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A b s tra c t

Tw o low energy pos itron  beams have been designed, b u ilt  and the ir 

perform ance characteristics evaluated. B o th  are m agnetica lly guided systems 

using a com bination  o f a solenoid and H elm holtz coils. Slow positrons are 

produced by the m oderation  o f fast positrons, from  a ^^Na source, in  annealed 

po lycrys ta lline  tungsten mesh w ith  efficiencies greater than  2 x 10"^. The 

o rig ina l beam, b u ilt  to  h igh vacuum specifications, has been incorporated in to  

a fu lly  autom ated m icrocom puter contro lled Doppler-broadening spectrometer 

system. The newer beam line is b u ilt ,to  U H V  specifications, in to  a liqu id  he lium  

cryostat. I t  also has a ve rtica l geometry m aking the whole system fa r more 

versatile and allow ing the s tudy o f liq u id  surfaces.

Doppler-broadening analysis has been applied to  measurements taken using 

bo th  beams applied to  pure metals (M o and Ga). A  two-state model 

incorpora ting  d iffusion o f therm al positrons back to  the surface has been found 

to  be inadequate at low incident pos itron  energies. In  th is  regime ep itherm al 

positron  and pos itron ium  emission is s ign ificant. A  model o f simple back- 

scattering o f ep itherm al positrons was found to  be successful in  f it t in g  the 

experim enta l lineshape parameters.

B o th  fast and slow positron  techniques have been applied to  the s tudy o f ine rt 

gas precip ita tes in  metals. Using conventional methods a detailed Doppler- 

broadening s tudy has been carried out on the anealing o f bu lk  Cu samples 

conta in ing 3 atom ic % K r  in  the fo rm  o f a high concentration o f solid precipita tes 

at 300K. M e ltin g  o f the K r  and bubble grow th  are clearly seen. Deconvolution 

o f the a nn ih ila tion  lineshape indicates th a t positrons are trapped at the C u -K r 

interface.

Slow positrons have been used to  profile  the defect d is tr ib u tio n  o f M o 

im planted w ith  a high dose o f K r  ions. Using the sim plest model o f a step- 

function  d is tr ib u tio n  there is reasonable agreement w ith  the expected K r  profile.
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C h a p te r  1 Positrons in  Solids and a t Surfaces

1.1 Introduction

The positron  and the electron are anti-partic les o f each other and the fina l 

event o f the ir meeting is th e ir m u tua l a nn ih ila tion  to  produce gamma-rays. A ll 

too often th is  is taken as the s ta rting  po in t in  a discussion o f the behaviour of 

positrons in  solids. As the firs t h a lf o f th is  thesis concerns the p roduction  o f slow 

positron  beams by extracting  therm alised positrons from  solids, a nn ih ila tion  has 

been deferred u n til a fter a ll o ther pos itron  in teractions.

The pos itron  is a lig h t ferm ion w ith  the same rest mass as the electron, 

511 ke V /c^ , and opposite charge +e. I t  has the same in trin s ic  spin, 1 /2 , 

and the same magnetic m om ent ge/2meC (B rand t 1983). The Pau li exclusion 

p rinc ip le  does not app ly fo r the two particles in  a positron-e lectron  system, ie 

<  '0 + ( r ) |^ _ ( r )  > 7  ̂ 0 in  general.

A lthough  a nn ih ila tion  is a quantum  phenomenon arising d ire c tly  from  the 

same form a lism  by which D irac (1930) predicted the existence o f the positron  

fo r most purposes the pos itron  can be treated as a lig h t classical partic le . I t  has 

a characteristic range in  solids, i t  loses energy by collisions u n til i t  is in  therm al 

e qu ilib r ium  w ith  its surroundings and its m o tion  can be though t o f as d iffusion. 

In  a low energy pos itron  beam line the pos itron  has a defin ite  tra jec to ry  and a 

k ine tic  energy |m v ^ .

M any other aspects o f positron  physics, however, cannot be though t of 

in classical term s, eg the fo rm a tion  o f the positron-e lectron bound state 

(pos itron ium ), the ca lcu lation o f ann ih ila tion  and trapp ing  rates or emission of 

the rm a l positrons from  surfaces. Some o f the classical descriptions o f positron 

behaviour in  solids are on ly possible because of the scarcity o f positrons in  

nature. The p ic ture  o f a classical partic le  d iffusing in  a solid la ttice  is applicable



p a rtly  because there is only one positron  in the system and it  is therefore most 

p robab ly  in  the lowest state o f a conduction band. As positrons survive typ ica lly  

seconds in  m a tte r a source of in tens ity  10 G Bq (3Ci) w ou ld  be needed 

fo r more than  one positron  to  be in  the sample at any one tim e. M ost sources 

are more than  a facto r o f 30 000 weaker than  th is.

1.2 P ro d u c t io n  o f  P o s itro n s

Positrons are produced in  two ways, e ither by pa ir p roduction  or from  the 

/?"*■ decay of rad iaoctive nuclei. The form er has only lim ite d  applications, 

specifically in  linac based fac ilities where electron brem sstrahlung is used to 

generate the p rim a ry  positrons fo r intense pulsed beams. There are more than 

200 pos itron  e m ittin g  isotopes b u t only a handfu l o f these are useful. Mackenzie 

(1983) has listed 13 b u t generally only four are in  common use. These are ^^Na, 

^®Co, ®^Cu and ®®Ge. The others being excluded because o f h igh p roduction  

costs or extrem ely short h a lf lives.

O f the m ain fou r sources copper has the shortest h a lf life  (12.8 hours) b u t th is 

is offset by its ease o f p roduction  by neutron irra d ia tio n  o f ®^Cu. I t  also is the 

on ly one o f these not to  produce a fiduc ia l gamma ray and so is not generally 

useful fo r t im in g  measurements. For most purposes, except where in tens ity  is 

required, the longer lived ^^Na is the most useful. I t  has a h a lf life o f 2.6 years 

and can be deposited d irec tly  onto a sample from  so lu tion.

1.3 P o s it r o n  In te ra c t io n s  w i t h  C o n d e n se d  M a t t e r

Positrons em itted  in  the beta decay o f rad iaoctive nuclei have a typ ica l 

beta spectrum  w ith  an endpoint energy of the order o f IM e V , for ^^Na 

Emax =  0.54MeV. The a ttenua tion  o f beta rad ia tion  is well described on a 

macroscopic scale by an exponentia l law (N iem inen 1983). The stopping profile



fo r monoenergetic positrons is somewhat d ifferent (Chap. 6). B ra nd t &  Pau lin  

(1977) have calculated the pro file  from  the a ttenua tion  o f positrons from  ®^Cu 

(Em ax=0.65M eV) to  be P [z )  =  exp(—az) where

a = 1.43
m a xE ,„ „ „

Emax is measured in  M eV, p is the m ateria l density and C =  16 ±  1 cm ^/g .

Fast positrons entering a m ateria l ra p id ly  lose energy in  electron collisions 

down to  ep itherm a l energies (a few eV). A fte r w hich any o f the scenarios 

ind icated in  figure 1.1 can occur (M ills  1983). A n  ep itherm al pos itron  can 

scatter back th rough  the surface to  be em itted  as a free pos itron  or pos itron ium . 

A  pos itron  can continue to  lose energy by phonon scattering u n t il i t  is in  therm al 

e qu ilib r ium  w ith  the la ttice . Therm a l positrons can diffuse deeper in to  the 

m ateria l where they eventually ann ih ila te  w ith  electrons or back to  the surface. 

Slow positrons reaching the surface can e ither be trapped in  a surface state or be 

reem itted  as free positrons or pos itron ium . Some o f the inc ident fast positrons 

w il l also be backscattered as ind icated by the d iffrac tion  channel marked on the 

figure.

1.3.1 P ositrons in Solids

Therm a l positrons are essentially free in  a perfect la ttice . The repulsive 

ion cores effectively produce a periodic po ten tia l centred between the la ttice  

sites (fig. 1.2). The solutions to  the Schrodinger equation w ith  the boundary 

conditions th a t 0  =  0 at the la ttic  sites and =  0 at the W igner-Seitz cell 

boundary are B loch waves w ith  wave-numbers equal to  the reciprocal la ttice  

vectors. To p u t i t  s im p ly the positron  wave-function is an in fin ite  plane wave 

w ith  half-wavelength equal to  the la ttice  spacing. Because o f th is  quantum  

effect the classical pos itron  d iffusing in a solid w ith  a k ine tic  energy o f | k T  

has a zero-point po ten tia l energy E q above the vacuum  level. T h is  is one of



the co n tribu tin g  factors in  the emission o f slow positrons from  m ateria ls w ith  

negative pos itron  w orkfunctions (Chap. 2).

I f  one o f the la ttice  atoms is m issing then there is a much deeper effective 

po ten tia l (fig. 1.2) w h ich  acts as a very strong tra p  fo r the positron . Th is 

is true  not on ly fo r single vacancies b u t fo r a ll open-volum e defects. As 

w ill be discussed la ter (Chap. 5) the characteristics o f the positron-e lectron 

a nn ih ila tion  rad ia tion  d iffe r fo r a localised pos itron  w ith  respect to  a delocalised 

one. Consequently one o f the greatest strengths o f the pos itron  ann ih ila tion  

technique is the s tudy of defect behaviour in  solids.

A  pos itron  localised w ith in  a trap  w il l have a sign ificant m om entum  compared 

to  the the rm a l energies (40meV at 300K). Th is is essentially as a resu lt o f the 

Heisenberg unce rta in ty  p rinc ip le  A p A x  An h. For monovacancies th is  zero-point 

m otion  can be sign ificant. Rice-Evans et al (1981) report a zero-point k ine tic  

energy o f 0.4eV for positrons trapped at the rm a lly  produced vacancies in Cd 

at 574K, a facto r o f 5 greater than  the the rm a l energy.

The sens itiv ity  o f pos itron  techniques to  the grow th  or in tro du c tio n  o f 

mechanical defects depends quite obviously on how long the pos itron  would 

exist in  the perfect la ttice  and the p ro b a b ility  o f capture by a single defect. 

Th is  p ro b a b ility  is expressed as the defect specific tra pp in g  rate p  which is 

essentially governed by the size o f the trap  and the m o b ility  o f the positron  

(West 1974);

p, — 47rZ)_|_ro

where ro is a tra p  radius. is the positron  d iffusion coefficient, a measure of 

the distance a positron  w ill diffuse before ann ih ila tion . For a bu lk  (perfect 

la ttice) decay rate A, th is distance is given by L_|_ =  y /X D ^ .  Then the 

to ta l trapp ing  rate for a ll defect species is k. =  where C{ are the

concentrations. The p ro b a b ility  fo r the pos itron  to  ann ih ila te  w h ile  trapped at 

any single type of defect is then p iC i l [X  +  ac).

10
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Positron in teractions at a surface. From  M ills  (1983),
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Figure 1.2

Potentials on a positron  in  a solid showing the effect o f a m issing ion core. The 

wavefunction refers to  the undefected la ttice.
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C h a p te r  2 Slow P o s itro n  B eam s

2.1 Introduction

Over the last decade slow positron  beams have ra p id ly  become established 

as invaluable tools in  bo th  atom ic and solid state physics (Dupasqiuer &  Zecca 

1985). The earliest systems, and most o f those s t il l in  use, were m agnetica lly 

guided systems w ith  no focussing. The latest systems are e lectrostatic systems 

w ith  several stages o f rem oderation achieving spot sizes in  the m icron  range. 

The pos itron  m icroprobe is only a few years away. Canter et al (1987) have 

already succesfully raster scanned a 7 /im  beam to  produce an a nn ih ila tion  count 

rate ‘ image’ o f a 40p m  mesh.

W ith  on ly an occasional excursion in to  pure ly  e lectrostatic decelleration 

(Lohnert &  Schneider 1971) a ll slow positron  beams have relied on the use 

o f a m oderator to  produce low energy positrons w ith  a narrow  energy w id th . 

From  the firs t fast-slow coversion efficiencies o f 10~® (C herry 1958) m oderator 

techniques have now been refined to  achieve m oderator efRcencies quotable in 

fractions o f a percent.

H igh in tens ity  linac based beams are available producing pulses o f 10^ slow 

positrons to  a to ta l flu x  in  excess o f 10® s“  ̂ (eg D ahm  et al 1987) In  these 

systems the source of energetic positrons is pa ir p roduction  from  electron 

Brem sstrahlung in  a heavy m etal target (usually tungsten).

2.2 M oderation  o f P ositrons

A  m oderator is any m ateria l which reemits positrons w ith  energies o f a few 

eV. There are basically two modes o f emission from  a surface, e ither the m ateria l 

has a negative positron  w orkfunction  0 +  or ep itherm al positrons w ith  energies

13



below the electron band gap energy Eg can scatter e lastica lly th rough  the 

surface. Em ission is on ly the firs t p a rt o f the problem , methods o f getting  

the positrons to  ex it surface o f the m oderator need also to  be considered

2.2.1 W orkfunction E m ission

W hen fast positrons enter a m etal they are ra p id ly  therm alised to  the ir lowest 

energy state, an essentially free B loch wave w ith  a zero-point energy E q re la tive 

to  the period ic la ttice  (figure 2.1). Th is w ould be the same fo r an add itiona l 

electron occupying a conduction band.

A d d itio n a lly  the extension of the electron wave-functions beyond the m etal 

la ttice  leads to  a surface dipole D w ith  the effect o f a ttra c tin g  electrons in to  

and repelling positrons from  the bu lk . Considering only these two terms the 

pos itron  w ork function  is d irec tly  analogous to  the electron w ork function . 

However a th ird  te rm  needs to  be in troduced to  account fo r the corre la tion  

between the pos itron  and the electron cloud. A t low electron densities th is 

corre la tion  energy Ecorr approaches the pos itron ium  b ind ing  energy (Hodges &  

S to tt 1973). Hence the positron  w ork function  can be expressed as

=  E q  +  D — E c o r r

As fa r as the w ork-function  is concerned the image po ten tia l need not be 

considered a lthough th is  w ill act as tra p  fo r any non-energetic positrons at the 

surface.

2.2.2 E pitherm al E m ission

The emission of hot positrons and pos itron ium  has been observed from  a 

w ide varie ty o f surfaces fo r low incident energy positrons (M ills  &  Crane 1984, 

Howell,Rosenberg &  Fluss 1986). Th is is p robab ly  due to  elastic scattering

14



off the ion cores (C hapter 6) . In it ia l ly  the dom inant process in the slowing 

down o f positrons is inelastic electron scattering u n til the pos itron  no longer 

has sufficient energy to  excite an electron from  the valence to  the conduction 

band. In  th is  regime the dom inant slowing down process is acoustic phonon 

scattering and the energy transfer is small.

In  add ition  to  phonon scattering the positron  w ill undergo elastic scattering 

w ith  a characteristic scattering length dependent on the m ateria l. I f  i t  scatters 

from  a po in t less than  the scattering length from  the surface then there is a good 

chance o f reemission. As w ith  w o rk-function  emission ep itherm a l positrons are 

un like ly  to  be trapped in  surface states a lthough any the rm a l positrons which 

diffuse back to  the surface w il l be.

2.2.3 P ractica l M oderators

The m a jo rity  o f p ractica l m oderators in  use are w o rk function  moderators 

operating in  the backscatter mode. Such a m oderator requires a h igh density 

to  stop positrons in  the surface region and to  be as near defect free as possible 

w ith  a clean surface to  have a h igh p ro b a b ility  o f reemission. Idea lly  a single 

crysta l would  give the best conversion efficiency. C u ( l l l )  (M ills  1979) and 

W ( llO )  (Lahtinen et al 1986) are bo th  cu rren tly  used w ith  efficiencies greater 

than  0.1%. The la tte r has a quoted efficiency o f 0.28% for a ^®Co source which 

is the highest value reported for a w ork function  type m oderator.

A ny beam u tilis in g  a true  backscatter m oderator geometry requires a very 

sm all, and hence intense source, as th is w ill cast a shadow in  the reem itted 

positron  beam. U n til the recent development o f th in  film  transm ission 

moderators a useful compromise for the larger ^^Na sources was the ‘Venetian 

b lin d ’ geometry (Dale et al 1980) using po lycrysta lline  tungsten vanes (fig. 2.2) 

perpendicu lar to  the beam d irection. Woven mesh m oderators are s im ply 

an extension o f th is  o rig ina l idea. In  th is geometry the reem itted  positrons

15



are em itted  at h igh angles and collected by an electric fie ld g iv ing  a pseudo

transm ission m oderator geometry. W ith  po lycysta lline  m oderators efficiencies 

are typ ica lly  a factor o f 10 lower than  fo r single crysta l tungsten. The large 

angular spread precludes the use of th is  geometry in  e lectrostatic systems where 

a sm all spot size is required a lthough it  is has proved very useful in  magnetic 

systems where in tensity, b u t no t brightness, is param ount.

The last year has seen great progress in  the in tro du c tio n  o f th in  single 

c rysta l transm ission m oderators which have efficiencies comparable w ith  mesh 

m oderators 2 x 10“ ^) (M  C harlton ,N  Zafar p riv . comm.) Th is  is s t il l 

a long way below the theore tica l efficiency o f 10“  ̂ fo r 10p m  W ( llO )  and 

C u ( ll l) (V e h a n e n  &  M âkinen 1985). However transm ission m oderators have 

the same inherent advantage as single crysta l backscatter m oderators; the slow 

positrons are em itted  perpendicu lar to  the plane o f the m oderator w ith  a small 

angular divergence. Th is  makes them  ideal p rim a ry  m oderators fo r e lectrostatic 

systems using the larger, and longer lived, ^^Na sources.

A nother useful concept in  lim ite d  applications is the self-m oderating source. 

A n  example o f th is  is the ®^Cu source used in  the reactor based beam used at 

Brookhaven N ationa l Laboratories (W eber et al 1986). Copper is irrad ia ted  in 

the reactor to  produce ®^Cu, a pos itron  em ittin g  isotope w ith  a h a lf life o f 13 

hrs, th rough  the reaction ^^C u(n,q)^^C u. Th is is then vapourised and deposited 

e p ita x ia lly  on a W ( llO )  crysta l to  produce a C u ( l l l )  crysta l. Positrons from  

the decay of ®^Cu in  the crysta l are m oderated in  the crystal and em itted  at 

w ork function  energies from  the surface. In  p rinc ip le  the same technique could 

be used w ith  a single crysta l o f copper s itt in g  perm anently in  the neutron flux  

o f a reactor.

M oderators re ly ing  on ep itherm al emission require a long scattering length 

and a h igh p ro b a b ility  o f a hot positron  being w ith in  th is  distance from  the 

exit surface. In  the backscatter mode th is  im plies a dense m ateria l w ith  a
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high stopping power which is im com patib le  w ith  a long scattering length. A ll 

p ractica l moderators invo lv ing  th is  mechanism have actua lly  been composite 

m ateria ls, the most succesful o f which was M gO  smoked gold (Canter et al 

1974) which was in  widespread use before po lycrysta lline  tungsten.

The most efficient m oderator to  date (G u llikson &  M ills  1986) is an 

ep itherm al m oderator operating in  transm ission mode. Solid neon deposited 

d irec tly  onto a ^^Na source capsule achieved a conversion efficiency o f 0.56%. 

Neon is a perfect insu la to r b u t there is no reason to  suppose th a t any other th in  

insu la ting  film  would not function  to  some degree as a transm ission m oderator.

2.2.4 Field A ssisted  M oderators

As yet there is no p ractica l version o f the fie ld  assisted m oderator (FAM ) 

proposed by Beling et al (1987). The concept is rem arkably simple, d r if t  

positrons across a transm ission m oderator under the influence o f an an applied 

e lectric fie ld. Efficiencies o f the order o f 10% should be possible fo r p rim a ry  

m oderation. The rea lisation however is proving  very d iffic u lt w ith  most o f the 

problems arising from  the need to  apply a high fie ld  to  the m oderator and then 

to  get the positrons th rough  the electrical contacts.

B o th  semiconductors and insulators are like ly  candidates fo r such a device 

and bo th  w orkfunction  and epitherm al emission could be used. So fa r most 

development has been on Si w ith  ep itax ia l N iS i2 contacts w ith  emphasis on 

d r ift in g  therm al positrons and w orkfunction  emission. Insu la ting  m ateria ls 

however should give bette r results, i f  a h igh fie ld can be m ainta ined epitherm al 

positrons can be d rifted  ba llis tica lly  w ith  sufficient energy to  traverse the 

defected region at the contact.
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2.3 B e a m  T ra n s p o r t

Positron beams fa ll in to  two categories, m agnetica lly guided or 

e lectrosta tica lly  focussed systems, each o f which has its own respective m erits 

and disadvantages. In  practice a ll magnetic systems are actua lly  hyb rid  systems 

w ith  electrostatic fields used to  collect positrons from  the m oderator and to 

accelerate them  in to  the target area. M agnetic systems cannot be focussed bu t 

are much sim pler to  b u ild  and could be used as a fron t-end  to  a brightness 

enhanced beam line at an accelerator or reactor where the beam needs to  be 

transported  a long distance from  the m oderator.

2.3.1 M a g n e t ic  G u id a n c e

A  m agnetica lly guided system has no lo n g titu d in a l acceleration o f the 

positrons whatsoever. The positrons are confined by gyra tron  m otion  about 

an axia l magnetic fie ld provided by a solenoid or a series o f single coils at 

approxim ate ly the Helm holtz spacing. For a transverse ve loc ity  com ponent vt  

and an axia l fie ld B the diam eter o f the sp ira l pa th  is given hy d =  uttuttI eB, 

or in  terms o f the transverse energy component E t  (in  eV)

7T y / 2 E r
d =  -----

B y  e /m

For tungsten the m axim um  value o f E t  can be taken as 2eV and then as an 

order o f m agnitude for B in  m T  ( lm T = 1 0 G ) d % S tt/H  m m  g iv ing  a typ ica l 

d iam eter o f 0.5mm fo r 3m T. C learly sub-m illim e tre  la tera l reso lution in th is 

type o f system is im practica l fo r moderate magnetic fie ld strengths, a lthough 

fo r most purposes high spatia l resolution is not required.

For every slow positron  passing down the beam line 10 000 fast positrons, 

w hich are essentially unnaffected by the fie ld, are em itted  from  the source. 

Considering only the solid angle o f emission fo r a s tra igh t beam line o f cross- 

sectional area Icm ^ to  reduce the fast fiu x  to  1% o f the slow w ou ld  require a
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flig h t tube 10m long.

There are two methods of rem oving the fast component from  the beam. The 

easiest is to  bend the beam line th rough a shallow angle so th a t the fast positrons 

ann ih ila te  in  the w a ll o f the tube. A lthough  i t  is possible to  bend the positron 

beam through  any angle as a ru le  large angles w ith  sm all ra d ii o f curvature are 

undesirable. As positrons move in  a curved fie ld they experience a d r if t  ve locity 

(K a up illa  et al 1977)

"D  =  X B

where R  is the radius o f curvature and B  the magnetic fie ld, vi, and vt  are 

the lo n g titu d in a l and transverse ve loc ity  components. From  th is  expression it  

can be seen th a t the to ta l d r if t  can be m in im ised by keeping the angle sm all 

and the d r if t  ve loc ity  reduced by having a slow bend. For sm all d rifts  th is can 

be compensated by in troduc ing  an extra  component in  the magnetic fie ld so 

th a t the fie ld lines, which are the guid ing  centres o f the helical pos itron  paths, 

move in  the opposite d irection  to  the d r ift .  Th is is usually achieved by an extra  

correction coil inclined at an angle to  the plane o f the flig h t tube.

The other m ethod o f excluding fast positrons, and one w hich can be used to 

select accurately V£,, is to  pass the beam through  a region o f crossed electric and 

magnetic fields (Schultz 1984). A  su itab ly  selected pa ir o f E  x  B  plates can be 

used to  displace the beam la te ra lly  w ith  no increase in  transverse m om entum . 

For a pa ir o f plates o f length I to move the beam a distance d (fig. 2.3) w ith  no 

increase in m om entum  the necessary conditions are

2 t17TVl

and
2u ‘k E

where E  is the applied electric fie ld and n is any integer. Two such pairs o f 

plates in  tandem  w ill b ring  the beam back onto its  o rig ina l axis. A  baffle in
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between can be used to  intecept fast positrons. Hutchins et al (1986) have 

im proved on th is  idea by using curved plates to  remove the d is to rtion  due to 

the fin ite  beam diam eter g iv ing  different displacements.

