ionization sources. Recent improvements lasers, the introduction of 

the retlectron improved mass resolution and the advent of matrix -assisted laser desorption of 

proteins has established TOF-MS as an indispensable analytical tool. 
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Abstract. A continuously tunable 3-alm mixed isotope oscillator 
power (MOPA) chain Is developed for a molecular laser isotope 
separation pilot plant. The characteristics of this laser such as tunability, 
bandwidth, and output energy are reported. A closed loop gas flow sys
tem with a catalyst is employed and its performance is reported. 
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1 Introduction 

A continuously tunable laser was developed for a 
molecular laser isotope separation (MLIS) plant. MLIS uti
lizes the selective excitation of the 235UF6 isotope, I and for 
this plant, a continuously tunable TEA CO2 laser of 
VIJ<;HllHllo( at repetition rates of up to 50 Hz with an 
output energy of a few hundred millijoules per in the 
TEMoo mode was Furthermore, the bandwidth of 
the laser had to be less than 1 GHz. This system was to be 
used in with a l-atm TEA CO2 laser to produce 
16-J.Lm via a four-wave mixing process in a multi-
pass Raman cell. The Raman medium was parahydrogen 
cooled to liquid uu,.<vn ,,,, t~:mt)enlture. 

Continuous of a laser can be achieved by 
utilizing the pressure broadening of the lines.2 There 
are a number of technical problems associated with 

lasers. The most o~vious of these are (l) the 
voltages required, typicaUy 10 to 14 kV!cm aim; (2) the 

difficulty of obtaining a stable discharge; (3) the design and 
manutaclurillg of the (4) the pumping of the 

required to obtain a 
proportional 

and to build 
CO2 laser. The prob

continuous tunability at are· 

Paper SA-OOS received Jan. 17. 199~: revised manuscript reech'ed ~13r. 9. 1994; 
accepted for Mar. II. 199~. 
© 1994 of PhOlo·Op!icallns!rumemJ!ion Engineers. 0091.3~S6194/$6.00. 

duced pressure. One solution is to use an isotopic mixture of 
12C160 2, 12C180 2, and 12C180 160. and Javan3 

investigated such an isotopic 11U.<\.'''',' '" 
tunability at pressures of a half to a of that achieved 
with a single-isotope CO2 laser. A theoretical investigation 
of a mixed isotope CO2 laser was conducted by Shimada et 

4 and predicted that continuous tunability could be 
achieved at 4 atm. The an asymmetric 
such as CI60 180 is that it possesses both odd and even ro
tational thus doubling the number of laser lines avail
able. Therefore it can be that continuous tunability 
with this molecule could be achieved at a than 
with a symmetric CO2 molecule. The calculated relative 
as a function of wavelength of a 4-atm isotopic mixture and 
an 8-atm single-isotope gas are shown in 1. isotopic 
mixture was 25% C 180 2, 50% and 25% C H10 2. 
The reason for this mixture was that the cost 
of the isotopic gas the use of a closed-loop gas 
flow with a catalyst. It was expected that if one started 
with an isotopic mixture of 50% C 160 2 and 50% C 180 2, after 
many cycles of dissociation and recombination the mentioned 
equilibrium mixture would be reached. 

The characteristics of a mixed 
lator power amplifier (MOPA) chain The MOPA 
chain consists of an oscillator and one amplifier with a closed
loop gas flow system and a 

2 

Excimer lasers were converted to high-pressure CO2 lasers 
new electrodes with a different profile. 

OPT1CAL ENGINEERING I September 19941 Vol. 33 No. 9/2861 
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Fig. 2 Configuration 01 the MOPA chain. Also shown is the wave
length measurement configuration. 

Because of restrictions on the power supply voltage, the elec
trode spacing was changed from 25 to 12 mm. The electrode 
length of both is approximately 900 mm. The energy loading 
into the gas is approximately 150 In atm. To ensure the 

output energy the amplifier was double Be-
cause the electrode spacing was too small to enable the use 

. of a geometric double-pass scheme, a thin film polarizer and 
a Fresnel rhombus were employed. This allowed the first pass 
to be polarized in one direction and the pass in the 
other orthogonal direction. The configuration is shown dia
grammatically in Fig. 2. 