The fundam enta l lim ita tio n  on any m agnetica lly guided system is its in a b ility  

to  be focussed down to  a sm all spot size. Th is is a p rope rty  o f the inherent 

h igh transverse m om entum  of the beam. W herever the pos itron  tra jec to ry  is not 

para lle l to  the magnetic fie ld lines, e ither where the fie ld diverges or where there 

is e lectrostatic convergence o f the beam, m om entum  w ill be transferred to  the 

perpendicu lar component. In  geometrical optics L io u v ille ’s theorem  states th a t 

fo r an in it ia l ray a height r  above the axis at and angle 0 the p roduct r 6y /Ë  is 

conserved (Canter 1987). W ith  mesh m oderators th is  problem  due to magnetic 

guidance is irre levant because o f the large in it ia l transverse m om entum .

2.3.2 E lectrostatic  System s

A h igh ly  focussed beam requires an electrostatic system w ith  a m oderator 

w ith  a very low in trin s ic  transverse energy E j-. For a generalised e lectrostatic 

system (fig. 2.4) the in it ia l angular spread 6 is 2 ( E t /E ) ^ /^  where E  is the 

lo n g titu d in a l beam energy. Focussing onto an image of d iam eter d,2 at a distance 

z behind a fina l aperture o f d iam eter d i the fina l angle ÿ  is d i / z  fo r sm all ÿ. 

Then the lim it in g  cond ition  from  phase space arguments is (Canter 1987)

DO <  d2(f)

where D is the m oderator diam eter. S ubstitu ting  fo r the angles

2D ^ < ^ y Ë
z

Th is description is va lid  for a ll systems, a lthough no rm a lly  the ex it aperture 

does not exist b u t l im it t in g  the pencil angle and lens f illin g  results in  the same 

constraints.
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In  any system, b u t p a rticu la rly  e lectrostatic beams, grids should be avoided. 

N ot only does a g rid  absorb a large frac tion  o f the pos itron  flu x  b u t aberrations 

increase the angular spread o f the beam. T reating  any hole in  the mesh as 

a Calb ick lens (fig. 2.5) o f aperture radius r  at a distance L  from  the object 

(m oderator). The penetra tion  o f fie ld E \  th rough the aperture w ill lead to  a 

rad ia l fie ld component E r  and corresponding force eEr. Then the fina l rad ia l 

ve loc ity  component w ill be

Vr  — I  E f
m  Jt,

dt

in tegrated over the tim e passing th rough  the aperture. M aking  the crude 

approx im ation  dz =  Vzdt

Vr — -------  /  Eydz
mvz Jz,

C onstructing  a cy linder th rough  the aperture w ith  the same radius r  and using 

Causs’ law
rZ2

7 r r ^ ( E i  — E 2 ) +  27rr /  E r d z  =  0
J Zi

from  which
(^1  -  E 2)

S ubstitu ting  for \rnv1  =  eV and E \  — E 2 = V j L

V r  _  r

Vz  4L

so a mesh o f spacing d =  2r w il l give the beam an extra  angular spread d / 8L.

Removal o f the fast positrons is not d ifficu lt in e lectrostatic systems. Idea lly 

the slow beam can be reflected through 90° w ith  a hem ispherical or cy lind rica l 

analyser a lthough Canter (1987) has reported equally good results w ith  a 

plane electrostatic m irro r. W ith  brightness enhanced beams using secondary 

backscatter m oderators the reflection can be incorporated in to  the rem oderation 

stage.
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A  severe problem  in  electrostatic beams is a nn ih ila tion  o f reem itted  positrons 

in the ta rge t area. Th is does not occur in  magnetic systems i f  the ta rge t area 

is e lectrosta tica lly  field-free as the positrons s im p ly  sp ira l back along the beam 

line. Consquently a much larger free volum e is needed around the target in  an 

electrostatic beam line to  e lim inate  spurious ann ih ila tions.

2.3.3 B rightness E nhancem ent

A  charged partic le  beam can be characterised e ither by its to ta l fiu x  I  or its 

brightness, f iu x /u n it  area/so lid  angle. For a beam o f d iam eter d and pencil ha lf 

angle 6 and energy E  the brightness per vo lt Ry is given by

R v  = 7rd26l2E

b u t from  L io u v ille ’s theorem  rO \fÈ  is constant and so the brightness cannot 

be increased by any am ount o f fancy optics. In  p ractica l term s th is gives a 

m in im um  spot size corresponding to  ^ =  7t / 2 . A t m oderation

de =  2D \ l ^

where D is the m oderator d iam eter. From  th is  i t  follows th a t

and
I

Rv =
AtyD ^ E t

In  1980 M ills  proposed a novel so lu tion to th is problem , in rem oderation the 

phase space rO^/Ë  is not conserved. I f  a beam is focussed down to  a small 

area w ith  a high angular convergence onto a m oderator crysta l the reem itted 

positrons w ill always have the angular spread detemined by the in trin s ic  

transverse energy due to  the m oderator. I f  the rem oderated in tens ity  is F =  s i
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and the beam is focussed down to  a diam eter D '  then the brightness per vo lt 

is enhanced by

B  E '2

In  one stage o f rem oderation, fo r a typ ica l efficiency o f 10% fo r keV positrons 

on W ( llO )  w ith  a reduction in d iam eter o f 20 the brightness per v o lt would be 

increased by a facto r o f 40.

The two beams using brightness enhancement cu rren tly  in  operation (Canter

et al 1987) or development (Brusa et al 1986) bo th  use a backscatter geometry
(C c ^ o l- t r  \® \ l î7 )

fo r rem oderation. The Brandeis system uses two stages of

rem oderation each reducing the beam diam eter by a facto r o f 10 from  10mm 

to  0.1 m m  w ith  a gain in brightness o f 500. Using h igher focussing th is  system 

has achieved spot sizes less than  10 m icrons. A  transm ission geometry would 

be much sim pler in  terms of the electron optics b u t suffers from  an inherent 

loss o f in tens ity  o f a factor o f four (Canter 1986). In  a f ilm  ra the r than  a semi

in fin ite  solid h a lf the positrons w ill be reem itted in  the reverse d irection  and 

the aberrations involved in  focussing result in  tw ice the spread in  an ax ia lly  

sym m etric (transm ission) system.
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Figure 2,1

The potentia ls at a surface co n tribu ting  to  the pos itron  w orkfunction . The 

image po ten tia l has been om itted  as i t  does not influence the value o f
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Figure 2.2

M odera to r Geometries for. From  le ft to  r ig h t; single crysta l backscatter, th in  

fo il transm ission and Venetian b lin d ’ moderators.

E

Figure 2.3

E  X B  plates used to  deflect a positron  beam ve rtica lly  th rough  a distance d 

w ith  no increase in  transverse m om entum .
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Figure 2.4

Generalised electrostatic positron  beam showing emission from  a m oderator o f 

d iam eter D &  fina l focussing onto an image d i.

Figure 2.5

Calbick lens showing the cylinder construction  used in  evaluating the rad ia l 

component o f fie ld by Gauss’ law.

26



C h a p te r  3 

Low  E n erg y  P o s itro n  B eam  S p e c tro m e te r System

3.1 In t r o d u c t io n

The firs t slow positron  beam b u ilt  at Bedford College was o rig in a lly  developed 

as a p ro to type  to  test out various ideas before bu ild ing  the new cryostat 

system (C hapter 4). F igure 3.1 shows the beam as i t  was firs t used in  single 

pos itron  counting experiments. Since being commisioned fo r use in  defect 

p ro filin g  measurements the system has been extended to  include a furnace target 

chamber and a Doppler-broadening spectrom eter system contro lled by an Acorn 

B B C -B  m icrocom puter (fig. 3.2). Tem perature and voltage contro llers designed 

and b u ilt  by M r. Leon E llison of the departm enta l electronics workshop have 

been incorporated in to  the system allow ing autom atic  operation.

In  th is  chapter the design, construction  and perform ance characteristics of 

the beam line are presented. The contro l system and fu ll experim enta l set-up 

are described.

3.2 G e n e ra l C o n s tru c t io n

The beam line is a re la tive ly  simple m agnetica lly  confined system b u ilt  to  

h igh vacuum specifications which has proved to  be bo th  re liab le and easy to  

operate. The m ain beam line consists o f a 60cm long 28mm diam eter copper 

tube solenoidally wound w ith  two layers o f 1.5mm enamelled copper w ire. Th is 

is bent th rough  an angle o f 30^ to  e lim inate fast positrons from  the target area. 

The solenoid produces a nom inal field of 1.5 m T /A .

Correction fo r R  x B  d r if t  is acheived by the use o f a correction coil inclined 

at an angle o f 60*̂  to  the plane o f the beam line. The horizon ta l axis o f
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the correction coil is approxim ate ly 15® to  bo th  arms o f the beam line. The 

calculated fie ld at the centre o f the coil is s im ila r to  th a t o f the solenoid for a 

given current.

Connection to  the source and target chambers is made using 1 inch screwed 

dem ountable unions w ith  neoprene ‘O ’ ring  seals. The d ifferent chambers used 

are made from  brass. E lectrica l connections are fo r the most p a rt v ia  vacuum 

BN C  and H V -B N C  sockets. The magnetic fie ld is extended in to  the source 

and target regions by H elm holtz coils w ith  the same nom ina l fie ld strength  as 

the solenoid. Because o f the large difference in  coil diameters there is a large 

calculated m ism atch in  axia l fie ld strengths (fig. 3.3) between the solenoid and 

H elm holtz coils b u t th is  does not appear to  have any de trim enta l effect on beam 

transm ission.

3.2.1 M oderator A ssem bly

The m oderator assembly is shown in the inset in  figure 3.1. the m oderated 

positrons are collected by an electrostatic fie ld defined by the source, m oderator 

and the beam entrance grid . The source, on the end o f a perspex rod, is held 

in contact w ith  its m ounting  ring  held at a po ten tia l V3. The rod forms a 

vacuum  seal to  the outside w orld  th rough a double ‘O ’ r ing  seal. The source is 

a standard sealed ^^NaCl capsule w ith  a th in  tungsten w indow  from  Amersham . 

Its  m ounting  ring  has a 45® chamfer to  m atch th a t o f the capsule w indow  and 

is isolated fo rm  the m oderator by a perspex ring.

The m oderator is 100 x  105 lines per inch tunsten mesh supplied by Unique 

W ire  Weaving o f New Jersey annealed at 2 000®C at 10"^ to r r  fo r 90s. In  the 

in it ia l experim ents reported below a single piece was used a lthough cu rren tly  

two pieces overlaid at 45® to  each other are used. The m oderator and its 

m ounting  ring  are held at a po ten tia l Vm and isolated in  tu rn  from  the entrance 

g rid  by a perspex ring . The m ounting  ring  has a 45® inw ard chamfer to  increase
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electrostatic fie ld convergence to  collect positrons em itted  at w ide angles. The 

spacing is such th a t a fie ld line s ta rting  at the edge o f the m oderator w indow  

w ill fin ish  at the centre o f the entrance grid . The only drawback w ith  th is 

system is th a t a higher m oderator voltage is required to  achieve the necessary 

fie ld penetra tion  in to  the shadowed region o f the m oderator; 6V  compared w ith  

1.5V fo r the cryostat system which has a more open m oderator geometry.

The entrance g rid , 200 centres per inch copper m icrom esh from  T ho rn  E M I, 

is held in  contact w ith  the beam line at earth. Hence the m oderator region 

is defined by three equipotentia l planes: the source at Vg, the m oderator at 

Vm and the entrance grid . M oderated positrons in  the beam line w ill have 

a m in im um  lo n g titu d in a l m om entum  component corresponding to  a k ine tic  

energy Vm- Transverse components w ill depend on the energy and angle o f 

emission. A ny slow positrons em itted  in  the reverse d irection  are repelled 

back towards the beam line by the po ten tia l ba rrie r Vg — Vm- The source 

po ten tia l makes no co n tribu tio n  to  the k ine tic  energy o f the beam line, only 

to  the collection efficiency. The m oderator voltage, however, does affect bo th  

efficency and energy.

3.3 B eam  C haracteristics

The perform ance characteristics o f the beam have been evaluated using a 

single channel electron m u ltip lie r (C E M ) in  the target chamber o f the beam 

line. In  add ition  to  slow positron  measurements the fast pos itron  and secondary 

electron intensities were measured. By reversing a ll the potentia ls between the 

source and the C E M  cathode, bu t keeping the voltage drop across the detector 

constant the beam line can be made to  tra nsm it the secondary electrons em itted 

by the m oderator. The fast positron  transm ission can be observed by s im ply 

app ly ing  a large negative bias to  the m oderator. W hen optim ised the respective 

count rates fo r a 700 /j,Ci source w ith  a single m oderator mesh are 1 200, 6 and
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130 000 cps fo r slow, fast positrons and electrons. Th is corresponds to  a to ta l 

conversion efficiency o f 4.7 x  10“ ® or tak ing  the source geometry in to  account 

an efficiency o f 3.8 x  10“ ^.

The slow positron  y ie ld  is constant fo r a po ten tia l difference Vg — Vm greater 

than  2V  (fig. 3.4) irrespective o f the absolute m oderator po tentia l. Th is 

correlates w ith  the calculated value o f the pos itron  w ork func tion  fo r tungsten 

(N iem inen &  Hodges 1976) o f 2.1eV. A  s im ila r esimate o f the positron  emission 

energy is given by a d irect measurement o f count rate versus m oderator 

po ten tia l. For a negative po ten tia l greater than the w ork function  no m oderated 

positrons can escape from  the m oderator and a sharp cu t-o ff was observed at 

Vm =  —2V (fig. 3.5). In  add ition  there is a levelling o ff o f the count rate for 

m oderator potentia ls above 5V. Th is threshold value is p robab ly  dependent on 

the m oderator geometry as w ell as the slow pos itron  emission energy.

The op tim um  values o f solenoid and correction coil currents are 

interdependent and bo th  need to  be optim ised concurrently. As the solenoidal 

fie ld is increased so a larger correction fie ld needs to  be applied. Conversely too 

strong a correction w ill force the positrons o ff axis and u ltim a te ly  in to  the w a ll 

o f the tube. O p tim um  settings fo r these are 2.5A in  the solenoid (fig. 3.6) and 

1.5A  correction (fig. 3.7).

3.4 S p e c tro m e te r  S y s te m

3.4.1 T a rg e t C h a m b e r

For use w ith  a Doppler-broadening spectrometer system the beam line is 

equipped w ith  a target chamber incorpora ting  a tungsten w ire  heater, shown 

in figure 3.8. Th is is the latest, and most successful, in a series o f tr ia l designs 

a lthough problems s till occur when try in g  to  operate at high tem peratures and 

at h igh target biases. W hen cold the target chamber can be operated in  the
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range 0-15kV and the furnace can easily heat samples to  in  excess o f lOOOK.

The furnace is wound non-inductive ly  from  36 swg pure tungsten w ire  on a 

p yrophy lite  form er and encased in  hre-cement. The tem perature is measured 

w ith  a T 1 -T 2  therm ocouple in  a cavity  by the sample holder. O rd in a r ily  th is 

should not be in  electrical contact w ith  the sample b u t as a precaution i t  is 

o p tica lly  isolated from  its contro lle r. Heat is conducted to  the sample by the 

hollow  copper lens element which also serves to  keep the sample in  a fie ld  free 

region. The outer chamber is w ater cooled a llow ing the backplate to  be as near 

as possible to  the sample holder, resu lting  in  the detector being less than  a 

centim etre from  the sample.

E arlie r designs o f sample holder had a complete Faraday cage b u t by rem oving 

a ll grids from  the region and inco rpora ting  a d iaphragm  to  prevent defocussing 

the to ta l photon count rate has been im proved by a facto r o f three. C u rren tly  

at Ik V  the to ta l count rate is 1 000 cps above a background o f 300 cps for a 

123MBq source. T yp ica lly  the background contributes 3% to  the 511keV peak 

in tensity, w ith  1.5 m illio n  counts recorded in  the peak over two hours at h igh 

biases. Reem itted positrons are most like ly  to  ann ih ila te  at the entrance to  the 

target chamber and so w ill con tribu te  less than  10% of the measured count rate.

3.3.2 C o n tr o l a n d  D e te c t io n  S y s te m

The complete spectrom eter system (fig. 3.9) is contro lled  from  an app lica tion  

runn ing  on an Acorn BBC  model B m icrocom puter w ritte n  in  JW B  Forth  (an 

extension to  the F IG -79 standard). A  complete lis ting  is given in  appendix 1. 

The app lica tion  is menu driven allow ing cycling o f bo th  tem perature and target 

bias.

The spectrometer consists o f an in trin s ic  Ge coaxial detector and a 

stabilised Silena Cicero 8K m ultichannel analyser (M C A ). The M C A  is fitte d

31



w ith  a b id irec tiona l serial (RS232C) interface a llow ing easy contro l from  a 

m icrocom puter. Th is is connected to  the RS432 serial interface on the BBC - 

B. S ta rt, stop and reset commands are simple A S C II strings sent from  the 

com puter. D ata  transfer is th rough  the same interface using A C K /N A C K  

protoco l. A fte r the contents o f each channel are transferred as 6 A S C II 

characters the M C A  waits u n til the com puter sends an acknowledge code. Such 

rigorous handshaking prevents loss or co rrup tion  o f data w hich can occur due 

to  buffer overflow.

The heater is powered from  the mains e lec tric ity  supply th rough  a variac, 

the o u tp u t o f which is switched by a solid state relay connected to  the furnace 

contro lle r. Th is takes for its command an 8 -b it w ord, from  the BBC  user 

interface, corresponding to  a value 0-1000 ®C. Once the required tem perature 

has been set a ll contro l is autonomous a lthough the tem perature is m onitored 

on one of the BBC  analogue inputs. The contro lle r employs a standard 

therm ocouple am plifie r w ith  its own in te rna l reference g iv ing  a linear o u tp u t 

w ith  tem perature fo r a type K  (T1-T2) therm ocouple.

The voltage contro lle r is contro lled from  the BBC  p rin te r p o rt and has 14- 

b it  accuracy in  the range -10 to  + 1 0kV  g iv ing  a reso lution o f 1.22V per b it. 

As the BBC  m icrocom puter has only an 8 -b it data bus the contro lle r has to 

be latched and 6 words need to  be used to  set the value. The o u tp u t voltage 

can be m onitored by connecting the o u tp u t from  a voltage d iv ide r to  one o f the 

com puter analogue inputs.
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Figure 3.1

The development low energy positron  beam as was o rig in a lly  used for single 

positron  counting. The source-moderator assembly is shown in  the inset.
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Figure 3.2

Low  energy p o s itro n  beam  spectrom eter system  show ing  ta rg e t cham ber 

(cen tre), Ge de tec to r and au tom a ted  vo ltage c o n tro lle r ( le ft) .
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Figure 3.3

Calculated axia l magnetic fie ld excluding correction fie ld. D istance is measured 

from  the ex it o f the solenoid.
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The effect o f a po ten tia l applied to  the source on the to ta l count rate fo r d ifferent 

m oderator potentia ls.
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The effect o f the m oderator po ten tia l on the to ta l count rate.
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The va ria tion  o f to ta l and fast positron  count rates w ith  the solenoid current.
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The effect o f the correction coil current on to ta l and fast pos itron  count rates.
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Furnace target chamber fo r low energy positron  beam.
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Low energy pos itron  beam spectrometer and contro l system.
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C h a p te r  4 C ry o s ta t P o s itro n  B e am

4.1 I n t r o d u c t io n

The new Royal Holloway and Bedford C ryosta t system is s t il l under 

development (fig .4.1) fo llow ing problems w ith  the cryostat. However the beam 

line has been tested and a p ilo t experim ent on liq u id  metals has been perform ed 

(C hapter 7).

The system was o rig ina lly  conceived as a system for s tudy ing  condensed 

monolayers o f gases, in  p a rticu la r He, adsorbed on d ifferent substrates. Some 

w ork has been done in  th is  fie ld using fast pos itron  techniques w ith  powder 

samples and specialised m ateria ls such as exfo liated graph ite  (Jean et al 

1985, Rice-Evans et al 1986). By necessity th is  beam has to  have a vertica l 

configura tion  m aking the whole system far more compact and versatile beyond 

its o rig ina l specifications. I t  is one of two slow pos itron  systems capable 

o f investigating liq u id  surfaces, the other being in  development at M un ich  

(Schodlbauer et al 1986), and the only one w ith  a po ten tia l o f looking at cooled 

liqu ids.

4.2 C o n s tru c t io n  D e ta ils

The whole system (fig 4.2) is constructed to  u ltra -h ig h  vacuum  (U H V) 

specifications from  stainless steel around a 23mm in te rna l d iam eter beam 

pipe except fo r the ta il section of the cryostat which is o f oxygen free high 

conduc tiv ity  copper. P um ping is acheived w ith  a trapped Edwards E02 50mm 

diffusion pum p w ith  a calculated resu ltan t pum ping speed for the system of 

l / /s .  Once vacuum conditions have been obatined the system can be isolated 

and contro lled quantities o f gas can be adm inistered.

42



The present cryostat is a m odified O xford Instrum ents M D 4 which has an all 

stainless steel construction. The b o ttom  section o f the beam line is fixed in  good 

the rm a l contact w ith  the inner (helium ) reservoir. P um ping  on the he lium  w ill 

allow the sample to  be cooled to  below 2K. In  add ition  a sm all heater stage, on 

which the sample is m ounted, enables heating up to  450K. The sample holder is 

e lectrica lly  isolated from  the rest o f the system a llow ing potentia ls up to  several 

keV to  be applied. The restricted space in the cryostat makes very h igh voltages 

im practica l, p a rticu la rly  when liqu ids w ith  a h igh vapour pressure are studied. 

As w ith  the p ro to type  system (C hapter 3) the therm ocouple w il l be op tica lly  

isolated from  its  m on ito r to  a m in im um  o f lO kV.

The magnetic fields are generated by a hyb rid  system o f H elholtz type coils 

and a solenoid w ith  an add itiona l correction coil on a double axis to  compensate 

fo r R  X B  d r if t  (K a up illa  et al 1977) and s ligh t m isalignm ents. The fie ld along 

the axis o f the cryostat has been calculated to  be constant to w ith in  3% (fig. 

4.3) fo r a coil separation of 95% of the H elm holtz spacing. There is however 

a large m ism atch w ith  the solenoid fie ld because o f the greatly  d iffe ring  ra d ii 

bu t th is does not appear to  have an adverse effect on beam transm ission. The 

solenoid is doub ly wound w ith  1mm copper w ire  producing a nom ina l fie ld of 

2 .5 m T /A . The other coils, wound from  the same w ire, produce s im ila r fie ld 

strengths.

4.2.1 M o d e r a to r  A s s e m b ly

M oderation  o f positrons is acheived using woven 100 x 105 lines per inch 

tungsten mesh annealed at 10"^ to r r  for 90s. In  the single positron  counting 

experiments reported below a single mesh was used, a lthough in the p ilo t 

p ro filing  experim ents th is was changed fo r a double mesh. The source is held 

on the end of a P T F E  rod pushed in to  contact w ith  its m ounting  p late and 

e lectrica lly isolated from  both  the beam line and the m oderator. E lectrica l
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connections to  the outside w orld  are s t i l l  v ia  vacuum BN C  sockets bu t the 

neoprene ‘O ’ ring  seals have been replaced by v iton .

A ll sources used are standard sealed ^^Na un its  supplied by Am ersham  

In te rna tiona l a llow ing easy interchange between the two beam lines. The source 

capsule subtends a solid angle o f 7r/2 steradians w ith  the m oderator over a 

c ircu la r area o f 8m m  diameter.

The m oderator assembly (fig. 4.4) has been designed to  give lim ite d  focussing 

and m axim um  electric fie ld penetration. A lthough  the separation between the 

m oderator and the collection g rid  is tw ice th a t o f the beam described in the 

previous chapter, considerably lower m oderator voltages are required. The 

m oderator electrode and source m ounting  ring  are m anufactured from  stainless 

steel and a ll insu la ting  components are P T F E . The collecting g rid  is 200cpi 

copper m icromesh from  T horn  E M I.

4.3 E v a lu a t io n  o f  B e a m  C h a ra c te r is t ic s

For single positron  counting the outer ta ils  o f the cryostat were removed 

and the sample holder was replaced w ith  a chamber housing a channel electron 

m u ltip lie r array (C E M A ) detector. Th is  detector, shown schem atically in  figure 

4.5, consists o f a matched pa ir o f C E M A  plates and a phosphor (P20) screen 

oversilvered w ith  a lum in ium . A n  independent bias was applied to  the cathode, 

anode and the screen w ith  a pulse being taken o f the anode.

The beam, as observed w ith  the phosphor (fig. 4.6) is rough ly  c ircu la r w ith  

a diam eter o f 7mm. A n 18.5 M bq  (500 ^iC i) sources produces a count rate of 

410cps in  the detector w ith  a dark count of lOcps. Assum ing 100% detection 

efficiency and tak ing  in to  account the source geometry th is corresponds to  an 

effeciency o f 2 x 10"^. The beam transm ission characteristics are rem arkably 

fia t w ith  respect to  the solenoid curren t (fig. 4.7) showing a broad peak around
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2A. A  considerably lower current is needed in  the H elm holtz coils around the 

cryostat, m axim um  transm ission is acheived below lA .

In  th is system collection and transm ission o f slow positrons depends greatly 

on the electrostatic fields at the m oderator. The m axim um  num ber o f positrons 

are observed at the detector when the m oderator po ten tia l is around 1.5V for 

a single mesh (4.8). When the system was used w ith  a double mesh in  the p ilo t 

experim ents the m axim um  ann ih ila tion  rate measured w ith  the Ge detector 

was fo r a m oderator po ten tia l o f 3V. Th is is p robab ly due to  the reduced fie ld 

penetra tion  as the two moderators effectively screen each o ther from  the fields 

each side o f them. The source po ten tia l however has no add itiona l effect above 

2.5V greater than  the m oderator potentia l.
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Figure 4-1

The cryostat positron beam under development at Royal Holloway &  Bedford 

New College.
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Schematic d iagram  o f the cryostat pos itron  beam.
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48



Figure 4-4

The m oderator assembly showing the re la tive positions and potentia ls o f the 

source (S), m oderator (M ) and collecting g rid  (G). The stainless steel m ounting  

electrodes are shown in  black and the P T F E  insu la tion  in  polka dots.

£=□ I

Figure 4-5

Schematic d iagram  of the detector w ith  a matched pa ir o f C E M A  plates (C i &  

C2 ) and A1 coated phosphor screen (P). These are m ounted w ith  stainless steel 

(S) and P T F E  shims (I).
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Figure 4-6

The image of the positron beam as seen with the C E M A  plate detector.
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C h a p te r  5 P o s itron  A n n ih ila tio n

5.1 Introdu ction

Like its an tipa rtic le , the positron , the electron is a stable partic le . I t  is only 

in the presence o f positrons tha t i t  has a fin ite  life. The life tim e  of an electron 

is p ro po rtio n a l to  the positron  density in  its v ic in ity .

N orm a lly , o f course, in  condensed m atte r electrons far outnum ber positrons 

and it  is usual to  th in k  o f the ann ih ila tion  o f the positron  ra the r than  the m u tua l 

a nn ih ila tion  o f partic le  and antipartic le . A n n ih ila tio n  is an electrom agnetic 

in te rac tion  which conserves bo th  energy and m om entum , because the process 

involves a com plem entary pa ir o f particles a ll other quantum  numbers cancel. 

For a pa ir o f particles at rest w ith  respect to  each other and to  the frame 

o f reference the energy is 2mgC^ =  2x511keV and the to ta l linear and angular 

m om entum  is zero. From  th is it  follows th a t the sim plest, and most like ly  

a nn ih ila tio n  mode, is the emission of 2 photons o f 511keV in  exactly opposite 

d irections.

Three photon ann ih ila tion  is possible although the cross section is reduced 

by a facto r o f the order o f the fine structure  constant ex. =  1/137 (West 1974) 

w ith  the in tro du c tio n  of another vertex in to  the Feynmann d iagram  fo r the 

process (fig. 5.1). In  the presence of other particles, which can absorb the 

recoil m om entum , single photon ann ih ila tion  is possible b u t the cross section 

is even fu rth e r reduced by a factor XcP ^  cx̂  as well as the add ition  of a th ird  

vertex. Ac is the electron Com pton wavelength and p the density o f add itiona l 

particles.

A t low positron  energies the cross section fo r two photon ann ih ila tion  is 

inversely p ropo rtiona l to  the positron ve locity v (West 1979)

(7 =  nr^clv 
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where ro — e^/mgC^ is the classical electron radius. From  th is  i t  follows th a t 

the a nn ih ila tion  p ro ba b ility

r  =  o v ue  =  Trrocrig 

is s im p ly  p ropo rtiona l to the electron density rig.

I f  the a nn ih ila ting  pa ir are not at rest then the m om entum  m ust be taken 

up by the ann ih ila ting  photons, leading to bo th  a spread o f energies and a 

devia tion  from  180° in  the angle o f emission. To firs t order the change in  angle 

is 80 =  where p t  is the transverse m om entum  o f the a nn ih ila ting  pair.

S im ila rly  the measured energy o f the ann ih ila tion  photon is D oppler-shifted by 

ô E j E  =  v l I c =  The subscript L denotes the lo n g titu d in a l ve locity

and m om entum  components of the ann ih ila ting  pair.

P ositron  ann ih ila tion  therefore gives an ind ica tion  o f two aspects o f a given 

physical s itua tion . The positron  life tim e samples the local electron density 

and the energy or m om entum  spread of the 511keV ann ih ila tion  line samples 

the m om entum  d is tr ib u tio n  o f the electrons involved in the ann ih ila tion . Three 

experim enta l techniques have evolved, life tim e spectroscopy, angular corre la tion  

(A C A R ) and Doppler-broadening. The usual approach to  life tim e spectroscopy 

is to  use a rad iaoctive source which emits a fiduc ia l gamma ray such as 

^^Na, w hich is used as s ta rt signal in  a tim in g  spectrometer (see fo r example 

M acKenzie 1983). The ann ih ila tion  photon is used as the stop signal. In  beam 

experim ents th is  s ta rt signal is inapplicable and other methods need to  be 

employed. The most prom ising approach is to use a pulsed beam which w ill 

also guarantee a 100% coincidence rate (Schodlbauer et al 1986).

5.2 D oppler-B roadening

O f the three techniques Doppler-broadening is not only the simplest 

experim enta lly  b u t the best suited to most labora to ry  pos itron  beams.
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A lthough  A C A R  gives a much higher resolution i t  is lim ited  in  app lica tion  

to  intense, reactor or accelerator based, beams. To acheive a h igh angular 

reso lution two position  sensitive, or m obile, detectors need to  be tens o f metres 

away from  the target. The resu lting loss o f count rate due to  bo th  distance and 

the need fo r coincidence counting is dram atic. Doppler-broadening requires a 

single h igh-reso lu tion  detector close to  the sample and is equally as applicable to  

bo th  tra d itio n a l, fast positron , experiments as beam studies. A  typ ica l Doppler- 

broadening spectrom eter consists only o f a h igh resolution Ge detector w ith  

p ream plifie r, an am p lifie r and a m ulti-channe l analyser (M C A ).

5.2.1 P ositron  A nnih ilation  in C ondensed M atter

A n n ih ila tin g  positrons in condensed m a tte r are no rm a lly  assumed to  be at 

the rm a l energies so th a t to  firs t order the only co n tribu tio n  to  the photon 

m om entum  d is tr ib u tio n  is from  the electrons. The electron m om entum  

d is tr ib u tio n  in  simple metals can be d ivided in to  two d is tin c t components 

corresponding to  the t ig h t ly  bound core and the nearly free conduction 

electrons. Calculations for the atom ic wavefunctions are com plicated and in 

D oppler-broadening experiments, which have a re la tive ly  low reso lution, are 

usua lly taken to  have Gaussian d is trib u tio n . A n n ih ila tio n  w ith  the conduction 

electrons, p a rticu la r ly  in  the a lkali metals, gives a parabolic component to  the 

a nn ih ila tion  lineshape. Th is is easily seen by considering the Ferm i surface to  be 

a perfect sphere (C arbotte  1983). The ann ih ila tion  rate fo r a given m om entum  

com ponent, Pz, is p ropo rtiona l to the density of states. Th is is equal to  the 

area o f the circle (fig. 5.2) where the Ferm i sphere intersects the constant Pz 

plane. From  simple trigonm etry  th is is 7r(py — p i)  w ith  a cu t-o ff at pz =  Pf-

The core electrons have a higher m om entum  than the conduction electrons 

and so in  general the parabola is the narrowest component. Consequently 

a localised (trapped) positron  which is more like ly to  ann ih ila te  w ith  the
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non-localised conduction electrons w ill y ie ld  a narrower lineshape than  a 

free positron . As the trapp ing  rate at defects is p ropo rtiona l to  the defect 

concentration the Doppler-broadened ann ih ila tion  line shape is a good measure 

o f the state o f the m ateria l.

5.2.2 P ositron ium  Form ation and A nnihilation

The fo rm a tion  of the positron-e lectron bound state, pos itron ium  (Ps), is 

essentially a surface phenomenon although a quasi-positronium  state exists in 

m any insu la ting  solids (Dupasquier 1983). Two ground states, w ith  zero o rb ita l 

angular m om entum , o f the Ps atom  exist; parapositron ium , a singlet ^Sq state, 

and o rthopos itron ium , a tr ip le t ^S i state. The energy difference between the 

two is on ly  0.84meV, compared w ith  the b ind ing  energy of 6.8eV, w ith  the 

singlet being the lowest (H au to ja rv i &  Vehanen 1979).

Three quarters o f a ll Ps therefore exists in  the S=1 state w hich cannot decay 

in to  tw o photons, bo th  conservation angular m om entum  and p a rity  would be 

v io la ted  (West 1979). In  the absence o f any spin exchange in teractions or p ick- 

off, in  w hich the positron  in  the Ps atom  annihilates w ith  an external electron, 

three quarters o f a ll Ps decays are to  3 photons. Th is shows up very clearly in 

the photon energy spectrum  as an increase in  in tens ity  in  the same region as 

the C om pton scattered photons, around 2 /3  o f the ann ih ila tion  photon energy.

The m om entum  o f the ann ih ila ting  pa ir in  parapositron ium  is the m om entum  

of the a tom  which is very low. Consequently its Doppler-broadened lineshape 

component is very narrow  compared to th a t fo r the ann ih ila tion  o f a free 

positron .
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5.3 A nalysis Techniques

A pos itron  ann ih ila tion  line contains a large am ount o f in fo rm a tion  

concerning the positron  and electron momenta. The changes in  the lineshape 

as the physical conditions y ie ld  fu rthe r in fo rm a tion  on the physical conditions 

in the sample. The ra tio  o f conduction to  core electrons need not change as 

the num ber o f defects increases in the sample b u t the re la tive p robab ilities  

o f ann ih ila tio n  w ith  the positron w ill. U n fo rtuna te ly  the reso lution o f a Ge 

detector is lim ited , typ ica lly  around 1.4keV at 511keV corresponding to an 

energy o f 1.9eV for the positron-e lectron pa ir. Depending on the in fo rm a tion  

required a w ide range of analysis methods are available ranging from  changes 

in  sim ple model-independent parameters to  a fu ll m odel-dependent m u lti-  

com ponent analysis.

5.3.1 L in e s h a p e  P a ra m e te r

M any d ifferent parameters can be used to  describe the shape o f the positron  

a nn ih ila tion  line, the simplest o f which is the lineheight param eter o f Mackenzie 

et al (1970). Th is is s im p ly  the normalised count in an a rb ita ry  centra l region 

of the peak and is usually denoted by S or F (th is thesis), a lthough m any other 

le tters are used. The value o f F is then an ind ica tion  o f the narrowness of the 

peak. As, in  metals, a trapped positron yields a narrower lineshape and the 

tra pp in g  rate varies as the defect concentration F gives an ind ica tion  o f the 

num ber o f defects in  the sample.

A lthough  the absolute value is meaningless changes in  th is  param eter can 

yie ld  useful in fo rm a tion  about the system, pa rticu la ry  in  vacancy fo rm ation  

studies (Rice-Evans et al 1976) or p ro filing  experiments (Chap. 6). For any 

experim enta l line the measured param eter F can be expressed as a superposition 

of d ifferent values f i  corresponding to ann ih ila tion  at d ifferent sites each w ith
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a p ro b a b ility  P{.

F =  E  P i f i
X

Th is  in te rp re ta tion  makes no a p rio r i assum ption about the m om entum  

components in  the lineshape. Another, hidden, assum ption also exists in  th is 

analysis however. Namely th a t the lineshape at any po in t, w hether in  the bu lk , 

at the surface or at a defect, is made up of a linear superposition o f the same 

components. In  the same specimen th is is not unrealistic.

O ther factors are more significant when com paring d ifferent samples. F is 

sensitive to  the underly ing  background which in tu rn  depends on bo th  count rate 

and geometry. In  Doppler-broadening experiments where e ither the equipm ent 

or sample is changed it  is custom ary to  overlap the measurements and normalise 

the param eter values to  each other. Th is can be avoided to  some extent by 

sub trac ting  a su itable background before ca lcu lating the lineshape param eter 

(Chaglar et al 1981).

5.3.2 R unning Integrated Difference Curves

The most sensitive way o f recording changes in a lineshape is to  calculate a 

difference spectrum  by subtracting  a reference lineshape. However difference 

spectra are very poorly  defined for low statistics and h igh dispersion. Th is 

problem  can be overcome by using the runn ing  in tegra l o f the difference curve 

(Coleman 1976) spanning the peak region where the difference is s ign ifican tly  

d ifferent from  zero. The defin ition  o f th is  new curve. The R unning Integrated 

Difference (R ID ) curve is shown in figure 5.3. The dashed curve in  figure 5.1.a 

is subtracted fo rm  the solid curve to produce the difference curve (dashed line) 

in  5.1.b. B o th  in it ia l curves have been normalised to u n it area. The solid line 

is the R ID  curve generated from  th is curve, the norm alisations between the two 

are a rb ita ry  so as to  display bo th  on the same graph.
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The sim plest param eter to  define from  an R ID  curve is the peak to  peak 

height Sr w hich can be seen to  be the m axim um  change in  F as defined above. 

The tu rn in g  points o f the R ID  curve are those points where the difference curve 

passes th rough  zero. These are obviously equivalent to  the intersections o f the 

two lineshapes, A  &  B. Defin ing the values o f the R ID  curve to  be Sa  and Sb  

at these points. Also for two curves X {  and Y{ the lineshape parameters Fx and

Fy are
B

i = A

and

^
t = A

From  the defin itions o f Sa  and Sb

A

t = l

and
B

5’b  =  E ' ^ ‘ - F . '
t = l

Then
B

Sr = Sa -  Sb = Y2 ^  = Fx -  Fy
i = A

The R ID  height is only good as a measure of the change in  lineshape param eter 

F i f  the w id th  B r  =  B  — A  remains constant, ie the defin ition  o f F remains 

unchanged. Th is is always true if  each lineshape can be described as a 

superposition of the same components and is easily dem onstrated for a two 

com ponent lineshape. Consider two curves X  and Y  such th a t

+  (1 -

and

Y(E) = Jyf (E)  +  (1 -  Jy)9{E)
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so th a t only the intensities o f the components varies not th e ir form . The tu rn in g  

points A  &  B are when

X ( E ) - Y { E )  = 0

so

(^x -  Jy)f (E)  -  (Jx -  Jy)g(E) =  0

D iscounting  the t r iv ia l so lu tion of two identica l lines (Jx =  Jy) the tu rn ing  

points A  &  B are given by the so lu tion of

f ( E ) - g ( E ) = 0

which is independent o f the component intensities and hence constant unless 

the com ponent shapes change.

5.4 C om ponent A nalysis

Given a useful model for the ann ih ila tion  lineshape the am ount o f in fo rm a tion  

available can be greatly  increased. U n fo rtuna te ly  to  decompose a lineshape 

in to  its constituent parts requires the deconvolution o f the lineshape and the 

ins trum enta l resolution function  from  the experim ental data. E arly  a ttem pts 

at model independent deconvolution (Jackman et al 1974, Dannefaer &  K e rr 

1975) employed ite ra tive  techniques and were very successful except in  terms 

o f com puting  tim e.

The development o f fast Fourier transform  (F F T ) routines now allows 

rap id  convo lu tion  and deconvolution o f any num ber o f discrete arrays such as 

measured spectra from  an M C A . However spurious high frequency components 

can be in troduced during  the deconvolution process and filte rin g  of the Fourier 

specrum is essential. Schaffer et al (1984) have reported the use o f an F F T  

rou tine  w ith  a variable low-pass filte r such tha t a ll Fourier coefficients beyond 

the firs t m in im um  being set to zero. In  a subsequent paper (Schaffer &  

Jones 1986) they have applied the ir m ethod to  a Doppler-broadening study
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of a lu m in ium  and have reported an im provem ent in  the conventional lineshape 

param eters by using the deconvoluted spectra ra ther than  the raw data. In  

th is  way accidental changes in  the resolution function  can be accounted for. 

They have made no a ttem pt to  f it  the deconvoluted lineshape w ith  a modelled 

function .

A  measured lineshape f { E )  can be described as the convolu tion of a 

superposition o f d ifferent components g i(E )  w ith  the resolution func tion  r (E ) .

/  9i(^  )r(a; -  E )d x
i "/-oo

or in  a more convenient no ta tion

f ( E )  =  Y . 9 i ( E ) * r { E )
i

By v irtu e  o f the convolution theorem, the same expression a fter Fourier 

transfo rm a tion  is much sim pler

F(e)  =  =  iJ(e) G ,(e)
I t

and deconvolution is achieved by po in t by po in t d iv is ion  o f the transform ed 

lineshape by the transform ed resolution function .

B o th  the measured lineshape and the resolution function  conta in  random  

s ta tis tica l errors which result in  s ignificant h igh frequency components in  the ir 

respective Fourier spectra. These are am plified by the d iv is ion  o f one sm all 

num ber by another at h igh Fourier coeffiecients. Consequently some sort o f 

filte rin g  is essential i f  the technique is to be used effectively.

5.4.1 F F T  D econvolution Program

A  program  has been developed to  u tilise  the speed of F F T  routines to 

deconvolute and f i t  a modelled three component curve to  a positron  ann ih ila tion  

lineshape. The m ain program  logic is as follows
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1 E nter reso lution function.

2 S ubtract underly ing  background from  resolution function .

3 Norm alise resolution function  to  u n it area.

4 E nte r in it ia l guesses for fitted  parameters.

5 E nte r data fun tion .

6 S ubtract underly ing  background from  data function.

7 Deconvolution.

8 F it  m odelled function  using least squares m in im isa tion .

9 Repeat from  step 5 for a ll data.

Steps 2 and 8 as well as the FFTs used in  the deconvolution use NAg 

F O R T R A N  lib ra ry  routines. For the underly ing  background a com plem entary 

erro r func tion  was selected. The whole peak was fitte d  w ith  a superposition 

o f two norm alised Gaussian functions and an inverted parabola. The ®^Sr 

gam m a-ray at 514keV was used as the instrum enta l resolution function . The 

deconvolution step is fu rthe r broken down as follows

1 Move the reso lution function  to  a larger array o f dimension 2^ (n integer).

2 Fourier transfo rm  the resolution function.

3 Take the m odulus o f the transform ed resolution function.

4 Move the data function  to a larger array o f dimension 2^.

5 Fourier transfo rm  the data function.

6 Take the m odulus of the transform ed data function.

7 F ilte r  the transform ed data function.
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8 D iv ide  each data element by the corresponding resolution element.

9 Fourier transfo rm  the deconvoluted function.

10 Take the m odulus o f the deconvoluted function.

11 Compress the deconvoluted array to the o rig ina l size o f the data array.

12 Norm alise the deconvoluted function  to  u n it area.

Expanding the data sets in to  larger arrays allows a w ider transform ed 

function . As a ru le o f thum b for an array o f dimension N  and a function  

o f fu l l w id th  a elements the fu ll w id th  o f the Fourier transform ed function  

is N / a .  A  narrow  region ecompassing only the peak region is extended in 

preference to  tak ing  a w ider w indow  which introduces add itiona l noise in to  the 

Fourier spectrum  due to  the assymetry o f the surrounding spectrum . Selecting 

an array dimension o f TV =  2”  is not essential bu t the m a jo rity  o f F F T  routines 

are m ost efficient at handling arrays o f these dimensions.

B oth  sides o f the peak are used th roughou t and when the m odulus o f the 

transform ed function  is taken th is is centred about the firs t and last elements 

of the array. F ilte rin g  in  th is case therefore necessitates suppression o f the 

centra l section o f the spectrum . On compression the data is w rapped around 

to  be centred in  the fina l array.

F ilte r in g  is the most im p o rta n t pa rt o f the deconvolution process as i t  can 

d ram a tica lly  a lter bo th  the w id th  and shape of the peak. W ith o u t filte rin g  

the w h ite  noise generated in the deconvolution process can to ta lly  ob lite ra te  

any recognisable peak. I f  too many high frequency components are rejected 

then any narrow  components, eg parapositron ium , and any discontinuous 

changes in  the line slope w ill be lost. Th is la tte r case becomes im p o rta n t in 

analysing lineshapes for positron ann ih ila tion  in  metals where the conduction 

band electrons con tribu te  a parabolic component o f fin ite  w id th . C u ttin g  out 

the higher frequency components would then result in  large oscilla tory ta ils
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after inverse transfo rm ation. In  a m ulticom ponent f it  th is  could quite easily be 

in terpreted as another Gaussian component.

Three types o f filte r (fig. 5.4) have been tested on the same data using the 

same f it t in g  rou tine  and in it ia l param eter values. These are

(i) A  low-pass f ilte r in which a ll Fourier coefficients beyond a fixed cu t-o ff value 

are rejected.

(ii) A  dynam ic low-pass f ilte r in  which the cu t-o ff is set at the firs t m in im um  in 

the Fourier spectrum  (Schaffer et al 1984).

( iii)  A  dynam ic f ilte r in which all Fourier coefficients w ith  an in tens ity  less than 

a predefined frac tion  (filte ring  factor) o f the peak in tens ity  are set to  zero.

F ilte r  ( ii) relies on the observation th a t the signal to  noise ra tio  is o f 

order one at the firs t m in im um . I t  does however, like f ilte r (i), preclude any 

components w ith  a fin ite  w id th , which w ill have a periodic Fourier spectrum . 

I t  is also un like ly  to  find  a low in tensity  narrow  component superimposed on 

a w ider lineshape. F ilte r ( iii)  attem pts to solve these problems, re ly ing  on the 

assum ption th a t the w h ite  noise in  the Fourier spectrum  is sm all compared to 

the Fourier spectrum  due to  the components in  the spectral line. The noise 

however w il l be exaggerated after the po in t by po in t d iv is ion  by the noise in 

the reso lution function .

5.4.2 Test o f the F F T  M ethod

The program  described above was tested for a ll three filte rin g  techniques 

on two sets o f experim ental data taken w ith  a h igh p u r ity  Ge detector at a 

dispersion of 94eV per channel. For filte rs (i) and ( iii)  d ifferent values for 

the cu t-o ff and filte rin g  factor were tried . Otherwise apart from  the in it ia l 

guesses o f the fitte d  parameters the program  was configured iden tica lly  for
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each data  set. The ann ih ila tion  lineshapes were collected over 350 channels 

w ith  the F F T  perform ed over 1024 coefficients. The centra l 150 channels of 

the deconvoluted peak were fitted  w ith  a superposition o f two Gaussians and a 

parabola using an unweighted least squares f it. Each component is characterised 

by a w id th  param eter (in channels) and a percentage intensity. In  add ition  the 

peak pos ition  and a constant background were fitted  as free parameters as a 

test o f deconvolution. In  a noisy spectrum  the f it t in g  a lgo rithm  attem pts to 

find  bo th  a peak position  well removed from  the centre channel and a non-zero 

background.

No account was taken of the positron m om entum . Th is w ould appear 

as a second reso lution function  b lu rrin g  any kinks in  the deconvoluted 

lineshape, in troduc ing  small ta ils  onto the parabola and s ligh tly  w idening all 

the components. However as the positron has very l it t le  m om entum  th is effect 

should be sm all compared to  any filte rin g  errors.