Narrow bandwidth was achieved with a threecmirror res
onator and a 150 lines/mm grating in a near-grazing
incidence configuration. A partial reflector was installed to 
increase the effective reflectivity of the grating. The reflec-
tivity of the combination as a function of fre- . 
quency is given in 3. An variable aperture 
was installed to ensure TEMoo mode operation. Wavelength 
measurement was done with a l.5-m Cerny-Turner mono
chromator with a 150 lines/mm grating. A cw cO2 laser with 
'''.'''''''"nath stabilization a reference wavelength by 

with the zero order of the grazing in
cidence (see Fig. 2). This ensured that the wavelength 
of the pulsed laser could be monitored continuously without 
disturbing its output. 
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Fig. 3 Calculated wavelength-dependent reflectivity of the 
incidence grating/mirror combination. 

Bandwidth measurements were done with a Ge wedged 
etalon in combination with a pyroelectric an-ay detector. This 
was used because the bandwidth of individual pulses was of 
int,,,,.;>o' thus a scanning technique was not suitable. The tech
nique was similar to that described by Izatt et a1.5 The in
strument function of the wedge etalonJpyroelectric array 
comtlimlticln was 405 MHz, as measured with a cw laser. 
The measured laser bandwidth wasdeconvoluted with this 
value. The bandwidth of the laser pulse could be determined 
accurately to within 60 MHz. 

Beam measurements were carried out by a mod-
ified scanning slit method and a second-order least-squares 
fit of the second-order moment of the beam. This fit was used 
to estimate the M2 value of the beam. The beam was scanned 
with a slit size between 0.3 and 0.6 mm. A software knife 

was then used with 10 and 90% levels. The method 
to that by Van et a1.o 

Because of the cost of the CO2, a c1osed-
loop gas fl ow with a catalyst was necessary. A 
was installed and the gas was circulated with a diaphragm 
type Flow rates of more than 1.5 lis could be 
achieved. recover the isotopic gas a cold trap was installed 
in the flow loop. This cold trap could be filled with liquid 
nitrogen to freeze trap the CO2 in the laser gas mixture. 

3 Results and Discussion 

The wavelength region important for the MLIS process is 
between two lower lO-).Lm R lines of C'OOZ' and thus 
the tuning measurements were done in this region. With the 

in a Littrow arrangement, strong gain pulling to either 
lines was observed. When the resonator configuration 

was changed to a in incidence with a 
third mirror (see however, between the 
lines could be achieved. Because wavelength measurements 
were done on a continuous basis using the zero order of the 

incidence grating, tuning linearity was not important. 
was, however, important to reach the correct wavelength 

for MLIS, and this was achieved. The tuning achieved be
tween these R lines is shown in Fig. 4. Gain pulling to both 
the CI60 2 lines and an R line ofC l60 180 can be seen. 

Bandwidth measurements were made the 
etalon/pyroelectric array combination, as described in the 
previous section. The bandwidth measurements were made 
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with the grating adjusted so that lasing occurred between R 
lines. The statistical distribution of bandwidths obtained is 

in 5. The bandwidth varied between 700 MHz and 
1.1 GHz. mean value was between 800 and 900 MHz. 
The mode spacingofthls laser was 90 MHz, thus, on average, 
between 8 and 10 modes were simultaneously. Mode 
discrimination analysis has shown a 10% rliffp.r,p:nc·p. 

reflectivity between two modes with the same 
enough to ensure sufficient mode discrimination.7 

..... ~.vp."'5 
this in and considering 3, it seemed 
bandwidth of this laser would be l~ss than 1.9 GHz. Hl1,U'f""pr 

with this isotopic mixture at a pressure of 3 atm, the gains 
of the modes are not the same, and the active band
width would be less than that of a lO-atm laser. Dyer 
and Raoufs measured a bandwidth of approximately 1.3 GHz 
with a incidence setup with the grating at an incidence 
angle measurement was made with a 10-
atm single-isotope laser. 

The of the catalyst is illustrated in 6. 
The repetition rate was 20 Hz and the pressure 3 atm. 
The energy dropped to 80% of its starting value within 20 
min and it was kept constant at this value for a period of 180 
min, thus approximately 2.2x lOS pulses, at which the 
test was terminated. Mass of the gas 
showed that the O2 and concentrations were kept at less 
than 0.5% for this period time. Pulse repetition rates of 

to 100 Hz were achieved. It was expected that if the starting 
of the CO2 gas mixture were 50% Cl60 2 and 50% 

C 180 2, then after many of dissociation and recombi-
nation an equilibrium qf 25% C160 2, 25% C 180 2, 

and 50%C160180 would be reached, as was reported by 
Gibson, Boyer, and Javan.3 However, the equilibrium mix
ture that was reached in our laser as measured by mass spec
trometry was 33.3% C 160 2, 33.3% C180 2, and 33.3% 
C 16

01
80. This is a surprising result because a statistical anal

ysis of the dissociation and recombination reaction suggested 
that the 25, 25, 50% equilibrium mixture should be reached. 
It is possible that a different reaction scheme is involved in 
our laserlcatalyst combination, i.e., isotopic with 
the catalyst. 