The technique was firs t tested on data from  positron  ann ih ila tion  in  copper 

conta in ing  a h igh density o f k ryp ton  precipitates (chap. 7). The lineshape 

can be decomposed in to  3 components corresponding to  a nn ih ila tion  w ith  K r  

and Cu atom ic electrons and w ith  conduction band electrons. B o th  lineshape 

param eter (chap. 8) and life tim e measurements (Jensen et al 1986) have shown 

the pos itron  ann ih ila tion  characteristics to  be constant over the tem perature 

range (300-600K) used here. These lineshapes w ill therefore provide a test o f 

the consistancy o f each filte ring  technique.

The intensities and w id ths o f the parabolic component in  each line are shown 

in  figures 5.5 and 5.6 respectively. The fixed low-pass filte r (i) gave consistent 

values fo r a very narrow  range of cut-offs around 50 Fourier coefficients (figs 

5.5.b &  5.6.b). Th is gives 2 Gaussian components o f s im ila r intensities (~  40%) 

w ith  w id ths  o f 11 &  24 channels and a parabola w ith  a w id th  param eter o f 17 

channels. For lower cut-offs the in tensity  of the w ider Gaussian fe ll to  zero w ith
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the w id th  o f the parabola increasing to  th a t o f the lost Gaussian (fig. 5.6.a). 

M ost o f the lost in tens ity  was taken up in to  the parabolic component (fig. 5.5.a). 

Keeping more of the Fourier spectrum  causes the intensities and w id ths to  vary 

considerably between equivalent spectra. Figures 5.5.c &: 5.6.c show results fo r 

a cu t-o ff at 75 Fourier coefficients.

The dynam ic low-pass filte r (ii) o f Schaffer (1984) fared l it t le  be tte r g iv ing 

a much w ider va ria tion  in  parabola w id ths (fig. 5.6.d) as well as a much lower 

in tens ity  (1-5%) to  be compared w ith  the w ider Gaussian, associated w ith  the 

copper, o f 40%. In  annealed copper the ra tio  o f Gaussian to  parabolic intensities 

is 4:1 a t these tem peratures (Rice-Evans et al 1976). In  a heavily defected 

sample such as th is the parabola should be more intense.

F ilte r  ( iii)  gave constant results over the d ifferent lines for a range o f f ilte rin g  

factors between 1 &  2% of the m axim um  Fourier intensity. However the 

absolute values depended on the filte ring  factor. The in tens ity  o f the w ider 

Gaussian fe ll w ith  increasing filte rin g  factor, the parabola in tens ity  and both  

w id ths  increased. Rejecting all coefficients w ith  a lower in tensity  than  1% of 

the m ax im um  gave a w ider Gaussian in tentesity of 45%; fo r 2% the re turned 

Gaussian in tens ity  was 40% w ith  the difference being taken up by the parabola. 

B oth  w id ths  increased by 2 channels over th is range. There was, however, no 

s ign ificant effect on the narrow  Gaussian component. For a filte rin g  factor o f 

0.5% the results were essentially the same as fo r filte r (ii).

For the second test the technique was trie d  on data from  positron  ann ih ila tion  

at condensed monolayers o f oxygen on graphite which has already been 

successfully fitte d  to  a 3 component model using repeated num erical convolution 

at each stage in the least squares f it  (Rice-Evans &  M oussavi-M adani 1987). As 

a m onolayer o f oxygen condenses a th ird  narrow component, corresponding to 

the ann ih ila tio n  o f para-positron ium , enters the lineshape. In  the 3 component 

model th is  th ird  component is taken to be a Gaussian. The development o f the
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narrow  component is seen as a dram atic increase in  the lineshape param eter F. 

W hen analysed using a two component model (Gaussian +  parabola) there is 

an apparent sharp decrease in parabola w id th  w ith  an accompanying drop in 

in tens ity  (Rice- Evans et al 1986). W ith  the add ition  o f a th ird  component the 

w id ths  and re la tive intensities o f the two m ajor components rem ain constant.

The fixed low-pass filte r w ith  a cu t-o ff at 75 Fourier coefficents gave s im ila r 

results (fig. 5.5.b) to  those o f Rice-Evans &  M oussavi-M adani. Keeping as few 

as 50 coefficients produced the narrow  component fo r data at 90K a lthough the 

w id th  was tw ice as wide (fig. 5.8.a) and its in tens ity  d im in ished (fig. 5.7.a). 

W ith  a cu t-o ff at 100 coefficients the intensities and w id ths o f a ll 3 components 

fluc tua ted  w ild ly .

The dynam ic low-pass filte r (ii) fa iled to  find  the narrow  component at a ll 

b u t gave s im ila r values for the w id ths and re lative intensities o f the other two 

components.

F ilte r  ( ii i)  d id  not perfo rm  very well at a ll under these circumstances. W ith  

a filte rin g  facto r in the range 0.5-1% the narrow  component was vis ib le  at its 

most intense w ith  the w id th  independent o f the factor (figs. 5.8.c &  5.8.d), bu t 

it  was not found at lower intensities (figs. 5.7.c &  5.7.d)

5.4.3 C o n c lu d in g  R e m a rk s  on  F ilte rs

Deconvolu tion of gam ma-ray lineshapes using F F T  a lgorithm s allows rap id  

component analysis, typ ica lly  20 seconds on a V A X  11/780 cluster per spectrum . 

W ith  care, and a suitable model, valuable in fo rm ation  can be obtained at much 

lower com puting  cost than by ite ra tive  methods. None of the three filte rs  tested 

have proved to  be adequate for rou tine  analysis of lineshapes comparable to the 

use o f parameters. Great care needs to  be taken in the ir use p a rticu la rly  when 

looking fo r narrow  components at low intensity.
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Low-pass filte rs  seem to the most successful a lthough the m ethod o f Schaffer 

et al (1984) which would allow the program  to  select the cu t-o ff does not 

necessarily give the best results. There appears to  be no a p r io r i m ethod of 

selecting the cu t-o ff level. Th is has to  be done by inspection of the o u tp u t for 

equivalent spectra so tha t consistent results are achieved and a lim it  on the 

accuracy can be determ ined.

O ther filte rs , such as a sink function  or a Gaussian w eighting o f the Fourier 

spectrum  may y ie ld  bette r results a lthough they have not yet been tested. In  

these cases though there w ill then be an add itiona l lower lim it  on the w id ths 

o f any components as they have the effect o f inserting a narrower a rtific ia l 

reso lution function .

Once a f ilte r  has been found tha t is applicable over a w ide range o f spectral 

conditions, eg poor statistics, narrow  components, etc, then the m ethod should 

find  use as a rap id  and accurate means of analysis.
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Figure 5.1

Feynm ann diagrams for one, two and three photon ann ih ila tion  o f a positron  

and an electron.

Figure 5.2

D e fin ition  o f the free electron parabola. The density of states N (P ^) is equal 

to  the shaded area where F z cuts the Ferm i sphere.
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BA

Sr

Figure 5.3

The de fin ition  of a runn ing  integrated difference (R ID ) curve. The broken line 

line in  (b) is the difference of the dashed curve from  the solid in  (a). The solid 

curve in  (b) is the R ID  curve. Its height Sr is equal to  the shaded area in  (a).
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Figure 5.4

The le ft h a lf o f a Fourier spectrum  showing the d ifferent filte rs used. W ith  a 

low-pass filte r  (i) at the firs t m in im um  (ii) the area to  the le ft o f A  is used. 

W ith  f ilte r  (ii) the coefficients above B are used.
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Figure 5.5

The in tens ity  o f the parabola in C u (K r) for d ifferent filte rs. Low-pass filte rs 

w ith  cut-offs at 25 (a), 50 (b), 75 coefficients (c) and at firs t-m in im um  (d) and 

a dynam ic filte r  w ith  filte rin g  factors of 1% (e) and 1.5% (f).
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Figure 5.6

The w id th  o f the parabola in C u (K r) for different filters. Low-pass filte rs w ith  

cut-offs at 25 (a), 50 (b), 75 coefficients (c) and at firs t-m in im um  (d) and a 

dynam ic f ilte r  w ith  filte rin g  factors o f 1% (e) and 1.5% (f).
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Figure 5.7

The in tens ity  o f the narrow  Gaussian component in  O 2 condensed on graphite 

fo r d iffe rent filte rs . Low-pass filte rs w ith  cut-offs at 50 (a) and 75 (b) coefficients 

and dynam ic filte rs  w ith  filte ring  factors of 0.6% (c) and 0.8% (d).
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Figure 5.8

The w id th  o f the  narrow  Gaussian com ponent in  O 2 condensed on g raph ite  fo r 

d iffe ren t filte rs . Low-pass filte rs  w ith  cut-offs a t 50 (a) and 75 (b) coefficients 

and dynam ic filte rs  w ith  f ilte r in g  factors o f 0.6% (c) and 0.8% (d).
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C h a p te r  6 P ro filin g  w ith  P o s itro n s

6.1 In trod u ction

P ositron  beams provide  the unique p o ss ib ility  o f exam in ing  defect s tructures 

on a m icroscopic scale as a fun c tio n  o f depth  below a m a te ria l surface. The 

earliest a ttem p ts  date back some five years (T rifth a use r and Kogel 1982) and 

were able to  see clear differences between annealed and He im p lan ted  metals 

as a fu n c tio n  o f energy. However these measurements suffered fro m  a lack o f 

deta iled knowledge o f the  pos itron  im p la n ta tio n  p ro file , a lthough  the  authors 

d id  manage an estim ate o f the mean pene tra tion  dep th  o f the ions.

L a te r beam experim ents on annealed m etals yie lded values o f the d iffus ion  

coefficients w h ich  were anom olously low  w ith  a m uch stronger tem pera tu re  

dependence (Schultz et al 1985) than  the expected theo re tica l T “ ^/^ fo rm  

(Bergersen et al 1974). T h is  is now believed to  be due to  a tem pera tu re  

independent backscattering  effect fou ling  the lower p os itron  energy data. 

H uom o et al (1987) have shown th a t when th is  is taken in to  account the  d iffus ion  

coeffific ien t resumes its  theore tica l tem pera tu re  dependence.

6.2 T he P ositron  Im p lan ta tion  P rofile

There are essentia lly tw o  types o f m easurement w h ich  can give accurate 

in fo rm a tio n  on the p ro file  o f a m onoenergetic pos itron  ente ring  a m a teria l; 

transm ission  th rough  a fo il or the p ro filin g  o f a know n s truc tu re . In  a 

transm ission  experim ent the p ro file  o f electrons can be measured and is well 

know n (M akhov 1960). The to ta l transm ission th rough  a f ilm  o f thickness x 

can be expressed as

T ( x , E )  =  e x p fœ ^ /z ^ )
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where

zo =
P

w ith  p being the m a te ria l density and E  measured in  keV.

D iffe re n tia tin g  the expression fo r T ( x , E )  gives the p ro b a b ility  o f an e lectron 

or pos itron  stopp ing  at a distance z fro m  the surface

P { z , E )  =
dz

In  M on te -C arlo  ca lcu la tions V a lkea lah ti and N iem inen (1983,1984) showed th a t 

bo th  positrons and electrons have the stopp ing  profiles o f th is  fo rm  w ith  m = 2  

fo r pos itrons and 1.9 fo r electrons. These values are s ig n ifican tly  greater than  

those fro m  transm ission  experim ents. The authors a ttr ib u te d  th is  difference to  

the neglect o f backscattering  in  the experim enta l measurements.

The end p o in t o f the M onte-C arlos fo r each p a rtic le  h is to ry  was taken as 

20eV as a t lower energies the partic les have an iso trop ic  d irec tion  d is tr ib u tio n . 

The authors re p o rt a change o f 1Â in  the mean dep th  when the  te rm in a tio n  

energy is changed fro m  100 to  20eV. C lea rly  th is  p ro file  is no t the  fin a l steady 

state  pos itron  p ro file  and in  any defect p ro filin g  measurem ent the d e fin itio n  o f 

a “s topped” pos itron  should be ca re fu lly  considered. S im ila r ly  backscattering  

o f the  low energy positrons at lower depths w il l  lead to  an enhancem ent o f the 

surface and ep ithe rm a l states.

Vehanen et al (1987) have produced accurate values fo r the  param eters in  the 

M akhov ian  p ro file  fro m  a pos itron  beam s tudy o f a know n m u ltila ye r s truc tu re . 

The values reported  fo r m ,u  and a  are 2, 1.6 and 4.5/L/g/cm2 respectively. In  

th is  measurement pos itron  d iffus ion  was neglected due to  the low m o b ility  o f 

positrons in  the sample.
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6.3 P ositron  D iffusion

In  homogeneous m edia the d iffus ion  o f positrons back to  the  surface can be 

ca lcu la ted fro m  the s topp ing  p ro file  P(z, E)  I f  the  M akhov ian  p ro file  is assumed 

to  represent the s topp ing  o f positrons down to  the rm a l energies then  the back 

d iffus ion  p ro b a b ility  J  is given by the Laplace tra ns fo rm  o f the  im p la n ta tio n  

p ro file .
rO O

J ( z , E ) =  P { z , E ) e - ‘‘^ ^ * d z
Jo

where the one-dim ensional d iffus ion  length  is re la ted to  the d iffus ion  coefficient 

D +  by L_|_ =  y/ / A  where A is the b u lk  a n n ih ila tio n  rate. In  u n ifo rm ly  

defected m ateria ls  A is replaced by A +  /c where k  is the tra p p in g  ra te. J  has 

been tabu la ted  in  append ix 2 as a fu n c tio n  o f Z0 / L +  fo r the  M akhov ian  p ro file .

The back d iffus ion  p ro b a b ility  can be f it te d  d ire c tly  to  p o s itro n iu m  fra c tion  

measurements as in  m etals Ps is on ly  form ed a t the surface. T h is  u n fo rtu n a te ly  

requires clean w ell characterised surfaces. However N ielsen et al (1985) found, 

using th is  m ethod , th a t in  s ilicon the M akhov ian  p ro file  [m =  2) gives be tte r 

agreement than  an exponentia l im p la n ta tio n  p ro file  (m  =  1).

In  ‘d ir t y ’ systems the rm a l p o s itro n iu m  p ro du c tio n  is suppressed by overlayers, 

p r in c ip a lly  o f adsorbed oxygen and w ater, and Ps fra c tio n  da ta  does no t give 

a useful measure. Nevertheless i f  the surface con tim anan t is su ffic ien tly  th in  so 

as no t to  co n trib u te  a b u lk  signal then i t  can be assumed th a t any positrons 

d iffus ing  back w il l  a nn ih ila te  w ith  a lineshape param eter corresponding to  a 

generalised surface state. A n  in tu it iv e  upper l im it  on the thickness o f the 

overlayer w ou ld  be the mean free pa th  o f the pos itron  in  the sample.

Then  any lineshape param eter measured as a fun c tio n  o f inc iden t pos itron  

energy F(E)  can be expressed by a sim ple tw o state model

F ( E ) = J f s - \ - { l - J ) h

where the subscrip ts s and b denote surface and b u lk  values.
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6.4 E p ith erm al Effects

Positrons stopp ing  near the surface o f a m a te ria l can backscatter th rough  

the surface before fu lly  the rm a lis ing . A  large fra c tio n  o f these ep ithe rm a l 

positrons can s tr ip  an e lectron fro m  the surface and emerge as p os itron iu m . In  

p os itron  back d iffus ion  measurements th is  is usua lly  regarded as an unw anted 

com p lica tion  w h ich  fouls the low energy data. Huom o et al (1987) re p o rt 

th a t fo r M o  a ll da ta  fo r inc iden t pos itron  energies below 4keV is s ig n ifican tly  

co n tim ina ted  by ep ithe rm a l Ps.

However the effect is im p o rta n t in  its  own r ig h t as a p o te n tia l fo r m odera to r 

design and deserves fu r th e r considera tion , the m ost e ffic ien t m odera to r to  date, 

so lid  Ne (M ills  and G u llikson  1987), is believed to  w o rk  by th is  m e thod  as are 

the o rig in a l M gO  smoked gold m oderators.

A t present the o rig in  o f ep ithe rm a l pos itron  emission is d isputed  w ith  m ost 

researchers favou ring  a s im ple backscattering  mechanism. M ills  and Crane 

(1984) measured the emission energy o f ep ithe rm a l positrons fro m  various ionic 

solids. They found a large spread o f energies up to  the band gap energy o f the 

m a te ria l. In  th e ir  conclusion the  authors postu la te  an A uger emission process 

whereby Ps d iffus ing  to  the surface loses its  e lectron to  an em p ty  surface state.

E p ith e rm a l p o s itro n iu m  emission has also been observed in  Ps tim e -o f- f lig h t 

spectra  (H ow ell et al 1986) fro m  clean m eta l surfaces. A lth o u g h  the Auger 

process is feasible fro m  a m eta l w ith  a th in  adsorbed overlayer i t  is extrem ely 

u n lik le y  fro m  the m eta l surface. T h is  w ou ld  necessitate freely d iffus ing  Ps inside 

the m eta l w h ich  has never been observed.

The m ost probable mechanism  o f emission is backscattering  o f non- 

therm alised  positrons from  the near-surface. On im p la n ta tio n  the pos itron  

ra p id ly  loses energy by ine lastic e lectron collisions down to  a few eV. W hen the 

p os itron  has a lower energy than  the Ferm i energy in  a m eta l o r the  band gap
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in  an in su la to r i t  can no longer lose energy to  electrons. Then the rm a lisa tio n  is 

dom ina ted  by la ttice  in teractions w h ich  have a m uch lower energy transfe r. A t 

th is  stage the pos itron  has the p ro b a b ility  d is tr ib u tio n  ca lcu lated by V a lkea lah ti 

and N iem inen (1983). E p ith e rm a l positrons can scatter iso tro p ica lly  fro m  ion 

cores and m ay pass back th rough  the surface.

I f  th is  descrip tion  is correct i t  is a re la tive ly  s im ple m a tte r to  account fo r 

ep ithe rm a l effects in  p ro filin g  measurements. S ta rtin g  fro m  the M akhov ian  

p ro file  and assum ing a characte ris tic  sca tte ring  length  the  p ro b a b ility  o f 

sca tte ring  ou t o f the surface fro m  a depth  z is given by e xp (—z/Z+) and a 

backscattering  p ro b a b ility  Jep can be defined

nOO

J e p =  P ( z , E ) e ~ ^ / ‘+dz  
Jo

and assum ing a characte ris tic  lineshape param eter fo r a ll ep ithe rm a l states f^p 

the expected lineshape param eter is s im p ly

F ( E )  =  Jep/ep +  (1 -  Jcp)(Jfs +  (1 -  J ) h ) )

F o rtra n  subroutines to  calculate F ( E )  fo r b o th  the ep ithe rm a l and sim ple 

back d iffus ion  case are described in  append ix 3. A lso inc luded are routines 

to  ca lcu late  the back d iffus ion  p ro b a b ility  and and the M akhov ian  p ro file .

6.5 D e fe c t  P r o f i l in g

A  defect p ro file  C(z )  can be ca lcu lated fro m  tw o d iffe ren t styles o f 

measurem ent; fro m  the back-d iffus ion  fra c tion  or fro m  the va ria tio n  o f a 

lineshape param eter as a fun c tio n  o f inc iden t pos itron  energy. The H els ink i 

g roup have had m uch success w ith  the fo rm er m ethod (M akinen  et al 1986, 

Bentzon et al 1987). T h is  m ethod is capable o f reso lving defect s tructures 

very close to  the surface, ty p ic a lly  less tha n  2 0 A  un like  lineshape param eter 

measurements w h ich  are sensitive to  b o th  the d iffus ion  and sca tte ring  lengths.
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U n fo rtu n a te ly  back-d iffus ion  measurements require  U H V  cond itions and w ell 

characterised surfaces.

A  tra p p in g  fra c tio n  K ( E )  can be defined as

where the subscripts denote the defected and the reference sample. Using 

th is  d e fin itio n  the  tra p p in g  fra c tio n  K { E )  represents the a d d itio n a l positrons 

trapped  in  the b u lk  by the defect d is tr ib u tio n . As K ( E )  represents a difference, 

i f  the ep ithe rm a l effects can be assumed the same fo r each sample, they are 

a u to m a tica lly  excluded from  the data.

The curves o f K ( E )  can then be f itte d  to  a so lu tion  o f the  quasi- s ta tio n a ry  

d iffus ion  equation

D + V ^ N ( z , E )  -  (X +  n C ( z ) ) N ( z , E )  + P ( z , E )  = 0

where N ( z , E )  is the steady-state p os itron  d is tr ib u tio n  and p  is the defect 

specific tra p p in g  ra te. The back d iffus ion  p ro b a b ility  is given by.

J ( E )  =  10+^7 N ( 0 , E ) \

For deeper defects in  systems w ith  less w e ll characterised surfaces where the 

pos itron  back d iffus ion  cannot be measured d ire c tly  any p os itron  a n n ih ila tio n  

lineshape param eter can be used.

For a defect d is tr ib u tio n  C{z )  the lineshape param eter at a depth  z is given 

by a s im ple tw o-sta te  m odel

f  (^\  ^  A  +  k C ( z ) f d  
14-A ;C (z)

where the subscripts b and d denote b u lk  and defect values and k =  fx/X is a. 

re la tive  tra p p in g  rate.
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The b u lk  lineshape param eter is the given as fu n c tio n  o f energy by

foo
/ ( E )  =  /  / , ( z ) V ( z ,E ) d z

Jo

In c lud in g  back-d iffus ion  and a surface state

F ( E )  =  J f ,  +  (1 -  J ) f ( E )

In  the h igh  defect regime where pos itron  d iffus ion  can be neglected the steady- 

state  p ro file  jV (z , E ) can be replaced w ith  the stopp ing  p ro file  P (z ,E )  w ith  a 

s ligh t m o d ifica tio n  to  J (E ) .  D iffe re n tia tio n  o f the  M akhov ian  at z =  0 gives 

J  =  2 E +  / Zq w h ich  becomes in fin ite  as the im p la n ta tio n  energy tends to  zero. 

In  the  analysis reported  in  th is  thesis using th is  a pp rox im a tion  J  was replaced 

w ith  a fun c tio na l fo rm  w ith  the correct assym pto tic  behaviour a t h igh  and low 

energies.

(zO +  >y2E+)2 

For a s im ple step fun c tio n  d is tr ib u tio n

C [ z  <  I) =  lC ( z  >  /) =  0

the in teg ra l fo r / ( E )  becomes

(fb +  ^ /d )  +  ^(/fc —
1 +  A:

M ore  exact so lu tions to  th is  p rob lem  are very expensive on com puter tim e  

whereas the ro u tine  using th is  m ethod  (A p pe n d ix  3 )ty p ic a lly  gives a least 

squares f i t  w ith in  a few m inutes.
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C h â p te r  7 P ro filin g  P u re  M e ta ls

7.1 In trod u ction

The models developed in  C hapte r 6 have been used to  investigate pos itron  

d iffus ion  and ep ithe rm a l em ission in  d iffe ren t pure m etals using b o th  pos itron  

beam systems. In  the  case o f Ga p re lim in a ry  results are presented fo r b o th  

the liq u id  and the solid . I t  is arguable as to  w he ther any s ign ifican t differences 

were observed between the liq u id  and so lid  phases, o r between the h igh  and low 

tem pera tu re  solids.

In  every analysis the the pos itron  stopp ing  p ro file  was fixed w ith  a M akhov ian  

fo rm  w ith  the  values determ ined by Vehanen et al (1987)

P ( z , E )  =
dz

where

w ith  E  measured in  keV.

P

7.2 S low  P ositro n  S tu d y  o f G allium

G a lliu m  is know n to  be a very pecu lia r m eta l. L ike  w a te r the so lid  phase 

has a lower density than  the liq u id . I t  also has a tendency to  supercool. 

W ith  regards to fast pos itron  studies the b u lk  shows no change in  pos itron  

life tim e  or e lectron m om enta w ith  tem pera tu re  in  the  solid . However there is 

a large change in  life tim e  on m e lting  (B ra n d t &  W aung 1968). There is also 

a s ign ifican t na rrow ing  o f the a n n ih ila tio n  line (G ustafson &  M ack in tosh  1963) 

w ith  a greater p ro b a b ility  o f a n n ih ila tio n  w ith  conduction  electrons. These 

observations suggest th a t the denser liq u id  has m ore open vo lum e defects, 

w h ich  act as traps fo r the pos itron . T h is  is supported  by m ore recent A G A R

83



measurements com pared w ith  C om pton  sca tte ring  in  liq u id  m etals (Ito h  &  

Suzuki 1979). These measurements suggest th a t w h ile  positrons are delocalised 

in  liq u id  Na, in  Ga they are h ig h ly  localised.

7.2.1 E xp erim en ta l and A n a ly tica l M eth od

W hile  s t i l l  under developm ent the cryosta t pos itron  beam system  was set 

up fo r p re lim in a ry  measurements on liq u id  m eta l surfaces. The spectrom eter 

con tro l system fro m  horizon ta l beam line was used in  con junc tion  w ith  a co-axia l 

h igh  p u r ity  germ anium  detector alongside the  cryosta t ta il.  The tem pera tu re  

o f the  sample was recorded using a go ld / iron-chrom el therm ocoup le  referenced 

at 77K and m a in ta ined  by resistive heating  o f a n on -in d uc tive ly  w ound furnace.

The g a lliu m  sample was supported  in  a sm all cup in  the rm a l contact w ith  

the heater (fig. 7.1), being p u t in  when m o lten . Before m e ltin g  the sample 

was cleaned in  n itr ic  acid to  remove b u lk  contam inants  and the surface was 

skim m ed o ff w h ile  m olten.

A n n ih ila t io n  spectra were recorded over a range o f ta rge t biases fro m  0 to  

2500V. The lineshape param eter F , being the norm alised contents o f the centre 

7 channels o f the  peak, was ca lcu lated fo r each bias. T h is  was then  f it te d  

using a least squares m in im isa tio n  ro u tine  to  a m odelled tw o  state fun c tio n  

F ( E )  =  J f s  {1 — J ) f b ’ J  was ca lcu lated as the  Laplace tra ns fo rm  o f the 

pos itron  p ro file

roo
J =  P ( z , E ) e ~ ^ ' ^ * d z  

Jo

The Laplace tra ns fo rm  was ca lcu lated num erica lly  over a range IOzq/ 3 to  an 

accuracy o f 1000 a rray elements. B o th  the m ax im um  depth  and the num ber 

o f elements could  be reduced w ith o u t an appreciable loss in  accuracy o f the 

f it .  F igure  7.2 shows a scaled M akhov ian  p ro file  w ith  element 1000 m arked as 

l im it  o f in teg ra tion . C learly  the in tens ity  o f the fu n c tio n  ceases to  be s ign ifican t
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beyond a depth  ^  7.5zq/ 3. In  the s im ple tw o- state m odel reducing the num ber 

o f elements to  750 w ou ld  increase the com puting  speed by 33%. W ith  1000 

elements a typ ica l f i t  to  the da ta  takes 2 hours on a V A X  8200 m in icom pu te r.

7.2.2 R e s u lts  a n d  D is c u s s io n

The lineshape param eter p ro file  measurements and the f it te d  curves to  them  

are shown in  figures 7.3, 7.4 and 7.5 fo r liq u id  Ga at 420K , so lid  at 95K  and 

at 295K respectively. A ll have the same characte ris tic  shape ris ing  fro m  a low 

value at low inc iden t pos itron  energies to  a p la teau beyond 800V w ith  a possible 

dow nw ard trend  at h igher energies. W ith in  the experim enta l errors there is no 

difference between the  experim enta l measurements. The difference in  b u lk  value 

m ay be due to  the difference in  phase b u t th is  cannot be sta ted d e fin ite ly  as 

there was a change in  geom etry between tw o o f the three experim ents.

The f it te d  param eters (tab le  7.6) ind ica te  an extrem ely short d iffus ion  length 

com pared to  the  estim ated theore tica l value o f 2100Â (N iem inen and M ann inen  

1979, Begersen et al 1974). F u rthe rm ore  w ith in  the  lim its  o f m easurem ent th is  

has a constant value o f 13 ±  5Â  over a tem pera tu re  range o f 325° and a change 

o f phase. T h is  is rem arkab ly  close to  the ca lcu lated p os itron  mean free pa th  

o f 12Â given in  the same reference. A  mean dep th  o f 2100Â w ou ld  correspond 

to  an inc iden t pos itron  energy o f 3.4keV. As th is  experim ent u tilise d  positrons 

w ith  a lower energy on ly  a sm all fra c tio n  are like ly  to  ann ih ila te  in  the bu lk .

Therefore the s im plest in te rp re ta tio n  o f these results is th a t the tw o-sta te  

m odel applies to  a surface and an ep ithe rm a l state w ith  the exponentia l length 

being a mean sca tte ring  length. As such the data  yie lds very l i t t le  in fo rm a tio n  

about the Ga itse lf b u t does lend w eight to  the s im ple sca tte ring  m odel o f 

ep ithe rm a l emission.
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F it to  D iffusion  M odel for G alliu m

Tem p K fs fb L + Reduced

95 0.3266 0.3405 7.28 0.3796

295 0.3226 0.3391 18.34 0.3937

420 0.3247 0.3447 14.95 0.2704

Table 7.6

F it  to  the tw o-sta te  m odel fo r the  lineshape param eter p rofiles in  Ga.

7.3 S low  P ositron  S tu d y  o f M olyb d en u m

7.3.1 E xp erim en ta l and A n a ly tica l M eth od

A n  annealed po lyc rys ta llin e  m o lybdenum  fo il was stud ied  using the o rig in a l 

pos itron  beam spectrom eter system  described in  chapter 4. The surface was 

cleaned w ith  p ropano l b u t no t etched, w h ich  was im p ra c tica l as the  M o  surface 

was the reverse o f an ion im p lan ted  sample (C hapte r 10).

A n n ih ila t io n  spectra were recorded over the  range 0-12kV  and the  lineshape 

param eter Ŝ . was ca lcu lated fro m  R ID  analysis referenced to  the  lineshape fo r 

12keV inc iden t positrons. The R ID  w id th  param eter B r  was constant at 20 

channels in d ica tin g  th a t the Sr param eter was va lid  as the m ax im u m  change in  

the conventiona l lineshape param eter F.

The same set o f data  was then analysed in  term s o f a s im ple d iffus ion  m odel 

and w ith  an a dd itio n a l ep ithe rm a l state and sca tte ring  length . The pos itron  

p ro file  was fixed as a M akhov ian  fun c tio n  w ith  a  =  4.5/ugcm“ ^, m = 2  and 

n = 1 .6 . The Laplace transfo rm s were bo th  ca lcu lated num erica lly  over 1000 

elements up to  a dep th  IOzq/3. Inc lud in g  the second tra ns fo rm  fo r ep ithe rm a l 

sca tte ring  increased the required com puting  tim e  by a fac to r o f 4. The f it t in g  

ro u tin e  used an unw eighted least-squares m in im isa tion .
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7.3.2 R esu lts  and D iscu ssion

The fits  to  the experim enta l po in ts  are shown in  figure  7.7. The so lid  line 

represents the s im ple d iffus ion  m odel w ith  two com ponents and one d iffus ion  

length ; the broken line includes ep ithe rm a l backscattering.

These results are q u a lita tive ly  d iffe ren t fro m  those fo r Ga w h ich  ind ica te  a 

very  w ide line  a t low inc iden t energies. T h is  difference is p robab ly  an effect 

o f the ta rge t-de tec to r geometry. In  the  cryosta t sytem  the detector samples in  

the plane o f the surface whereas in  th is  system i t  is a lligned along the  beam 

d irec tion . T h is  system  also has the ta rge t in  a fie ld  free region so th a t reem itted  

positrons can escape fro m  the ta rge t region. So essentia lly on ly  positron ium  

em itted  a t large angles w ith  a low  lo n g titu d in a l ve loc ity  con tribu tes  to  the 

ep ithe rm a l state. T h is  results in  a narrow  a n n ih ila tio n  line as the D opple r- 

broadening due to  the m o tio n  o f Ps along the  line o f s igh t is sm all. T h is  is 

supported  by a large decrease in  count ra te  a t low ta rge t biases.

In  the  cryosta t system  the detector samples photons em itted  transversely 

fro m  the sample and a region 3cm above it .  Therefore the ep ithe rm a l state 

includes Ps e m itted  at a ll angles fro m  — tt/ 2 to  +7t/ 2 resu lting  in  a m uch w ide r 

lineshape. There w il l also be a c o n tr ib u tio n  fro m  positrons being forced back 

in to  the sample by the p o te n tia l b a rrie r when the ta rge t is a ttra c tive  w ith  

respect to  the  beam line.

F it t in g  to  Sr fo r M o  yie lds a d iffus ion  length  o f 1300Â w ith o u t considering 

the ep ithe rm a l frac tion . Inc lud in g  th is  ex tra  te rm  gives a longer d iffus ion  length  

o f 1600Â and a sca tte ring  length  o f 20Â. These values are s ig n ifican tly  longer 

th a n  th a t reported  by Huom o et al (1987) fo r single c rys ta l M o ( l l l ) ,  a lthough 

these authors used a s lig h tly  lower value o f n  in  the M akhov ian  p ro file . Close 

exam ina tion  o f the fit te d  curves shows th a t the curves coincide in  the range 

4 -lO kV  w ith  the ep ithe rm a l m odel g iv ing  closer agreement w ith  the  da ta  below 

4kV  (fig. 7.8). T h is  agrees w ith  the find ings o f Huom o et al where a sim ple
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d iffus ion  m odel could on ly  be f it te d  succesfully above an inc iden t p os itron  

energy o f 4keV.

7.4 C onclud ing  R em arks

These analyses ind ica te  th a t ep ithe rm a l em ission o f positrons and 

p o s itro n iu m  is dom ina ted  by s im ple elastic sca tte ring  o f positrons. The 

M akhov ian  p ro file  is a va lid  m odel fo r the pos itron  s topp ing  p ro file  i f  a 

“ stopped”  p os itron  is taken to  mean an ep ithe rm a l p os itron  w ith  insu ffic ien t 

energy to  excite an e lectron state.

The sca tte ring  length  is equiva lent to  the mean free p a th  o f a ho t pos itron  

in  the  m a te ria l. As such any s tru c tu re  narrow er tha n  th is  is u n like ly  to  be 

resolved in  a p ro filin g  experim ent. T h is  also gives an in d ica tio n  o f the thickness 

o f the over layer w h ich  can be to le ra ted  in  a p ro filin g  m easurem ent. A  layer 

th in n e r tha n  the sca tte ring  length  w ou ld  on ly  co n trib u te  to  a ’surface s ta te ’ and 

w ou ld  no t be seen independently. D opp le r-broaden ing  experim ents are therefore 

useful fo r p ro filin g  samples w ith  d ir ty  surfaces w ith  coverages up to  about 10 

m onolayers, com pared w ith  the clean surfaces necessary fo r p o s itro n iu m  fra c tion  

measurements.
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Figure 7.1

Sample ho lder fo r use w ith  liq u id  targets in  the cryosta t p os itron  beam.
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Figure 7.2

Scaled M akhov ian  p ro file  w ith  shaping m  =  2. The Laplace tra ns fo rm  is 

ca lcu la ted over 1000 elements up to  the line a t lO zo/3 .
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F it  o f the  back d iffus ion  m odel to  lineshape param eters fo r low energy positrons 

inc iden t on liq u id  Ga at 420K.
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F it  o f the  back d iffus ion  m odel to  lineshape param eters fo r low energy positrons 

inc iden t on so lid  Ga at 95K.
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F it  o f the back d iffus ion  m odel to  lineshape param eters fo r low energy positrons 

inc iden t on so lid  Ga at 295K.
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R ID  he igh t Sr fo r slow positrons on annealed M o. The so lid  line is a f i t  to  the 

back d iffus ion  equation, the broken line includes ep ithe rm a l backscattering .
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Expanded p lo t o f the m odelled lineshape param eters fo r positrons in  M o 

show ing convergence o f the tw o curves above 4keV inc iden t energy.
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C h a p te r  8 In e r t  G as P re c ip ita te s  in  M e ta ls

8.1 In trod u ction

The techniques descibed in  the previous chapters have been applied to  the 

s tud y  o f in e rt gas p re c ip ita tio n  in  m etals, a subject o f considerable technologica l 

in terest. A  fast pos itron  (D oppler-b roadening) tem pera tu re  s tud y  on b u lk  

samples produced a t H arw e ll (W h itm e ll 1982) is reported  in  chapter 9. Slow 

pos itron  studies on ion -im p lan ted  m eta l fo ils  are reported  in  chapter 10. In  

th is  chapter the general properties o f such m ateria ls  are described alongside a 

review  o f e lectron m icroscopy and d iffra c tio n  measurements.

The technologica l in terest in  in e rt gases and o ther inso lub le  species in  solids 

arises in  w ide ly  d iffe ring  app lica tions, fro m  sem iconductor devices to  fusion 

reactors. A lth o u g h  the end results are s im ila r the guest atoms can be in troduced  

th rough  a va rie ty  o f causes. H e lium  and hydrogen can be in troduced  as a d irect 

resu lt o f ra d ia tio n  damage, argon fro m  sp u tte rin g  and o the r species fro m  ion 

im p la n ta tio n  or tra n sm u ta tio n  o f the la ttice  nuclei a fte r irra d ia tio n .

8.2 B u b b le  G row th  and P rec ip ita tion

In e rt gas atoms are inso lub le  in  m ost solids and so w il l m ig ra te  th rough  

the la ttice  co llec ting  as sm all bubbles. A t am bient tem pera tures the g row th  

o f the cavities is d riven  by the excess pressure caused by the in co rpo ra tio n  o f 

a d d itio n a l gas atoms (Evans 1986), p robab ly  th rough  some m echanism  such as 

d is loca tion  loop punching. The pressure P in the bubb le  is therefore determ ined 

by the shear m odulus o f the m a te ria l (Evans &  M azey 1986)

P =  ^  +
r  r

where b is the Burgers vector o f the d is location , is the  shear m odulus o f 

the  m a te ria l, r  the rad ius o f the bubb le  and gam m a is a surface tension te rm .
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E m p ir ic a lly  a ll the  available measurements fo r k ry p to n  and xenon in  d iffe ren t 

m etals can be f it te d  by P =  /^ /(16  ±  4).

The pressures in  the bubbles fo r k ry p to n  and xenon in  m ost m etals easily 

exceeds th a t required  to  so lid ify  the gas given by e m p irica l S im on equation 

(S im on &  G la tze l 1929)

For k ry p to n  the  app rop ria te  values are A  =  2 .376kBar, To =  115.7K  and 

C  =  1.6169 (Bab 1963) leading to  a m e ltin g  pressure o f 8 .7kB ar a t 300K. The 

pressure, ca lcu la ted according to  the R onchi equation  o f state (R onchi 1980), 

fo r k ry p to n  bubbles in  Cu at 293K is 32.5kBar (Evans &  M azey 1985).

E lec tron  d iffra c tio n  pa tte rns  fo r so lid  argon (vom  Felde et al 1984), xenon 

(T em p lie r et al 1984) and k ry p to n  (Evans &  M azey 1985a) have been reported  in 

several fcc m etals. A lth o u g h  the term s ‘gas’ and ‘b ub b le ’ are a lm ost nonsensical 

in  th is  context i t  is m ore convenient to  continue using them , the state  o f the 

in e rt gas should  be clear fro m  the context. In  fee m etals these gases have an fee 

s tru c tu re  e p ita x ia l to  the host la ttice  a lthough  w ith  a la rger la ttice  param eter. 

T h is  m ism atch  can be seen in  M o iré  fringes in  e lectron m icrographs (D onne lly  

&  Rossouw 1985).

In  m o lybdenum , a bee m eta l, k ry p to n  p rec ip ita tes w ith  an fee s tru c tu re  w ith  

the close packed (111) p lane para lle l to  one o f the  M o  (O il)  planes (Evans &  

Mazey 1985b). The ca lcu lated pressure fro m  the packing density  was 62kBar. 

Using th is  pressure in  the Simon equation y ie lded a m e ltin g  tem pera tu re  o f 873K 

in  reasonable agreement w ith  the observed tem pera tu re  o f 923K. However fo r 

xenon in  iron , also a bee m eta l, T em plie r et al (1986) re p o rt no a llignm ent o f 

the p rec ip ita te  w ith  the host m a tr ix .

In  hep m etals xenon (Tem p lie r et al 1986) and k ry p to n  (Evans &  M azey 1986) 

p re c ip ita te  w ith  a hep s tru c tu re  e p ita x ia l to  the host la ttice . The collected
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properties of inert gas precipitates are summarised in table 8.1.

8.3 B u lk  M e ta l( G a s )  C o m p o s ite s

The raison d ’être o f the b u lk  samples produced a t H arw e ll (W h itm e ll 1982) 

is the long te rm  storage o f ®^Kr w h ich  is released d u ring  the  reprocessing o f 

nuclear fue l, a lthough  the in it ia l samples conta ined non- active k ry p to n . ®^Kr 

has a h a lf- life  o f 10.8 years, decaying th rou g h  (3~ decay to  ®^Ru w h ich  m ay 

cause corrosion problem s d u ring  storage. Idea lly  the  gas should be stored fo r at 

least a cen tu ry ; at present i t  is released in to  the atm osphere d u rin g  reprocessing.

Should the reprocessing o f spent fue l be stepped up then i t  m ay become 

necessary to  re s tr ic t its  release in to  the environm ent. Storage o f the  gas a t h igh 

pressures in  cy linders is possible b u t has several clear disadvantages. A  leak 

w ou ld  discharge a large q u a n tity  o f the gas, inspection  o f the cy linders w ou ld  be 

d iff ic u lt and the  cost o f engineered stores to  overcome these lim ita tio n s  w ou ld  

be very h igh. D isposal at sea o f gaseous k ry p to n  is no t p e rm itte d . Im o b ilisa tio n  

in  a so lid  m a tr ix  is therefore the m ost p rom is ing  so lu tion .

The process developed at H arw e ll produces samples w ith  an extended 

homogeneous bubb le  d is tr ib u tio n  s im ila r to  the defected layer in  ion- im p lan ted  

samples. T h is  extends the range o f techniques w h ich  can be used to  s tudy  the 

behaviour o f any im p lan ted  species. 5 a tom ic % o f k ry p to n , equ iva lent to  170 

litres  o f gas a t STP per lit re  o f m eta l, can be inco rpora ted  in to  a range o f metals 

inc lu d ing  copper and nickel. In  the event o f the m eta l m a tr ix  being damaged 

on ly  the  gas in  the bubbles at the p o in t o f fra c tu re  (a neg lig ib le  am ount) w il l 

be released.
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8.3.1 C o m b in e d  Im p la n ta t io n  a n d  S p u t te r in g  P ro c e s s

F igu re  8.2 shows the H arw e ll im p la n ta tio n  and sp u tte rin g  p la n t w ith  the 

p rinc ip les o f opera tion  shown in  figure  8.3. A  glow discharge is generated in  

the k ry p to n  at 0.1 m B a r between the tw o co-axia l c y lin d ric a l electrodes by 

app ly ing  a p o te n tia l difference o f between 3 and 5kV . T h is  discharge is used 

a source o f negative ions fo r b o th  im p la n ta tio n  o f k ry p to n  and sp u tte rin g  o f 

the negative electrode. W hen the ou te r e lectrode is negative the  k ry p to n  is 

im p lan ted  in to  the surface. The im p lan ted  layer is then  covered w ith  a layer 

o f fresh m eta l sputte red  fro m  the cen tra l electrode by sw itch ing  the  negative 

p o te n tia l to  th is  electrode. B y repeating  the process several tim es a second a 

layer several centim etres th ic k  can be s low ly b u ilt  up. The process is con tro lled  

by ad jus ting  the voltages and re la tive  e lectrica l charges used fo r each stage.

The half-scale p ilo t p la n t operated, w ith  copper, at 30kW  in co rpo ra tin g  m ore 

tha n  0 .3 //h  o f gas. A  30kg deposit 22m m  th ick  conta ined over 300/ o f gas (a t 

S T P ), corresponding to  an average concentra tion  o f 3.3 a t. %. A  fu l l size system 

ope ra ting  at lOOkW is expected to  deposit a layer 20m m  th ic k  con ta in ing  2100/ 

o f gas in  90 days.

8.3.2 P ro p e r t ie s  o f  B u lk  C u ( K r )

The m a te ria l produced at H arw e ll has s im ila r physica l p roperties to  m any 

copper alloys (W h itm e ll 1982) having a the rm a l c o n d u c tiv ity  o f 8 W m "^ K ~ ^  

and a s im ila r specific heat and m e lting  p o in t to  pure copper. I t  is extrem ely 

hard , w ith  a V ickers hardness num ber o f 340, and b r it t le  and is 5 tim es more 

res is tan t to  corrosion than  Cu. The bu lk  density is s lig h tly  lower than  pure 

copper (Evans et al 1985) at 8 .46g/cm ^ com pared w ith  8.92. The la ttice  

param eter fo r the as-deposited m a te ria l, as measured w ith  X -ra y  d iffra c tio n  

was 3.629Â com pared w ith  3.615Â fo r pure copper, a lthough  i t  re tu rned  to  the 

lower value a fte r annealing at 773K.
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The s tru c tu re  and annealing behaviour o f the m a te ria l has been stud ied  by 

Evans et al (1985) using transm ission  electron m icroscopy (T E M ). The m a te ria l 

is p o lyc rys ta llin e  w ith  a very sm all (0.2-0.3 pm ) ran do m ly  o rien ta ted  grains . 

The bubbles have diam eters in  the range 15-20Â and are ran do m ly  packed w ith  

a packing density o f ~  4 X 10^^ m ~^. L a te r e lectron d iffra c tio n  w ork  (Evans 

&  M azey 1985) has shown k ry p to n  to  be solid  w ith  a la ttice  param eter o f 5.2Â 

corresponding to  a packing density o f 2.85 x  10^® m “ ^. T h is  corresponds to  a 

pressure determ ined fro m  the R onchi equation o f state (R onchi 1981) o f 32.5 

kB ar. In  n ickel the k ry p to n  has a h igher packing density  (3.2 x  10^® m “ ^) and 

a correspond ing ly  h igher pressure o f 62 kB ar.
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H o s t G u e s t M a t r i x P re c ip . P  k B a r R e fe re n c e

A1 Xe fee fee ep. 13 Tem p lie r et al 1986

Ag Xe fee fee ep. 11 Tem p lie r et al 1986

A u Xe fee fee ep. 8 Tem p lie r et al 1986

N i Xe fee fee ep. 29 Tem p lie r et al 1986

Cu Xe fee fee ep. 14 Tem p lie r et al 1986

Cu K r fee fee ep. 32.5 Evans &  M azey 1985o

N i K r fee fee ep. 62 Evans &  M azey 1985 a

A u K r fee fee ep. 12.5 Evans &  M azey 1985a

M o . K r bee fee 62 Evans &  M azey 19856

Fe Xe bee fee 29 Tem p lie r et al 1986

T i K r hep hep ep. 20 Evans &  M azey 1986

Zn Xe hep hep ep. 42 Tem p lie r et al 1986

Table 8.1

The s tru c tu re  and pressures o f in e rt gas p rec ip ita tes in  d iffe ren t m etals. The 

pressures P are those reported  by the authors in  the references given ca lcu lated 

fro m  la ttice  param eter measurements using the R onchi (1980) equation o f state. 

In  co lum n 4 “ ep.” ind icates th a t the  p re c ip ita te  is e p ita x ia l to  the  host la ttice .
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Figure 8.2

The H arw e ll com bined im p la n ta tio n  and sp u tte rin g  p la n t (W h itm e ll 1982),
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Figure 8.3

The H arw e ll process: (a) K r  is im p lan ted  in to  the ou te r cy linder; (b) M e ta l is 

spu tte red  fro m  the inner cy linde r to  the outer.
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C h a p te r  9 

Fast P o s itro n  S tu d y  o f So lid  K r y p to n  D e p o s its  in  C o p p e r

9.1 In trod u ction

B u lk  samples o f copper and n ickel con ta in ing  an extended d is tr ib u tio n  o f 

k ry p to n  deposits have been produced by W h itm e ll (1982) a t H arw e ll L a b o ra to ry  

using the com bined im p la n ta tio n  and sp u tte rin g  technique. These b u lk  samples 

are idea lly  su ited  to  fast pos itron  techniques whereas the damaged region in  

im p lan ted  specimens is usua lly  m uch narrow er th a n  the  mean absorp tion  length  

o f fast positrons.