The maximum output energy of the oscillator on the re
quired wavelength was more than 150 mJ, and this was in
creased to more than 450 mJ after a double pass through the 
amplifier. The output energy of the oscillator was kept below 
100 m] to prevent to the intracavity It was 
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Fig. 5 Statistical distribution 01 the laser bandwidth as measured 
with a wedge e!alon. 

360r4~-y-r~,-~,-~~~-T-r~.-~~~ 

324 

108 

72 

36 
O~~~~~~-k~~~~~~~~~~~ 

o 18 36 54 72 90 1 08 1 26 1 44 1 62 1 80 
TIme (min) 

Fig. 6 Performance 01 the MOPA chain with a catalyst in the closed-
loop flow system. . 

found that the insertion of the third mirror into the resonator 
increased the output by up to 40%. This is consistent 
with the results obtained Deka and Zhu.9 The Nfl value 
of the oscillator output beam was less than 1.3. The half width 
of the pulse was 220 ns with a 20" time jitter of lOOns. Four-
wave in the mUltipass Raman cell that the 
output of this continuously laser and that of 
a line-tunable 1-atm TE laser overlap in and time. The 
pulse width of the I-atm laser was 65 ns. the jitter 
of the isotope laser was 100 ns, its pulse width 0[220 ns 
was advantageous; space and time overlap with the I-atm 
laser pulse could still be obtained. This meant that the output 
16-lLm energy of both lasers was reasonably stable and fluc
tuated by approximately 50%, instead of the 100% if the 
isotope laser pulse was as short as the pump pulse. 

The energy as measured through a monochromator 
as a of the supply high voltage is shown in 

7(a) and 7(b). grating on the laser was set at a 
position between the R 30 and R 32 lines. As can be seen, 
the energy increases linearly as a function of voltage until 
approximately 29.7 kV for a 35% reflective partial reflector. 
At this a parasite, lasing from the partial ap
pears. This parasite was measured to be on the 9 R 24 line. 
This parasitic behavior was explained in a 
cation by Botha et al.1 Increasing the partial reflector 
tivity causes a decrease in this maximum voltage. 

OPTICAL September 19941 Vol. 33 No. 9/2863 
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The same as in (a) but with the grating set 10 the 
24 line. 

4 Conclusion 

A tunable CO2 MOP A chain was developed for 
an MLIS pilot plant. This system has been in operation for 
more than a year and was in producing macro-

quantities of enriched. uranium. that are 
development are increasing the repetItIon rate to 

200 Hz and installing an automatic wavelength control sys
tem on the oscillator. 
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ABSTRACT 

A series of molecular laser isotope separation (MLlS) enriched uranium product has 

been investigated by laser desorption time-of-flight mass spectrometry (LD

TOFMS) and secondary ion mass spectrometry (SIMS). The uranium oxy-fluoride 

species, resulting from exposure to air, yielded peaks, from which the uranium 

isotopic distribution and enrichment factors could directly be determined. The 

potential of LD-TOFMS and SIMS for the analysis of enriched uranium is shown 

for products that contain different isotopic abundances of uranium. 

INTRODUCTION 

The methods of choice for measuring the isotopic abundances of uranium compounds are 

glow discharge mass spectrometry (GDMS), spark source mass spectrometry (SSMS) 

and/or thermal ionization mass spectrometry (TlMS). Problems arise, however, if the 

in the form of thin, nonhomogeneous layers, deposited on sample slides. We 

report here on the successful characterization of enriched solid uranium fluorides by laser 

desorption time-of-flight mass spectrometry (LD-TOFMS) and secondary ion mass 

spectrometry (SIMS). 

At the Atomic Energy Corporation of South Africa, the commercial enrichment of 235U by 

Molecular Isotope Separation (MLlS) of uranium is researched [1]. This technique 

is based on mUlti-ph 0 ton isotope selective excitation of UF6 vibrational levels by resonant 

IR lasers, followed by subsequent dissociation by further non-resonant IR irradiation. The 

597 



dissociated product has an extremely low vapour pressure andprecipitate from the 

process gas mixture in the form of solid dust. 

An in-line time-of-flight mass spectrometer (TOFMS) was developed to optimize 

irradiation parameters with regards to high isotopic selectivity and acceptable cut 

quantities TOFMS has a high transmission capability and high sensitivity for single 

. event monitoring, ideally suited for pulsed IR radiation of UF6• Since the ionization region 

is not confined by the presence of electric or magnetic sectors, the instrument can easily 

be interfaced to a whole range of analytical facilities. From this established technology 

base, commercial instruments for analysis of solids and biopolymers have now become 

available [3J. These successes stimulated the investigation of the solid UF5 product with 

LD-TOFMS when GDMS and SSMS failed to measure small sample quantities. SIMS 

analysis, known for mass analysis of surfaces and near-surfaces [4], were carried out to 

cross check LD-TOFMS measurements. 

EXPERIMENTAL 

MLIS setup 

I 

plus a carrier gas is flow-cooled via adiabatic expansion through a narrow slit [51. 

At 100 Kelvin approximately 30% of the ground state is populated, where isotope 

differences in absorption spectra can be used for excitation of the 235U isotope 

containing UF6 molecules. 235UF6 is selectively excited by tunable 16 Jim laser energy 

obtained from a Raman shifted CO2 

235 UF
6 

+ 238 UF,6 + carrier gas 235UF* 
. 6 (1) 

The excited species is further excited by a second 16 Jim laser and finally dissociated 

by a 10.6 Jim CO2 laser 

235 UF6* + photons => 235 +F (2) 
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The fluorine radical is removed by a suitable scavenger. For the col/ection of macroscopic 

quantities of enriched UF5 a pilot plant containing line-tuned CO2 lasers was constructed 

and has been in operation for more than five years (see Figure 1). Enriched product was 

collected on polished metal sample slides (3x3 mm2),situated directly under the slit. The 

sample slides were removed for LD-TOFMS and SIMS analysis. 

LDw TOFMS Instrumental 

The laser desorption time-of-flight mass spectrometer used, was a Wiley-McLaren-type 

[6J linear instrument with a 1.2 m flight tube. The sample slides were mounted onto a 

5 mm diameter stainless-steel probe with conducting carbon adhesive. The probe design 

is such that when inserted into the mass spectrometer, it was aligned to produce a 

homogeneous acceleration field. Laser desorbed ions were accelerated in two stages with 

total acceleration voltage of up to ± k V. Ions were detected with a micro-channel 

plate detector combined with a venetian blind electron multiplier in order to achieve the 

required sensitivity and dynamic range. 

A pulsed UV laser (N2) of 337 nm. wavelength, 1.4 mJ energy per pulse and 600 ps pulse 

width type LN 1 000 (Laser Photonics) was used for ion desorption. The laser beam was 

focused (focal length 25 em) onto target surface at a 75° angle of incidence. The oval 

spot illuminated on the target had the approximate dimensions of O.Bx3 mm2
• The output 

of the was attenuated with a combination of neutral density filters of different 

transmissions, to achieve appropriate desorption rates. 

The start time for ,the data system was determined by the laser pulse, the trigger being 

obtained from a beam splitter and a fast UV-grade silicon pin detector. The spectra were 

accumulated on a digitizing oscilloscope with a MHz bandwidth, 1 GSa/s sample 

and a time resolution as low as 1 ns. Data were 'read from the oscilloscope using a 386 

IBM compatible computer via a interface with custom software. 
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SIMS Instrumental 

The secondary ion mass spectrometry analysis was conducted the CSIR, Pretoria, on 

a commercial Vacuum Generators ESCALAB Mk.1I {7J, fitted with a 0-800 amu 

quadrupole mass spectrometer, and a MIG 100 liquid metal ion source. The primary ions 

(2000 A beam spot were accelerated at 10 ke V an angle of off the sample 

surface normal and rastered over a target area of 300x300 Jim2. The beam intensity was 

kept below 2 nA/cm2 to enable slow sputtering rates. 

RESUL TS AND DISCUSSION 

Two samples of known isotopic abundances (0.68% and 0% enriched 235U) were 

prepared fOf SIMS and LD-TOFMS analysis. Sample slides were positioned inside a gas 

cell, filled with UF6 gas (of known enrichment), and lettIor 60 minutes to allow for UFy 

product deposition. The sample slides were removed for SIMS and LD-TOFMS analysis. 