Transm ission e lectron m icroscopy (T E M ) has shown th a t the  k ry p to n  is 

trapped  as sm all bubbles in  a p o lyc rys ta llin e  m e ta llic  m a tr ix . In  C u (K r) 

the  v is ib le  gas bubbles are ty p ic a lly  20Â in  d iam eter w ith  a concen tra tion  o f 

app rox im a te ly  4 x  10^^ bubb les /m ^ (Evans et al 1985). Subsequent w o rk  has 

shown th a t the k ry p to n  is so lid  w ith  a face centered cubic s tru c tu re  ep ita x ia l 

to  the host la ttice  (Evans &  Mazey 1985). E lec tron  d iffra c tio n  measurements 

yie lded a k ry p to n  packing density o f 2.85 x  10^® a to m s /m ^ , corresponding to  a 

pressure in  excess o f 30 000 atmospheres.

B o th  C u (K r) and N i(K r )  have been stud ied  using p os itron  life tim e  

spectroscopy and angu lar co rre la tion  at Ris0 (E ld ru p  &  Evans 1982, Jensen 

et al 1985). The w ork  described in  th is  chapter on C u (K r) com plem ents and 

extends these results by a deta iled D opp le r-broaden ing  study, fo llow ing  the 

annealing process and con tinu ing  the tem pera tu re  range down to  80K.

9.2 E xp erim en ta l and A n a ly tica l M eth od

Squares o f side 1cm and thickness 1.5m m  were cu t by spark erosion fro m  an
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as-deposited sample o f copper con ta in ing  app rox im a te ly  3 a tom ic % k ryp to n . 

A fte r e tch ing w ith  n it r ic  acid, conventional source sandwiches were made. Tw o 

d iffe ren t types o f source were used w ith  tw o d iffe ren t sets o f samples; fo r 

measurements taken in  the tem pera tu re  range up to  600K , ca rrie r free ^^N aC l 

so lu tion  was deposited d ire c tly  onto  the centres o f the  inner faces o f one pa ir 

o f samples. E vapo ra tion  problem s in h ib ite d  the use o f th is  source at h igher 

tem pera tures and so, in  the h igh tem pera tu re  regime neu tron  irra d ia te d  copper 

(p roduc ing  ®^Cu) fo ils were used between the o the r p a ir o f specimens.

The a n n ih ila tio n  spectra were recorded w ith  a h igh -reso lu tion  Ge detector 

and the autom ated  spectrom eter system developed by K .U .R ao  (1987) w h ile  the 

sample was held at the  required  tem pera ture . For measurements in  the range 80- 

450K the  tem pera tu re  was m a in ta ined  by m o u n ting  the  f irs t sample set (^^N aC l 

source) in  a double-jacket liq u id -n itro g e n  cryosta t f it te d  w ith  a sample heater; 

above 450K the app rop ria te  sample p a ir was held  in  an e lectric furnace. Some 

overlap between the respective tem pera tu re  ranges fo r the  d iffe ren t apparatus 

and sources was allowed fo r no rm a lisa tion  o f the  lineshape param eter values. 

T h is  ‘a t- te m p e ra tu re ’ procedure differs fro m  the isochronal annealing m ethod  

o f Jensen et al (1985) where the post-anneal measurements were always made 

at room  tem pera ture .

The 511kV  a n n ih ila tio n  lines were analysed b o th  in  term s o f the lineshape 

param eter F , being the norm alised count in  the  centre 15 channels o f the peak, 

and by fast F ourie r tra ns fo rm  deconvolution. In  b o th  cases a com plem entary 

e rro r-fu n c tio n  background was sub tracted  beforehand (C haglar et al 1981), 

a lthough  th is  is no t necessary fo r F param eter analysis. The assym m etry o f 

the lineshape, caused by incom plete charge co llection  in  the detector, does 

have a s ign ifican t effect, however, on the Fourie r spectrum . B o th  sides o f 

the  deconvoluted peak were f itte d  w ith  an unw eighted least squares f i t  to  a 

m odelled fu n c tio n  o f tw o Gaussian curves and an inverted  parabo la . In  a 

s im ple m eta l there are tw o  d is tin c t com ponents to  the  lineshape; a parabo la
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due to  a n n ih ila tio n  w ith  the (a lm ost) free conduction  electrons and a Gaussian 

w h ich  app rox im a te ly  represents a n n ih ila tio n  w ith  core electrons. Copper is a 

m a rg ina l case b u t D oppler-broadened lineshapes have been succesfully f itte d  

w ith  th is  m odel using repeated num erica l convo lu tion  (R ice-Evans et al 1976). 

A  second Gaussian was included to  represent a n n ih ila tio n  w ith  the k ry p to n  

a tom ic electrons.

9.3 R e s u lts  a n d  D is c u s s io n

9.3.1 L in e s h a p e  P a ra m e te r

The clearest in d ica tio n  o f changes in  the  p os itron  response w ith  tem pera tu re  

are seen in  a p lo t o f norm alised F param eters (fig  9.1). These changes have the 

same fo rm  as the m ean-life tim e  data  reported  by Jensen et al (1985) and can be 

corre la ted ra the r w ell w ith  the e lectron d iffra c tio n  and m icroscope observations 

d u rin g  heating  (Evans et al 1985, Evans &  M azey 1985) and w ith  the associated 

physical processes tak ing  place at the pos itron  traps. There are at least three 

d is tin c t stages o f the F param eter behaviour beg inn ing  w ith  an in it ia l slow rise 

fro m  lOOK upw ards, fo llowed by a ra p id  rise s ta rtin g  between 500 and 600K 

and fin a lly  a sharp fa ll above 800K. Between about 450 and 550K a possible 

tra ns ien t region can be detected.

Rem em bering th a t the  m a te ria l was m anufactured , and had been stored fo r 

some tim e , a t am bient tem pera tu re  the in it ia l rise fro m  lOOK up to  a t least 

300K can be a ttr ib u te d  to  the norm a l the rm a l expansion effects cus tom arily  

seen in  m etals in  the pre-vacancy region (see fo r exam ple West 1979). However 

the rem a in ing  stages o f the F param eter response are c learly  associated w ith  

changes in  pos itron  tra p p in g  as the physical state o f the C u (K r) changes w ith  

tem pera tu re . The s ta rtin g  m a te ria l w ith  a very h igh  density o f sm all k ry p to n - 

fille d  cavities w ou ld  ce rta in ly  be expected to  give 100% tra p p in g  as ind ica ted  

by the single life tim e  com ponent in  the results o f E ld ru p  and Evans (1982). I t
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is then clear th a t any subsequent narrow ing  o f the line (increase in  F) m ust 

be associated w ith  changes in , or a t, the  pos itron  tra p .A s  the bubb le  pressure 

s ta rts  h igh  and is expected to  drop on annealing the obvious co rre le tion  is to  

associate the rise in  F w ith  a drop in  the  k ry p to n  packing density and pressure 

as the bubbles gain m a tr ix  vacancies. On th is  basis an in it ia l trans ien t rise 

o f F fro m  400 to  550K, above th a t due to  the rm a l expansion, m ig h t be due 

to  a co n tin u a tio n  o f the pressure-driven cav ity  g row th  th a t occurs d u ring  the 

o rig in a l in co rpo ra tio n  o f the k ry p to n  in  the  bubbles. O n ly  now, instead o f the 

pressure increase being due to  the a d d itio n  o f new gas atom s in  the bubbles, the 

pressure increase is now s im p ly  a resu lt o f the tem pera tu re  increase. In  bo th  

cases the gain o f vacancies is due to  the w e ll-know n d is loca tion  loop punch ing 

m echanism  (G reenwood et al 1959).

The ra th e r d ram a tic  rise in  F s ta rtin g  between 500 and 600K is o f p a rtic u la r 

in te rest since i t  is in  th is  region th a t the m e ltin g  o f the  k ry p to n  has been 

dem onstra ted in  s im ila r C u (K r) m a te ria l. As suggested by Evans &  M azey 

(1985) m e ltin g  w il l  remove any b a rrie r to  the rm a l m ig ra tio n  o f the  sm all 

bubbles expected by surface d iffus ion  processes at h igh  tem pera tures (see fo r 

exam ple G rube r 1967). The overall physical effect is a general coarsening 

o f the bubb le  s tru c tu re  as the bubbles m ig ra te  and coallesce w ith  a drop 

in  bubb le  pressure, p a rtic u la r ly  at the  h igher tem pera tures when the rm a l 

vacancies become available. The T E M  w ork  a lready m entioned m any times 

showed an increase in  the average bubb le  d iam eter fro m  22 to  60Â  over the 

range 625-675K, a fac to r o f 20 in  the average volum e. Above 800K the k ry p to n  

begins to  be expelled fro m  the m eta l v ia  g ra in  bounda ry  channels (Evans et 

al 1985) and as c learly  reflected in  the F param eter the fra c tio n  o f positrons 

trapped  at the bubbles m ust fa ll d u ring  th is  process.
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9.3.2 C om pon en t A nalysis

D econvo lu tion  analysis leads to  a m ore deta iled understand ing  o f the natu re  

o f the pos itron  tra p  a t the k ry p to n  bubble . In  the  as-prepared m a te ria l w ith  

100% tra p p in g  a t the bubbles the m ost su rp ris ing  resu lt is perhaps th a t the 

k ry p to n  Gaussian com ponent is on ly  35% (fig  2.2); a large fra c tio n  o f trapped  

positrons appear to  a nn ih ila te  w ith  b o th  copper core and conduction  electrons. 

A lso, in  pure copper the ra tio  o f the Gaussian and parabo la  in tensities is 3:1 

(R ice-Evans et al 1976) whereas fo r th is  m a te ria l th is  ra tio  s ta rts  a t ju s t over 2:1. 

Thus in  the in it ia l m a te ria l a n n ih ila tio n  w ith  the copper conduction  electrons 

appears to  be enhanced. T h is  resu lt, together w ith  the re la tive ly  low fra c tion  

o f ann ih ila tio ns  w ith  the k ry p to n  electrons, leads to  the  suggestion th a t the 

pos itron  could  be trapped  at the surface o f the  bubbles. T h is  p o ss ib ility  was 

also m entioned in  exp la in ing  the h igh  m om entum  ta ils  o f angu la r co rre la tion  

curves measured on s im ila r samples (E ld ru p  &  Evans 1982). O f p a rtic u la r 

relevance on th is  p o in t are the results o f m o lecu lar dynam ics s im u la tions fo r 

noble gases in  m etals (F inn is  et al 1983, Jensen &  N iem inen 1987). These 

s im u la tions, as w ell as unpub lished  w ork  on C u (K r) (K .O .Jensen p r iv . com m . 

1986), show th a t fo r he lium  w ith  a h igh  packing density between a sandw ich 

o f m eta l atoms (i.e. a bubb le  w ith  a p la te le t con figu ra tion ) there is a larger 

spacing between the firs t h e lium  layer and the m eta l tha n  the  He-He nearest 

ne ighbour distance. T h is  s ign ifican t s tand -o ff distance between the  gas a tom  

and the m eta l is due to  the repulsive gas-m etal p o te n tia l and is expected fo r 

o the r inert-gas m eta l systems. C lea rly  th is  gap at the in terface is a p lausib le  

site fo r pos itron  tra pp in g .

The in ten s ity  behaviour o f the deconvoluted com ponents d u ring  annealing 

(figs. 9.2 and 9.3) is consistent w ith  th is  tra p p in g  p ic tu re . As expected from  

the previous descrip tion  o f the F param eter, the changes below 550K are sm all 

b u t above th is  tem pera tu re , large effects can be seen. I t  was perhaps a l i t t le  

u n fo rtu n a te  th a t the change in  sample pairs a t 600K coincided w ith  the  s ta r t
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o f the  ra p id  bubb le  annealing since there were s ign ifican t differences between 

the tw o sets o f samples in  b o th  in tensities and w id th s  o f the com ponents.

Above 800K when the k ry p to n  s ta rts  to  be expelled fro m  the m eta l, there are 

large re la tive  changes in  a ll three com ponents. S ign ifican tly  there is a sharp drop 

in  the  in ten s ity  o f the narrow  Gaussian com ponent, su pp o rtin g  its  id e n tifica tio n  

w ith  a n n ih ila tio n  w ith  the k ry p to n  electrons. A lso o f in te rest is the re la tive  

behaviour o f the tw o o ther com ponents corresponding to  a n n ih ila tio n  w ith  the 

copper electrons. As the pos itron  trapped  fra c tio n  drops below 100% (in  the 

life tim e  results o f Jensen et al (1985) th is  occurs a t 775K) there should be a 

clear tendency fo r the re la tive  in tensities o f these com ponents to  reve rt to  the 

pure m eta l case. T h is  is exactly  w ha t is seen w ith  the  fin a l ra tio  o f the copper 

Gaussian to  parabo la  m oving tow ards the ra tio  o f 3:1 fo r th is  tem pera tu re  (R ice- 

Evans et al 1976).

C oncen tra ting  on the com ponent behaviour between 600 and 800K (fig. 9.3), 

i t  is in te res ting  th a t there is a rise in  the parabo la  in te n s ity  a t the same tim e  

as a fa ll in  the in ten s ity  o f the Gaussian due to  a n n ih ila tio n  w ith  k ry p to n  

electrons. In  th is  tem pera tu re  region there m ust be a s ign ifican t drop in  the 

k ry p to n  packing density in  the bubbles as the  pressure drops. Thus an increase 

in  open vo lum e at the bubb le  surface w ou ld  no t be su rp ris ing  and w ou ld  lead 

to  the  com ponent changes observed.

To com plete the descrip tion  o f the resu lts, figures 9.4 and 9.5 show the 

behaviour o f the com ponent w id th s  w ith  annealing tem pera tu re . The w id th  

o f the k ry p to n  Gaussian is s ign ifican tly  narrow er than  th a t found  w ith  angu lar 

co rre la tion  measurements on solid  k ry p to n  (V arlashk in  1971). The fu ll w id th  

at h a lf m ax im um  ca lcu lated from  a w id th  o f I I  channels is I.72keV  com pared 

w ith  2.26keV (8.84 m rad) fo r so lid  k ryp to n . Th is  difference m ay be explained 

by the  na tu re  o f the C u -K r interface because, in  the event o f tra p p in g  w ith in  the 

inter-space gap, the positrons w ou ld  sample fewer h igher m om en tum  k ry p to n
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electrons. The same effect is seen in  the same effect is seen in  the  copper 

Gaussian w ith  the value here 12% lower tha n  th a t p rev ious ly  found  in  pure 

copper (R ice-Evans et al 1976) whereas the parabo la  is some 8% w ider.

9.4 C onclusions

These measurements are the firs t to  investigate h igh  concentrations o f in e rt- 

gas atom s in  m etals using a deta iled D opp le r-broaden ing  s tudy  o f the pos itron  

a n n ih ila tio n  ra d ia tio n . There is a general agreement w ith  the  results o f two 

previous studies using pos itron  life tim e  and angu la r co rre la tion  techniques, and 

good agreement w ith  the physical p ic tu re  o f in e rt gas bubb le  annealing obta ined 

fro m  T E M  studies.

D econvo lu tion  analysis ind icates th a t the pos itron  is localised at the gas-m etal 

in terface w h ich  is in  good agreement w ith  cu rren t theo re tica l models w h ich  

propose a s tand -o ff d istance between the  m eta l la ttice  and the gas atoms. There 

is an in d ica tio n  o f the  existence o f th is  gap in  the  na rrow ing  o f the  com ponent 

due to  a n n ih ila tio n  w ith  electrons bound to  the k ry p to n  atoms.
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C h a p te r  10 D e fe c t p ro filin g  w ith  P o s itro n s

10.1 I n t r o d u c t io n

Ion implantation is an important new technology in many fields, particularly 

materials science and the semiconductor industry. Typically the material is 

modified within a few hundred Angstroms of the surface and a precise knowledge 

of the treated layers would be useful. Techniques such as electron microscopy 

and Rutherford back-scattering are already already applied succesfully in this 

area. Positron beam techniques are still in their infancy but there is a clear 

potential for them to give complementary information.

A t least three d iffe ren t regimes o f ion im p la n ta tio n  damage exist; h igh  

dose and low energy surface sp u tte rin g , low dose im p la n ta tio n  and h igh  dose 

im p la n ta tio n . Surface damage due to  argon ion sp u tte rin g  has been extensively 

stud ied  by the  H e ls ink i group (M âkinen  et al 1986,Bentzon et al 1987) using 

pos itron  back d iffus ion  measurements. H a u to ja rv i et al (1986) have also stud ied  

35keV hydrogen im p lan ted  s ilicon  using lineshape param eter pro files. T h is  

s tudy  presents the results o f p ro filin g  m o lybdenum  im p lan ted  w ith  a h igh  dose 

(1.5 X 10^® cm “ ^) o f lOOkeV k ry p to n  ions. The area o f in e rt gas behaviour 

in  m etals has been o f recent top ica l in terest fo llow ing  the  discovery th a t the 

heavier elements were held in  bubbles in  the so lid  phase (vom  Felde et al 1984, 

T em p lie r et al 1984).

10.2 E x p e r im e n ta l a n d  A n a ly t ic a l  M e th o d

The experim ent was perform ed on annealed p o lyc rys ta llin e  m o lybdenum  fo il 

irra d ia te d  at H arw e ll w ith  lOOkeV k ry p to n  ions to  a to ta l dose o f 1 .5x  10^®cm~^. 

The sample was m ounted in  the beam line described p rev ious ly  (C hap.3) in  a 

Faraday cup held a t the required bias voltage. The surface was degreased and
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washed b u t no t subjected to  any chem ical or m echanical po lish ing . To have done 

so w ou ld  have removed the im p lan ted  layer and in  the  re la tive ly  low vacuum  

o f th is  beam line w ou ld  also have been pointless. Because o f th is  the  p ro filin g  

measurements re lied on the use o f lineshape param eters, a technique w h ich  is 

ac tu a lly  im proved by a ‘d ir t y ’ surface w h ich  suppresses the rm a l p o s itro n iu m  

emission.

The change in  511keV lineshape param eter Sr as a fu n c tio n  o f inc iden t 

pos itron  energy was ca lcu lated fro m  the ru n n in g  in teg ra ted  difference (R ID ) 

spectra  (Colem an 1976) re la tive  to  the lineshape fro m  1 2 keV  inc iden t positrons 

on pure annealed m o lybdenum . These are shown in  figure  1 0 . 1  fo r b o th  annealed 

m o lybdenum  and the irra d ia te d  specimen.

The da ta  fo r the irra d ia te d  sample was f it te d  by an unw eighted least-squares 

m in im isa tio n  using a deriva tive  o f a Caussian as the  p os itron  p ro file  and a 

s im ple m odel o f a step fun c tio n  defect d is tr ib u t io n  (§6.5). The  values o f the 

m a te ria l independent scaling a  and the power te rm  n  in  the  M akhov ian  p ro file

P (z ,E )  =
dz

where

were taken as 4.5/ug/cm^ and 1.6 respective ly (Vehanen et al 1986).

T h is  is a ra the r crude a pp rox im a tion  b u t does a llow  very fast analysis and 

is no t too  unrea lis tic  fo r h igh  im p la n ta tio n  doses. P os itron  life tim e  studies on 

b u lk  samples o f copper conta in ing  a h igh  density o f k ry p to n  bubbles (Jensen et 

al 1986) ind icates on ly  one type  o f tra p  fo r the pos itron . F u rth e r w o rk  using 

h igh  reso lu tion  D opp ler-broaden ing spectroscopy (Chap. 9) suggests th a t th is  

tra p  is a t the p rec ip ita te . F rom  th is  i t  fo llows th a t the tra p p in g  ra te  p ro file  

should m ap the k ry p to n  concentra tion  p ro file . A t h igh  defect concentrations 

pos itron  d iffus ion  can be neglected.
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To a f irs t app ro x im a tio n  the ion p ro file  can be described as a s im ple step. 

A lth o u g h  the ion im p la n ta tio n  p ro file  is described by a Gaussian curve w ith  a 

mean range and s tandard  dev ia tion , sp u tte rin g  o f the surface atom s enhances 

the  concen tra tion  up to  the peak (J.H .Evans p r iv  com m ). A t  ve ry h igh  doses 

(no t achieved here) the p ro file  has a steady state fo rm  a pp ro x im a tin g  to  an e rro r 

fu n c tio n  w h ich  is independent o f ion dose. The ca lcu lated p ro file  fo r th is  case is 

shown in  figure  1 0 . 2  w h ich  includes a sp u tte rin g  te rm  o f 6  a tom ic volum es per 

inc iden t ion (M a tsunam i et al 1983). The range and s tandard  dev ia tion  were 

bo th  ca lcu lated as 149Â (Townsend et al 1976).

10.3 R e s u lts  a n d  D is c u s s io n

The f i t  o f a s im ple step p ro file  to  the experim en ta l da ta  is shown in  figure 

10.3. B u lk , surface and defect values fo r Sr were f it te d  as free param eters as 

w e ll as the d iffus ion  coefficient a t the surface, the re la tive  tra p p in g  ra te  and the 

w id th  o f the  defected layer. Depending on the  in it ia l guesses o f the  param eters 

the  w id th  o f the  defect step fa lls w ith in  the range 171 ±  2 Â . The surface and 

b u lk  lineshape param eters are constant at 0.034 and —0.003. The d iffus ion  

coeffic ient re tu rned  was always very nearly  zero ( '^  1 0 “ ®cm ^/s). T h is  should 

no t be in te rp re ted  as the tru e  d iffus ion  coeffic ient in  M o  as in  the f it t in g  th is  

param eter on ly  plays a m in o r rô le a ffecting on ly  the inc lus ion  o f the  surface state 

at very low  inc iden t energies. Its  very low  value ind icates sa tu ra tio n  tra p p in g  in  

the defected region near the surface. The re la tive  tra p p in g  ra te  and the defect 

value va ry  w ide ly  and are in terconnected. In  the f i t  shown in  figure  10.3 the 

re la tive  tra p p in g  ra te  was 0.7 o f the b u lk  decay ra te  and the oltPeck lineshape 

param eter was 0.062(6).

In  o rder to  im prove the m odel to  take in to  account the sizable ta i l in  the 

ion d is tr ib u t io n  (fig. 1 0 .2 ) a second box was added w ith  its  own dep th  and 

re la tive  tra p p in g  rate. In  f i t t in g  the tra p p in g  ra te  fo r th is  a d d itio n a l ta i l was
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in va ria b ly  re tu rned  as zero. A  tru e  chi-squared cannot be quoted as no weights 

were used in  the least-squares m in im isa tion  b u t the scaled sum  o f squares was 

s ig n ifican tly  h igher (3.1 com pared to  2.8) than  fo r the single step. The w id th  

o f the non-zero step was re tu rned  as 210Â w ith  a re la tive  tra p p in g  ra te  o f 0.5 

and a m uch lower value fo r the lineshape param eter associated w ith  the defects 

(0 .0 0 0 1 ).
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Appendix 1
S C R E E N  0 0 0

0
1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

( C i c e r o  C o n t r o l  A p p l i c a t i o n  f o r  t h e  BBC-B )
( D a v i d  T B r i t t o n  J u n e  1 9 8 6  )
( M o d i f i e d  J u l y  1 9 8 7  )

( U s e r  V a r i a b l e s  )
0 VARIABLE T-MIN 0 VARIABLE T-MAX 0 VARIABLE T-ACC
0 VARIABLE TEMP 0 VARIABLE BIAS 0 VARIABLE T-INCR
0 VARIABLE TEMP-HI 0 VARIABLE TEMP-LO 0 VARIABLE V- INCR  
3 6 3 0  VARIABLE RUN-TIME 3 5 3 0  VARIABLE WAIT-TIME 
0 VARIABLE T- HI  0 VARIABLE T-LO 0 VARIABLE ( BI AS)
0 VARIABLE HRS 0 VARIABLE MIN 0 VARIABLE SEC
0 VARIABLE CT-L 0 VARIABLE CT-H
1 VARIABLE RUN# 24 VARIABLE CYCLE# 0 VARIABLE DRIVE#
: $ARRAY <BUILDS 80 ALLOT D0ES> ; $ARRAY TITLE

— >

SCREEN 001

0
1
2
3
4
5
6
7
8 
9

10
11
1 2
13
14
15

( Words  t o  C o n t r o l  t h e  MCA )
START 3 23 0 *FX a" 3 6 0 *FX
STOP 3 23 0 *FX d" 3 6 0 *FX ,
RESET 3 23 0 *FX e" 3 6 0 *FX ,
TASK 3 23 0 *FX 3"

s t a r t  d a t a  c o l l e c t i o n  ) 
( s t o p  d a t a  c o l l e c t i o n  )
( e r a s e  memory  )

A" 64 + EMIT 3 6 0 *FX ; 
_ ( s e l e c t  MCA T a s k  )

READ STOP 3 23 0 2 1 0 *FX *FX 
o" BEGIN KEY 6 = UNTIL
0" BEGIN KEY 6 = UNTIL

4 0 9 7  1 DO 6 EMIT 3 4 0 *FX
6 0 DO BEGIN KEY DUP 47 > UNTIL

DUP 1 2 8  > IF 1 2 8  -  THEN EMIT
LOOP I 10 /MOD DROP I F SPACE ELSE CR THEN 

3 23 0 *FX 
LOOP 2 0 0 *FX STOP CR ;

 >

SCREEN 00 2

0 
1 
2
3
4
5
6 
7

9
10
11
1.2
13
14
15

: #T <# # 46 HOLD #S #> TYPE ; ( w r i t e  a numbe r  t o  1 dp )

( Words  t o  s a v e  o n t o  d i s k  )
: SPOOL [ CLI ]  SP. runOOO 

TITLE 79 TYPE CR
Run " RUN# @ 3 .R

B i a s  " BIAS e 5 .R 
V S e t  Temp " TEMP @ 4 .R K" CR

. " Temp " TEMP-LO 0 TEMP-HI @ T-ACC @
M/MOD #T DROP . " K Min " T-MIN 0 0 #T 

. " K Max " T-MAX 0 0 #T K"
CR READ CR [ CLI ]  SP.  ;

LATEST PFA 9 + VARIABLE RUN#_ADD 
( s t o r e  a d d r e s s  o f  00 0  i n  s p o o l )
— >
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S C R E E N  0 0 3

0 : SAVE 0 24 MTC
1 RUN# @ 0 <# # # # #> RUN#_ADD
2 0 SWAP CMOVE SPOOL ;
3
4 : (DRIVE)  [ CLI ]  DR. 0  ;
5
6 LATEST PFA 6 + VARIABLE DRIVE ADD
7 ( s t o r e  a d d r e s s  o f  0 i n  d r i v e )
8
9 : DRIVE 0 <# # #> DRIVE ADD 0 SWAP CMOVE (DRIVE) ;

10
11 : +DRIVE DRIVE# DUP 0 2 +
12 DUP 3 > IF 1 + 2 /MOD DROP THEN
13 DUP ROT ! DRIVE ;
14
15 — >

SCREEN 00 4

0 : BAUD DUP 7 SWAP 0 *FX 8 SWAP 0 *FX ; ( S e l e c t  RS432  Baud R a t e
1
2 ( Words  t o  r e a d  and  m o n i t o r  t h e  BBC C l o c k  )
3
4 : D< ROT SWAP < DUP I F SWAP DROP SWAP DROP ELSE DROP < THEN ;
5
6 : SET-CLOCK HRS ! MIN I SEC ! 0 0 0 TIME ;
7
8 : GET-TIME TIME0 DROP 25 6  U* ROT 0 D+ ;
9

10 : SET-TIME 0 GET-TIME 10 0  M/MOD ROT DROP D+ T- HI  I T-LO ! ;
11
12 ; CHECK-TIME T-LO 0 T- HI  0 GET-TIME 1 0 0  M/MOD ROT DROP D< ;
13
14 : (CLOCK) GET-TIME
15 — >

SCREEN 0 0 5

0 1 0 0  M/MOD ROT DROP 60 M/MOD 6 0 U /
1 ROT SEC 0 + DUP 59 >
2 IF 60  -  ROT 1+ ROT ROT THEN
3 ROT MIN 0 + DUP 59 >
4 IF 60 -  ROT 1+ ROT ROT THEN
5 ROT HRS 0 + DUP 23 > DUP IF
6 SWAP BEGIN 24 -  DUP 24 < UNTIL SWAP THEN ;
7 : CLOCK (CLOCK) DROP
8 70  0 MTC 2 .R :" 2 .R :" 2 .R ;
9 ( Words  t o  s e t  and  m o n i t o r  t h e  t e m p e r a t u r e  )

10 HEX
11
12 : ?ADC 8 + FECO C!
13 BEGIN FECO C0 80  < UNTIL
14 FEC2 C0 FECI C0 10 0  * + ;
15  — >

124



Appendix 1

S C R E E N  0 0 6

0
1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

: IN DUP FE62 + 0 SWAP C! FE60 + C0 ;
: OUT DUP FE62 + FF SWAP Cl FE60 + C! ;

DECIMAL
: O-CLOCK (CLOCK) IF

SET-CLOCK 
ELSE DROP DROP DROP 
THEN ;

: 7TIMER GET-TIME 3 0 0 0 0  U /  DROP 10 < ;
: 7TEMP 3 ?ADC 1 3 1 0  -  1 0 0 0 0  U* SWAP DROP 0 2 7 3 2  0 D+ ;
: MON-T 7TEMP OVER DUP T-MIN @ <

IF T-MIN !
—  >

SCREEN 0 0 7

0
1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

"TIME"

ELSE DUP T-MAX @ >
IF T-MAX I 
ELSE DROP 
THEN 

THEN 7TIMER
IF OVER OVER TEMP-LO 0 TEMP-HI 0 D+ T-ACC 

DUP 0 1 +  SWAP ! TEMP-HI ! TEMP-LO ! 
THEN 30 0 MTC #T . " K " ;

( Words  t o  d e f i n e  t h e  s c r e e n  d i s p l a y s  )

30 0 D+ 60 M/MOD ROT DROP 60  M/
SWAP MIN 0 +, DUP 59 >

IF 60 -  SWAP 1 + SWAP THEN
SWAP HRS 0 + DUP 23 >

--->

SCREEN 008

0
1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

IF BEGIN 24 -  DUP 24 < UNTIL THEN
2 .R :" 2 .R ;

START/STOP 3 4 0 * FX 1 6 0  DLC
CLT 0 0 MTC ." Run N o . " RUN# 0 .
0 10 MTC TITLE 80 TYPE
CT-L 0 CT-H 0 10 0  M/MOD ROT DROP 
WAIT-TIME 0 0 D+ OVER OVER

15 15 MTC ." START " "TIME"
RUN-TIME 0 0 D+

45 15 MTC . " STOP " "TIME"
BIAS 0 TEMP 0

15 16 MTC SET TEMP " 5 .R , " K"
45 16 MTC BIAS " 5 .R . " V" ;

—  >
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S C R E E N  0 0 9

CURSOR-ON 154  156  0 *FX ;

CURSOR-OFF 154  28 0 *FX ;

FRONT-PAGE 3 4 0 *FX CLT 1 3  0 DLC 
TITLE 79  TYPE

6 15 4 MTC . " 0 Enter Title"
7 15 5 MTC . " 1 Set Clock"
8 15 6 MTC . " 2 Set Run N o ."
9 15 7 MTC . " 3 No. of runs"

10 15 8 MTC . " 4 Disk Drive"
11 15 9 MTC . " 5 Wait Time"
12 15 10 MTC 6 Run Time"
13 15 11 MTC . " 7 Temperature"
14 15 12 MTC . " 8 Target Bias"
15 —  >

SCREEN 01 0

0
1
2
3
4
5
6
7
8 
9

10 
11 
12
13
14
15

15 13 MTC . " 9 EXIT SET UP"
40 6 MTC RUN# 0 .
40 8 MTC DRIVE# 0 .
40 10 MTC RUN-TIME 0 .
45 11 MTC K " T- INCR 0
45 12 MTC ." V " V-INCR 0

40 7 MTC CYCLE# 0 
40 9 MTC WAIT-TIME 
40 11 MTC TEMP 0 . 
40 12 MTC BIAS 0 . 

0 23 MTC ;

BACK-PAGE 1 2  0 
-" Run No .  ' 
25 12  MTC

FO I F l
F7 I F8

' SET UP I START 
' COMM I FORTH

3 6 0 *FX ;

3 MODE DLC 
RUN# 0 . 0 10 MTC TITLE 80  TYPE 
CICERO C o n t r o l  A p p l i c a t i o n "  0 21 MTC

F2 
F9 

STOP 
MCA

F3 I F4 
' 0 22 MTC
SAVE I RESET

F5 I F6 I " 

CYCLE I BASIC | "

—  >

SCREEN O i l

0
1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

( Words to enter data into Application 
: SET-TEMP 2 7 3  -  2 5 5  1 0 0 0  * /  0 OUT ;
: (NUMIN) WORD HERE NUMBER DROP ;
: TIME-IN QUERY 58 (NUMIN) 58 (NUMIN) 32 (NUMIN)

SWAP ROT SET-CLOCK ;
: T-IN QUERY 32 (NUMIN) DUP TEMP !

45 11 MTC ." K ? "
48 11 MTC QUERY 32 (NUMIN)
T-INCR ! SET-TEMP ;

—  >
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S C R E E N  0 1 2

Appendix 1

0
1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

HEX
( SET- V)  4 0 /MOD SWAP 1 OUT

4 /MOD SWAP 4 0 + 1  OUT 
Cl  1 OUT 
1 OUT
C2 1 OUT C3 1 OUT ;

SET-V A FE6C C! 2 7 1 0  SWAP -  64 7A * /  ( S ET- V)  ;
MON-V ( B I AS )  0 BIAS 0 0 ?ADC 0 10 U /  SWAP DROP 2 2 9  80 * /  DUP

28 0 MTC 0 <# #S #> TYPE . " V  " -  8 0 0  /  DUP
0 > I F DROP 0 > IF 1 -  DUP ( BI AS)  ! '

ELSE 0 < IF 3FFF < IF 1+ DUP (BIAS  
THEN THEN ;

DECIMAL
: V - I N  QUERY 32 (NUMIN) DUP BIAS ! 45 12 MTC 

48 12  MTC QUERY 32 (NUMIN) V-INCR ! SET-V
—  >

SET-V) THEN 
! (SET-V) THEN

SCREEN 01 3

0
1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

: CLR-TITLE TITLE 80 BLANKS ;
: SET-TITLE TITLE 80 BLANKS CR

13 WORD HERE COUNT TITLE SWAP CMOVE ;
: SET-UP FRONT-PAGE

BEGIN KEY 44 - DUP 40 SWAP OVER OVER MTC
." ? " MTC DUP 4 =
IF DUP 40 SWAP MTC " 0 0  MTC

80 0 DO 32 EMIT LOOP 
0 0 MTC QUERY SET-TITLE 

THEN DUP 5 = IF 
TIME-IN THEN 

DUP 6 = IF
QUERY 32 (NUMIN) RUN# ! THEN

—  >

SCREEN 01 4

0
1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

DUP 7 = IF
QUERY 32 (NUMIN) CYCLE# I THEN 

DUP 8 = IF
QUERY 32 (NUMIN)
DUP DRIVE# I DRIVE THEN 

DUP 9 = IF
QUERY 32 (NUMIN) WAIT-TIME ! THEN 

DUP 10 = IF
QUERY 32 (NUMIN) RUN-TIME ! THEN 

DUP 11 = IF T - I N  THEN 
DUP 12 = IF V - I N  THEN 
0 23 MTC 13 = UNTIL BACK-PAGE ;

( Words  t o  c o n t r o l  a u t o c y c l i n g  )
—  >
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S C R E E N  0 1 5

0
1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

WAIT BEGIN CLOCK MON-T ( MON-V ) ?ESC 
IF SET-UP START/STOP

25 12 MTC I ' v e  B e e n  I n t e r f e r e d  W i t h ! "  
CURSOR-OFF 

THEN CHECK-TIME UNTIL ;

RESET-TEMP 0 0 0 T-ACC ! TEMP-HI 1 TEMP-LO !
7TEMP DROP DUP T-MIN I T-MAX ! ;

CYCLE 16 0 0 *FX CURSOR-OFF
0 DO GET-TIME CT-H ! CT-L !

WAIT-TIME 0 SET-TIME START/STOP 
25 12  MTC . " WAITING FOR GODOT 

WAIT
--->

SCREEN 0 16

0 STOP RESET START
1 RUN-TIME 0 SET-TIME 3 4 0 *FX
2 25 12 MTC RUNNING FOR PRESIDENT
3 RESET-TEMP WAIT ( 0 0 OUT ) SAVE RESET-TEMP
4 ( CURSOR-ON SET-UP CURSOR-OFF Manual Interrupt ONLY
5 RESET
6 RUN# DUP 0 DUP 6 /MOD DROP 0 =
7 IF +DRIVE THEN 1+ SWAP !
8 TEMP DUP 0 T-INCR 0 + DUP SET-TEMP SWAP i
9 BIAS DUP 0 V-INCR 0 + DUP SET-V SWAP !

10 O-CLOCK LOOP CURSOR-ON ;
11
12 : CYCLES CYCLE# 0 CYCLE 3 4 0 *FX BACK-PAGE ;
13 : *BASIC 3 4 0 *FX [CLI] BASIC ;
14 : *COM. 3 4 0 *FX [CLI] COMMUNICATOR ;
15 — >

SCREEN 017

0 : KEYS [ CLI ] KEYOSET-UP(M [ CL I ]  KEYlSTART|M
1 [CLI ] KEY2ST0P1M [ CLI ]  KEY3SAVE|M
2 [CLI ] KEY4RESET|M [ CLI ]  KEY5CYCLES|M
3 [CLI ] KEY6*BASIC| M [ CLI ]  KEY7*C0M. | M
4
c

[CLI ] KEY8*F0RTH|M [ CL I ]  KEY9BACK-PAGE1M
3
6 ( I n i t i a l i s e t h e  A p p l i c a t i o n  )
7 0 DUP DRIVE# ! DRIVE 4 BAUD
8 CLR-TITLE 3 MODE KEYS BACK-PAGE 2 TASK

10
11
12
13
14
15 ;s
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Bac k  D i f f u s i o n  P r o b a b i l i t i e s  f o r  Ma k h o v i a n  P r o f i l e  w i t h  m= 2 . 0

As  a f u n c t i o n  o f  Z o / L

0 . 0 0 0 . 0 1 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5 0 . 0 6 0 . 0 7 0 . 0 8 0 . 0 9

0 . 0 1 1 . 0 0 0 0  0 . 9 9 1 2  0 . 9 8 2 5  0 . 9 7 3 9 0 . 9 6 5 4  0 . 9 5 7 0
ss: EX BS BS XX X̂ B — B XS ̂3 =3 ̂  ^
0 . 9 4 8 7  0 . 9 4 0 5  0 . 9 3 2 4  0 . 9 2 4 4

0 . 1 1 0 . 9 1 6 4 0 . 9 0 8 6 0 . 9 0 0 8 0 . 8 9 3 1 0 . 8 8 5 5 0 . 8 7 8 0 0 . 8 7 0 6 0 . 8 6 3 2 0 . 8 5 6 0 0 . 8 4 8 8
0 . 2 1 0 . 8 4 1 6 0 . 8 3 4 6 0 . 8 2 7 6 0 . 8 2 0 7 0 . 8 1 3 9 0 . 8 0 7 2 0 . 8 0 0 5 0 . 7 9 3 9 0 . 7 8 7 4 0 . 7 8 0 9
0 . 3 1 0 . 7 7 4 5 0 . 7 6 8 2 0 . 7 6 1 9 0 . 7 5 5 7 0 . 7 4 9 6 0 . 7 4 3 5 0 . 7 3 7 5 0 . 7 3 1 6 0 . 7 2 5 7 0 . 7 1 9 9
0 . 4 1 0 . 7 1 4 1 0 . 7 0 8 4 0 . 7 0 2 8 0 . 6 9 7 2 0 . 6 9 1 7 0 . 6 8 6 2 0 . 6 8 0 8 0 . 6 7 5 5 0 . 6 7 0 2 0 . 6 6 4 9
0 . 5 1 0 . 6 5 9 7 0 . 6 5 4 6 0 . 6 4 9 5 0 . 6 4 4 5 0 . 6 3 9 5 0 . 6 3 4 5 0 . 6 2 9 6 0 . 6 2 4 8 0 . 6 2 0 0 0 . 6 1 5 3
0 . 6 1 0 . 6 1 0 6 0 . 6 0 5 9 0 . 6 0 1 3 0 . 5 9 6 8 0 . 5 9 2 3 0 . 5 8 7 8 0 . 5 8 3 4 0 . 5 7 9 0 0 . 5 7 4 7 0 . 5 7 0 4
0 . 7 1 0 . 5 6 6 1 0 . 5 6 1 9 0 . 5 5 7 7 0 . 5 5 3 6 0 . 5 4 9 5 0 . 5 4 5 5 0 . 5 4 1 5 0 . 5 3 7 5 0 . 5 3 3 6 0 . 5 2 9 7
0 . 8 1 0 . 5 2 5 8 0 . 5 2 2 0 0 . 5 1 8 2 0 . 5 1 4 4 0 . 5 1 0 7 0 . 5 0 7 1 0 . 5 0 3 4 0 . 4 9 9 8 0 . 4 9 6 2 0 . 4 9 2 7
0 . 9 1 0 . 4 8 9 2 0 . 4 8 5 7 0 . 4 8 2 3 0 . 4 7 8 9 0 . 4 7 5 5 0 . 4 7 2 1 0 . 4 6 8 8 0 . 4 6 5 5 0 . 4 6 2 3 0 . 4 5 9 0
1 . 0 1 0 . 4 5 5 9 0 . 4 5 2 7 0 . 4 4 9 5 0 . 4 4 6 4 0 . 4 4 3 4 0 . 4 4 0 3 0 . 4 3 7 3 0 . 4 3 4 3 0 . 4 3 1 3 0 . 4 2 8 4
1 . 1 1 0 . 4 2 5 5 0 . 4 2 2 6 0 . 4 1 9 7 0 . 4 1 6 9 0 . 4 1 4 1 0 . 4 1 1 3 0 . 4 0 8 5 0 . 4 0 5 8 0 . 4 0 3 1 0 . 4 0 0 4
1 . 2 1 0 . 3 9 7 7 0 . 3 9 5 1 0 . 3 9 2 5 0 . 3 8 9 9 0 . 3 8 7 3 0 . 3 8 4 7 0 . 3 8 2 2 0 . 3 7 9 7 0 . 3 7 7 2 0 . 3 7 4 8
1 . 3 1 0 . 3 7 2 3 0 . 3 6 9 9 0 . 3 6 7 5 0 . 3 6 5 1 0 . 3 6 2 8 0 . 3 6 0 5 0 . 3 5 8 1 0 . 3 5 5 8 0 . 3 5 3 6 0 . 3 5 1 3
1 . 4 1 0 . 3 4 9 1 0 . 3 4 6 9 0 . 3 4 4 7 0 . 3 4 2 5 0 . 3 4 0 3 0 . 3 3 8 2 0 . 3 3 6 0 0 . 3 3 3 9 0 . 3 3 1 8 0 . 3 2 9 8
1 . 5 1 0 . 3 2 7 7 0 . 3 2 5 7 0 . 3 2 3 7 0 . 3 2 1 7 0 . 3 1 9 7 0 . 3 1 7 7 0 . 3 1 5 7 0 . 3 1 3 8 0 . 3 1 1 9 0 . 3 1 0 0
1 . 6 1 0 . 3 0 8 1 0 . 3 0 6 2 0 . 3 0 4 4 0 . 3 0 2 5 0 . 3 0 0 7 0 . 2 9 8 9 0 . 2 9 7 1 0 . 2 9 5 3 0 . 2 9 3 5 0 . 2 9 1 8
1 . 7 1 0 . 2 9 0 0 0 . 2 8 8 3 0 . 2 8 6 6 0 . 2 8 4 9 0 . 2 8 3 2 0 . 2 8 1 5 0 . 2 7 9 9 0 . 2 7 8 2 0 . 2 7 6 6 0 . 2 7 5 0
1 . 8 1 0 . 2 7 3 3 0 . 2 7 1 8 0 . 2 7 0 2 0 . 2 6 8 6 0 . 2 6 7 0 0 . 2 6 5 5 0 . 2 6 4 0 0 . 2 6 2 4 0 . 2 6 0 9 0 . 2 5 9 4
1 . 9 1 0 . 2 5 8 0 0 . 2 5 6 5 0 . 2 5 5 0 0 . 2 5 3 6 0 . 2 5 2 1 0 . 2 5 0 7 0 . 2 4 9 3 0 . 2 4 7 9 0 . 2 4 6 5 0 . 2 4 5 1
2 . 0 1 0 . 2 4 3 7 0 . 2 4 2 4 0 . 2 4 1 0 0 . 2 3 9 7 0 . 2 3 8 3 0 . 2 3 7 0 0 . 2 3 5 7 0 . 2 3 4 4 0 . 2 3 3 1 0 . 2 3 1 8
2 . 1 1 0 . 2 3 0 5 0 . 2 2 9 3 0 . 2 2 8 0 0 . 2 2 6 8 0 . 2 2 5 5 0 . 2 2 4 3 0 . 2 2 3 1 0 . 2 2 1 9 0 . 2 2 0 7 0 . 2 1 9 5
2 . 2 1 0 . 2 1 8 3 0 . 2 1 7 1 0 . 2 1 6 0 0 . 2 1 4 8 0 . 2 1 3 7 0 . 2 1 2 5 0 . 2 1 1 4 0 . 2 1 0 3 0 . 2 0 9 2 0 . 2 0 8 1
2 . 3 1 0 . 2 0 7 0 0 . 2 0 5 9 0 . 2 0 4 8 0 . 2 0 3 7 0 . 2 0 2 7 0 . 2 0 1 6 0 . 2 0 0 5 0 . 1 9 9 5 0 . 1 9 8 5 0 . 1 9 7 4
2 . 4 1 0 . 1 9 6 4 0 . 1 9 5 4 0 . 1 9 4 4 0 . 1 9 3 4 0 . 1 9 2 4 0 . 1 9 1 4 0 . 1 9 0 4 0 . 1 8 9 5 0 . 1 8 8 5 0 . 1 8 7 5
2 . 5 1 0 . 1 8 6 6 0 . 1 8 5 6 0 . 1 8 4 7 0 . 1 8 3 8 0 . 1 8 2 8 0 . 1 8 1 9 0 . 1 8 1 0 0 . 1 8 0 1 0 . 1 7 9 2 0 . 1 7 8 3
2 . 6 1 0 . 1 7 7 4 0 . 1 7 6 5 0 . 1 7 5 7 0 . 1 7 4 8 0 . 1 7 3 9 0 . 1 7 3 1 0 . 1 7 2 2 0 . 1 7 1 4 0 . 1 7 0 5 0 . 1 6 9 7
2 . 7 1 0 . 1 6 8 9 0 . 1 6 8 1 0 . 1 6 7 2 0 . 1 6 6 4 0 . 1 6 5 6 0 . 1 6 4 8 0 . 1 6 4 0 0 . 1 6 3 2 0 . 1 6 2 5 0 . 1 6 1 7
2 . 8 1 0 . 1 6 0 9 0 . 1 6 0 1 0 . 1 5 9 4 0 . 1 5 8 6 0 . 1 5 7 9 0 . 1 5 7 1 0 . 1 5 6 4 0 . 1 5 5 6 0 . 1 5 4 9 0 . 1 5 4 2
2 . 9 1 0 . 1 5 3 4 0 . 1 5 2 7 0 . 1 5 2 0 0 . 1 5 1 3 0 . 1 5 0 6 0 . 1 4 9 9 0 . 1 4 9 2 0 . 1 4 8 5 0 . 1 4 7 8 0 . 1 4 7 1
3 . 0 1 0 . 1 4 6 4 0 . 1 4 5 8 0 . 1 4 5 1 0 . 1 4 4 4 0 . 1 4 3 8 0 . 1 4 3 1 0 . 1 4 2 5 0 . 1 4 1 8 0 . 1 4 1 2 0 . 1 4 0 5
3 . 1 1 0 . 1 3 9 9 0 . 1 3 9 3 0 . 1 3 8 6 0 . 1 3 8 0 0 . 1 3 7 4 0 . 1 3 6 8 0 . 1 3 6 1 0 . 1 3 5 5 0 . 1 3 4 9 0 . 1 3 4 3
3 . 2 1 0 . 1 3 3 7 0 . 1 3 3 1 0 . 1 3 2 6 0 . 1 3 2 0 0 . 1 3 1 4 0 . 1 3 0 8 0 . 1 3 0 2 0 . 1 2 9 7 0 . 1 2 9 1 0 . 1 2 8 5
3 . 3 1 0 . 1 2 8 0 0 . 1 2 7 4 0 . 1 2 6 8 0 . 1 2 6 3 0 . 1 2 5 7 0 . 1 2 5 2 0 . 1 2 4 7 0 . 1 2 4 1 0 . 1 2 3 6 0 . 1 2 3 1
3 . 4 1 0 . 1 2 2 5 0 . 1 2 2 0 0 . 1 2 1 5 0 . 1 2 1 0 0 . 1 2 0 4 0 . 1 1 9 9 0 . 1 1 9 4 0 . 1 1 8 9 0 . 1 1 8 4 0 . 1 1 7 9
3 . 5 I 0 . 1 1 7 4 0 . 1 1 6 9 0 . 1 1 6 4 0 . 1 1 5 9 0 . 1 1 5 5 0 . 1 1 5 0 0 . 1 1 4 5 0 . 1 1 4 0 0 . 1 1 3 5 0 . 1 1 3 1
3 . 6 1 0 . 1 1 2 6 0 . 1 1 2 1 0 . 1 1 1 7 0 . 1 1 1 2 0 . 1 1 0 7 0 . 1 1 0 3 0 . 1 0 9 8 0 . 1 0 9 4 0 . 1 0 8 9 0 . 1 0 8 5
3 . 7 1 0 . 1 0 8 1 0 . 1 0 7 6 0 . 1 0 7 2 0 . 1 0 6 7 0 . 1 0 6 3 0 . 1 0 5 9 0 . 1 0 5 5 0 . 1 0 5 0 0 . 1 0 4 6 0 . 1 0 4 2
3 . 8 1 0 . 1 0 3 8 0 . 1 0 3 4 0 . 1 0 2 9 0 . 1 0 2 5 0 . 1 0 2 1 0 . 1 0 1 7 0 . 1 0 1 3 0 . 1 0 0 9 0 . 1 0 0 5 0 . 1 0 0 1
3 . 9 1 0 . 0 9 9 7 0 . 0 9 9 3 0 . 0 9 8 9 0 . 0 9 8 5 0 . 0 9 8 2 0 . 0 9 7 8 0 . 0 9 7 4 0 . 0 9 7 0 0 . 0 9 6 6 0 . 0 9 6 3
4 . 0 1 0 . 0 9 5 9 0 . 0 9 5 5 0 . 0 9 5 2 0 . 0 9 4 8 0 . 0 9 4 4 0 . 0 9 4 1 0 . 0 9 3 7 0 . 0 9 3 3 0 . 0 9 3 0 0 . 0 9 2 6
4 . 1 1 0 . 0 9 2 3 0 . 0 9 1 9 0 . 0 9 1 6 0 . 0 9 1 2 0 . 0 9 0 9 0 . 0 9 0 5 0 . 0 9 0 2 0 . 0 8 9 9 0 . 0 8 9 5 0 . 0 8 9 2
4 . 2 1 0 . 0 8 8 8 0 . 0 8 8 5 0 . 0 8 8 2 0 . 0 8 7 8 0 . 0 8 7 5 0 . 0 8 7 2 0 . 0 8 6 9 0 . 0 8 6 5 0 . 0 8 6 2 0 . 0 8 5 9
4 . 3 1 0 . 0 8 5 6 0 . 0 8 5 3 0 . 0 8 5 0 0 . 0 8 4 6 0 . 0 8 4 3 0 . 0 8 4 0 0 . 0 8 3 7 0 . 0 8 3 4 0 . 0 8 3 1 0 . 0 8 2 8
4 . 4 1 0 . 0 8 2 5 0 . 0 8 2 2 0 . 0 8 1 9 0 . 0 8 1 6 0 . 0 8 1 3 0 . 0 8 1 0 0 . 0 8 0 7 0 . 0 8 0 4 0 . 0 8 0 2 0 . 0 7 9 9
4 . 5 1 0 . 0 7 9 6 0 . 0 7 9 3 0 . 0 7 9 0 0 . 0 7 8 7 0 . 0 7 8 5 0 . 0 7 8 2 0 . 0 7 7 9 0 . 0 7 7 6 0 . 0 7 7 3 0 . 0 7 7 1
4 . 6 1 0 . 0 7 6 8 0 . 0 7 6 5 0 . 0 7 6 3 0 . 0 7 6 0 0 . 0 7 5 7 0 . 0 7 5 5 0 . 0 7 5 2 0 . 0 7 4 9 0 . 0 7 4 7 0 . 0 7 4 4
4 . 7 1 0 . 0 7 4 2 0 . 0 7 3 9 0 . 0 7 3 6 0 . 0 7 3 4 0 . 0 7 3 1 0 . 0 7 2 9 0 . 0 7 2 6 0 . 0 7 2 4 0 . 0 7 2 1 0 . 0 7 1 9
4 . 8 1 0 . 0 7 1 6 0 . 0 7 1 4 0 . 0 7 1 2 0 . 0 7 0 9 0 . 0 7 0 7 0 . 0 7 0 4 0 . 0 7 0 2 0 . 0 7 0 0 0 . 0 6 9 7 0 . 0 6 9 5
4 . 9 1 0 . 0 6 9 3 0 . 0 6 9 0 0 . 0 6 8 8 0 . 0 6 8 6 0 . 0 6 8 3 0 . 0 6 8 1 0 . 0 6 7 9 0 . 0 6 7 6 0 . 0 6 7 4 0 . 0 6 7 2
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Ba ck  D i f f u s i o n  P r o b a b i l i t i e s  f o r  Ma k h o v i a n  P r o f i l e  w i t h  m= 2 . 0