SIMS and LD-TOFMS spectra obtained for the 0.68% enriched 235U, are shown in figures 

2 and 3 respectively. Uranium oxide and fluoride species can clearly seen. The oxide 

species originate from exposure to air. Fragmentation these UOx and UFyproducts to 

UI' UO, UF, U021' UOF, UF21' U02F, UOF2, and UF3 species, were found for both SIMS and 

LD-TOFMS analysis. For SIMS the isotopic abundances for 235U and 238U can directly be 

obtained from measurements of the peak areas at 235 and 238 Dalton. For LD-TOFMS, 

however, these peaks could hardly be seen due to the "softer" laser desorption. For these 

analyses, the correct isotopic abundances were obtained using the corresponding 

uraniumdioxide ions 235U02 + and 238U02 + at 267 and 270. The measured 235 and 238 

peak areas were normalised to 100%, to obtain the respective isotopic abundances. The 

SIMS and LD-TOFMS values for the two samples are compared in table 1. 
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23SU Standard SIMS LD-TOFMS 

% % % error % % error 

0.68 0.77 13.2 0.74 8.8 

2.00 1.93 3.5 1.91 4.5 

TABLE 1. SIMS and LD-TOFMS measured values for different enriched 

samples. 

For both SIMS and LD-TOFMS the of low concentration measurements are 

relatively poor. This not unexpected since the 235/238 ratio about 1:140; For the 

2% enriched 235U sample the accuracy of measurements improved dramatically to better 

than 5%. This error margin is more than sufficient as it will be shown that the variations 

in concentration in the MLIS samples could be as high as 50%. 

next step was the analysis of MLIS sample slides. Enrichment experiments were 

carried out over three hour periods with laser pulse widths of -50 ns at a repetition rate 

of 5 Hz. Because of this low duty cycle only small amounts of UFs product were formed. 

The dissociated UFsmolecules stick to each other to form dimers that precipitate from 

the UF6 gas flow. As a result of the gas phase crystal growth the product does not 

deposit as homogeneous layers, but rather in the form of random island growth, resulting 

in severe compositional changes from one spot to another. 

Nuclear power plants use uranium, enriched to 3.5 - 4.2% of the isotope. The single 

step enrichment of from the natural O. 71 to this reactor-grade, is important for a 

molecular laser isotope separation plant to be economically viable. The enrichment factor, 

Q', between the product and feed, is defined as follows: 

(l = r 235 UI 238 Ul 
'feed 

(3) 

If no enrichment took place the value for Q' one. Single-step enrichment for reactor

grade material, on the other hand, require alphas of between five and six. Natural feed 

material containing 0.71 % 235U and 99.29% 238U was used for these measurements. 
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dividing the LD-TOFMS and SIMS measured 235/238 ratios by 0.71/99.29, 

gave direct measurement of the enrichment alphas. Figure 4-5 shows respectively LD

TOFMS and SIMS measured alphas for consecutive measurements at different positions 

on a sample slide. TOFMS measurement correspond to 16 laser shots (::{ 1 min), 

whilst the SIMS measurements were obtained from scanning from mass to 240 

3 min}. The variation in alpha from one measurement to the next in some cases 

-50 %, which is much higher than the 5-10% error anticipated. This variation not as 

a result of a variance in enrichment but because of the irregular deposition of the solid 

uranium product. The low duty cycle of radiation combined with the continuous flow of 

UF6 gas over the sample slides would result in the adsorption of un enriched UF6 on the 

porous sample layers. An important feature of the depth profile analysis orthe deposited 

sample is the final measurement of the alpha of one, corresponding, to natural uranium. 

The reason that un enriched UF6 gas flows over the sample slides for ..;., 15 minutes 

before laser radiation commences, during which time adsorption of unenriched UF6 

material takes place. This provides for an internal check in each spot analysed. It should 

be noted that other MS techniques, requiring the removal of all products from the sample 

disk, would only give the (lower) average alpha value of all deposits. 

The potential of LD-TOFMS and SIMS for the analysis of enriched uranium was 

demonstrated. A verage values for enrichment alphas can easily be obtained, proving 

single-step enrichment capability of MLlS.With higher duty cycles and an increase of 

uranium throughput, even better accl)racy in measurements would be possible. The 

greater number of measurements obtained from the thin solid deposit by LD-TOFMS as 

compared to the SIMS, reflects the well-known TOF advantage of enhanced sensitivity 

by simultaneous detection of all ions originating from the desorption process. 
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