As a function of Zo/L

0 . 0 0 0 . 0 1 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5 0 . 0 6 0 . 0 7 0 . 0 8 0 . 0 9
1 EzasswanBii

5 . 0 1 0 . 0 6 7 0 0 . 0 6 6 7 0 . 0 6 6 5 0 . 0 6 6 3 0 . 0 6 6 1 0 . 0 6 5 9 0 . 0 6 5 7 0 . 0 6 5 4 0 . 0 6 5 2 0 . 0 6 5 0
5 . 1 1 0 . 0 6 4 8 0 . 0 6 4 6 0 . 0 6 4 4 0 . 0 6 4 2 0 . 0 6 4 0 0 . 0 6 3 8 0 . 0 6 3 5 0 . 0 6 3 3 0 . 0 6 3 1 0 . 0 6 2 9
5 . 2 1 0 . 0 6 2 7 0 . 0 6 2 5 0 . 0 6 2 3 0 . 0 6 2 1 0 . 0 6 1 9 0 . 0 6 1 7 0 . 0 6 1 5 0 . 0 6 1 3 0 . 0 6 1 1 0 . 0 6 0 9
5 . 3 1 0 . 0 6 0 7 0 . 0 6 0 6 0 . 0 6 0 4 0 . 0 6 0 2 0 . 0 6 0 0 0 . 0 5 9 8 0 . 0 5 9 6 0 . 0 5 9 4 0 . 0 5 9 2 0 . 0 5 9 0
5 . 4 1 0 . 0 5 8 9 0 . 0 5 8 7 0 . 0 5 8 5 0 . 0 5 8 3 0 . 0 5 8 1 0 . 0 5 7 9 0 . 0 5 7 8 0 . 0 5 7 6 0 . 0 5 7 4 0 . 0 5 7 2
5 . 5 1 0 . 0 5 7 1 0 . 0 5 6 9 0 . 0 5 6 7 0 . 0 5 6 5 0 . 0 5 6 4 0 . 0 5 6 2 0 . 0 5 6 0 0 . 0 5 5 8 0 . 0 5 5 7 0 . 0 5 5 5
5 . 6 1 0 . 0 5 5 3 0 . 0 5 5 2 0 . 0 5 5 0 0 . 0 5 4 8 0 . 0 5 4 7 0 . 0 5 4 5 0 . 0 5 4 3 0 . 0 5 4 2 0 . 0 5 4 0 0 . 0 5 3 8
5 . 7 1 0 . 0 5 3 7 0 . 0 5 3 5 0 . 0 5 3 4 0 . 0 5 3 2 0 . 0 5 3 0 0 . 0 5 2 9 0 . 0 5 2 7 0 . 0 5 2 6 0 . 0 5 2 4 0 . 0 5 2 3
5 . 8 1 0 . 0 5 2 1 0 . 0 5 1 9 0 . 0 5 1 8 0 . 0 5 1 6 0 . 0 5 1 5 0 . 0 5 1 3 0 . 0 5 1 2 0 . 0 5 1 0 0 . 0 5 0 9 0 . 0 5 0 7
5 . 9 1 0 . 0 5 0 6 0 . 0 5 0 4 0 . 0 5 0 3 0 . 0 5 0 1 0 . 0 5 0 0 0 . 0 4 9 9 0 . 0 4 9 7 0 . 0 4 9 6 0 . 0 4 9 4 0 . 0 4 9 3
6 . 0 1 0 . 0 4 9 1 0 . 0 4 9 0 0 . 0 4 8 9 0 . 0 4 8 7 0 . 0 4 8 6 0 . 0 4 8 4 0 . 0 4 8 3 0 . 0 4 8 2 0 . 0 4 8 0 0 . 0 4 7 9
6 . 1 1 0 . 0 4 7 7 0 . 0 4 7 6 0 . 0 4 7 5 0 . 0 4 7 3 0 . 0 4 7 2 0 . 0 4 7 1 0 . 0 4 6 9 0 . 0 4 6 8 0 . 0 4 6 7 0 . 0 4 6 5
6 . 2 1 0 . 0 4 6 4 0 . 0 4 6 3 0 . 0 4 6 2 0 . 0 4 6 0 0 . 0 4 5 9 0 . 0 4 5 8 0 . 0 4 5 6 0 . 0 4 5 5 0 . 0 4 5 4 0 . 0 4 5 3
6 . 3 1 0 . 0 4 5 1 0 . 0 4 5 0 0 . 0 4 4 9 0 . 0 4 4 8 0 . 0 4 4 6 0 . 0 4 4 5 0 . 0 4 4 4 0 . 0 4 4 3 0 . 0 4 4 1 0 . 0 4 4 0
6 . 4 1 0 . 0 4 3 9 0 . 0 4 3 8 0 . 0 4 3 7 0 . 0 4 3 5 0 . 0 4 3 4 0 . 0 4 3 3 0 . 0 4 3 2 0 . 0 4 3 1 0 . 0 4 3 0 0 . 0 4 2 8
6 . 5 1 0 . 0 4 2 7 0 . 0 4 2 6 0 . 0 4 2 5 0 . 0 4 2 4 0 . 0 4 2 3 0 . 0 4 2 1 0 , 0 4 2 0 0 . 0 4 1 9 0 . 0 4 1 8 0 . 0 4 1 7
6 . 6 1 0 . 0 4 1 6 0 . 0 4 1 5 0 . 0 4 1 4 0 . 0 4 1 3 0 . 0 4 1 1 0 . 0 4 1 0 0 . 0 4 0 9 0 . 0 4 0 8 0 . 0 4 0 7 0 . 0 4 0 6
6 . 7 1 0 . 0 4 0 5 0 . 0 4 0 4 0 . 0 4 0 3 0 . 0 4 0 2 0 . 0 4 0 1 0 . 0 4 0 0 0 . 0 3 9 9 0 . 0 3 9 8 0 . 0 3 9 7 0 . 0 3 9 5
6 . 8 1 0 . 0 3 9 4 0 . 0 3 9 3 0 . 0 3 9 2 0 . 0 3 9 1 0 . 0 3 9 0 0 . 0 3 8 9 0 . 0 3 8 8 0 . 0 3 8 7 0 . 0 3 8 6 0 . 0 3 8 5
6 . 9 1 0 . 0 3 8 4 0 . 0 3 8 3 0 . 0 3 8 2 0 . 0 3 8 1 0 . 0 3 8 0 0 . 0 3 7 9 0 . 0 3 7 8 0 . 0 3 7 8 0 . 0 3 7 7 0 . 0 3 7 6
7 . 0 1 0 . 0 3 7 5 0 . 0 3 7 4 0 . 0 3 7 3 0 . 0 3 7 2 0 . 0 3 7 1 0 . 0 3 7 0 0 . 0 3 6 9 0 . 0 3 6 8 0 . 0 3 6 7 0 . 0 3 6 6
7 . 1 1 0 . 0 3 6 5 0 . 0 3 6 4 0 . 0 3 6 3 0 . 0 3 6 3 0 . 0 3 6 2 0 . 0 3 6 1 0 . 0 3 6 0 0 . 0 3 5 9 0 . 0 3 5 8 0 . 0 3 5 7
7 . 2 1 0 . 0 3 5 6 0 . 0 3 5 5 0 . 0 3 5 4 0 . 0 3 5 4 0 . 0 3 5 3 0 . 0 3 5 2 0 . 0 3 5 1 0 . 0 3 5 0 0 . 0 3 4 9 0 . 0 3 4 8
7 . 3 1 0 . 0 3 4 8 0 . 0 3 4 7 0 . 0 3 4 6 0 . 0 3 4 5 0 . 0 3 4 4 0 . 0 3 4 3 0 . 0 3 4 2 0 . 0 3 4 2 0 . 0 3 4 1 0 . 0 3 4 0
7 . 4 1 0 . 0 3 3 9 0 . 0 3 3 8 0 . 0 3 3 7 0 . 0 3 3 7 0 . 0 3 3 6 0 . 0 3 3 5 0 . 0 3 3 4 0 . 0 3 3 3 0 . 0 3 3 3 0 . 0 3 3 2
7 . 5 1 0 . 0 3 3 1 0 . 0 3 3 0 0 . 0 3 2 9 0 . 0 3 2 9 0 . 0 3 2 8 0 . 0 3 2 7 0 . 0 3 2 6 0 . 0 3 2 6 0 . 0 3 2 5 0 . 0 3 2 4
7 . 6 1 0 . 0 3 2 3 0 . 0 3 2 2 0 . 0 3 2 2 0 . 0 3 2 1 0 . 0 3 2 0 0 . 0 3 1 9 0 . 0 3 1 9 0 . 0 3 1 8 0 . 0 3 1 7 0 . 0 3 1 6
7 . 7 1 0 . 0 3 1 6 0 . 0 3 1 5 0 . 0 3 1 4 0 . 0 3 1 3 0 . 0 3 1 3 0 . 0 3 1 2 0 . 0 3 1 1 0 . 0 3 1 1 0 . 0 3 1 0 0 . 0 3 0 9
7 . 8 1 0 . 0 3 0 8 0 . 0 3 0 8 0 . 0 3 0 7 0 . 0 3 0 6 0 . 0 3 0 6 0 . 0 3 0 5 0 . 0 3 0 4 0 . 0 3 0 3 0 . 0 3 0 3 0 . 0 3 0 2
7 . 9 1 0 . 0 3 0 1 0 . 0 3 0 1 0 . 0 3 0 0 0 . 0 2 9 9 0 . 0 2 9 9 0 . 0 2 9 8 0 . 0 2 9 7 0 . 0 2 9 7 0 . 0 2 9 6 0 . 0 2 9 5
8 . 0 1 0 . 0 2 9 5 0 . 0 2 9 4 0 . 0 2 9 3 0 . 0 2 9 3 0 . 0 2 9 2 0 . 0 2 9 1 0 . 0 2 9 1 0 . 0 2 9 0 0 . 0 2 8 9 0 . 0 2 8 9
8 . 1 1 0 . 0 2 8 8 0 . 0 2 8 7 0 . 0 2 8 7 0 . 0 2 8 6 0 . 0 2 8 5 0 . 0 2 8 5 0 . 0 2 8 4 0 . 0 2 8 3 0 . 0 2 8 3 0 . 0 2 8 2
8 . 2 1 0 . 0 2 8 2 0 . 0 2 8 1 0 . 0 2 8 0 0 . 0 2 8 0 0 . 0 2 7 9 0 . 0 2 7 8 0 . 0 2 7 8 0 . 0 2 7 7 0 . 0 2 7 7 0 . 0 2 7 6
8 . 3 1 0 . 0 2 7 5 0 . 0 2 7 5 0 . 0 2 7 4 0 . 0 2 7 4 0 . 0 2 7 3 0 . 0 2 7 2 0 . 0 2 7 2 0 . 0 2 7 1 0 . 0 2 7 1 0 . 0 2 7 0
8 . 4 1 0 . 0 2 6 9 0 . 0 2 6 9 0 . 0 2 6 8 0 . 0 2 6 8 0 . 0 2 6 7 0 . 0 2 6 7 0 . 0 2 6 6 0 . 0 2 6 5 0 . 0 2 6 5 0 . 0 2 6 4
8 . 5 1 0 . 0 2 6 4 0 . 0 2 6 3 0 . 0 2 6 3 0 . 0 2 6 2 0 . 0 2 6 1 0 . 0 2 6 1 0 . 0 2 6 0 0 . 0 2 6 0 0 . 0 2 5 9 0 . 0 2 5 9
8 . 6 1 0 . 0 2 5 8 0 . 0 2 5 7 0 . 0 2 5 7 0 . 0 2 5 6 0 . 0 2 5 6 0 . 0 2 5 5 0 . 0 2 5 5 0 . 0 2 5 4 0 . 0 2 5 4 0 . 0 2 5 3
8 . 7 1 0 . 0 2 5 3 0 . 0 2 5 2 0 . 0 2 5 2 0 . 0 2 5 1 0 . 0 2 5 1 0 . 0 2 5 0 0 . 0 2 4 9 0 . 0 2 4 9 0 . 0 2 4 8 0 . 0 2 4 8
8 . 8 1 0 . 0 2 4 7 0 . 0 2 4 7 0 . 0 2 4 6 0 . 0 2 4 6 0 . 0 2 4 5 0 . 0 2 4 5 0 . 0 2 4 4 0 . 0 2 4 4 0 . 0 2 4 3 0 . 0 2 4 3
8 . 9 1 0 . 0 2 4 2 0 . 0 2 4 2 0 . 0 2 4 1 0 . 0 2 4 1 0 . 0 2 4 0 0 . 0 2 4 0 0 . 0 2 3 9 0 . 0 2 3 9 0 . 0 2 3 8 0 . 0 2 3 8
9 . 0 1 0 . 0 2 3 7 0 . 0 2 3 7 0 . 0 2 3 6 0 . 0 2 3 6 0 . 0 2 3 5 0 . 0 2 3 5 0 . 0 2 3 4 0 . 0 2 3 4 0 . 0 2 3 3 0 . 0 2 3 3
9 . 1 1 0 . 0 2 3 3 0 . 0 2 3 2 0 . 0 2 3 2 0 . 0 2 3 1 0 . 0 2 3 1 0 . 0 2 3 0 0 . 0 2 3 0 0 . 0 2 2 9 0 . 0 2 2 9 0 . 0 2 2 8
9 . 2 1 0 . 0 2 2 8 0 . 0 2 2 7 0 . 0 2 2 7 0 . 0 2 2 7 0 . 0 2 2 6 0 . 0 2 2 6 0 . 0 2 2 5 0 . 0 2 2 5 0 . 0 2 2 4 0 . 0 2 2 4
9 . 3 1 0 . 0 2 2 3 0 . 0 2 2 3 0 . 0 2 2 3 0 . 0 2 2 2 0 . 0 2 2 2 0 . 0 2 2 1 0 . 0 2 2 1 0 . 0 2 2 0 0 . 0 2 2 0 0 . 0 2 1 9
9 . 4 1 0 . 0 2 1 9 0 . 0 2 1 9 0 . 0 2 1 8 0 . 0 2 1 8 0 . 0 2 1 7 0 . 0 2 1 7 0 . 0 2 1 6 0 . 0 2 1 6 0 . 0 2 1 6 0 . 0 2 1 5
9 . 5 1 0 . 0 2 1 5 0 . 0 2 1 4 0 . 0 2 1 4 0 . 0 2 1 4 0 . 0 2 1 3 0 . 0 2 1 3 0 . 0 2 1 2 0 . 0 2 1 2 0 . 0 2 1 1 0 . 0 2 1 1
9 . 6 1 0 . 0 2 1 1 0 . 0 2 1 0 0 . 0 2 1 0 0 . 0 2 0 9 0 . 0 2 0 9 0 . 0 2 0 9 0 . 0 2 0 8 0 . 0 2 0 8 0 . 0 2 0 7 0 . 0 2 0 7
9 . 7 1 0 . 0 2 0 7 0 . 0 2 0 6 0 . 0 2 0 6 0 . 0 2 0 5 0 . 0 2 0 5 0 . 0 2 0 5 0 . 0 2 0 4 0 . 0 2 0 4 0 . 0 2 0 3 0 . 0 2 0 3
9 . 8 1 0 . 0 2 0 3 0 . 0 2 0 2 0 . 0 2 0 2 0 . 0 2 0 2 0 . 0 2 0 1 0 . 0 2 0 1 0 . 0 2 0 0 0 . 0 2 0 0 0 . 0 2 0 0 0 . 0 1 9 9
9 . 9 1 0 . 0 1 9 9 0 . 0 1 9 9 0 . 0 1 9 8 0 . 0 1 9 8 0 . 0 1 9 7 0 . 0 1 9 7 0 . 0 1 9 7 0 . 0 1 9 6 0 . 0 1 9 6 0 . 0 1 9 6
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Appendix 3

F ortran  S u b rou tin e  L ibrary

D eco n

S U B R O U T IN E  D E C O N (S , R , N , f ilte r , fac to r)

D O U B L E  P R E C IS IO N  S(N ), R (N ), fac to r 

IN T E G E R  filte r , N

Uses a fast F ourie r tra ns fo rm  to  deconvolute the norm alised reso lu tion  

fu n c tio n  R  fro m  the norm alised peak S. The F ourie r tra n s fo rm  is evaluated 

over 1024 elements.

P a ra m e te rs

S: N orm alised experim enta l lineshape in  an a rray  w ith  less tha n  1024 elements. 

R: The norm alised reso lu tion  fu n c tio n  in  an a rray o f the same length  as S.

N: The num ber o f a rray  elements in  S and R.

f ilte r : Used to  select the type  o f f ilte r in g  (§5.4.1) used in  the  deconvolution  

process

f i l te r = 0  D ynam ic f ilte r  is used w ith  a filte r in g  fac to r passed to  the 

subrou tine  as the param eter fac to r.

0  <  f ilte r  <  512 F ixed  low-pass f ilte r  w ith  cu t-o ff a t the  value o f f ilte r .

f i lte r  >  512 D ynam ic low-pass f ilte r  w ith  cu t-o ff a t the  f irs t m in im u m  in  

the Fourie r spectrum , 

fac to r: The value o f the f ilte r in g  fac to r used in  the dynam ic f ilte r.

R e tu r n  V a lu e s

The deconvoluted curve is passed back in  S. R is unchanged on ex it. 

R o u t in e s  &  L ib r a r ie s  R e fe re n c e d : N A g  version 11
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Appendix 3

F ortran  S u b rou tin e  L ibrary

E a s y p ro f

S U B R O U T IN E  E A S Y P R O F (F , E, N , Fs, F b , Fd , x , D , k, a lpha, rho) 

D O U B L E  P R E C IS IO N  F (N ), E (N ), Fs, Fb , F d , x , D , k , a lpha, rho  

IN T E G E R  N

Calculates the  expected lineshape param eter values fo r the set o f inc iden t 

p os itron  energies E fo r a step fu n c tio n  defect d is tr ib u tio n  in  the  l im it  o f zerp 

pos itron  d iffus ion  in  the bu lk

T h is  ro u tine  evaluates assumes th a t the steady-sta te  p os itron  p ro file  is a 

deriva tive  o f a Gaussian (M akhov ian ), on ly  the m a te ria l independent scaling 

can be changed.

P aram eters

F: The set o f ca lcu lated lineshape param eter values corresponding to  the 

energies held in  E.

E: The set o f p os itron  inc iden t energies (keV) fo r w h ich  the  lineshape param eters 

are to  be ca lcu lated.

N: The num ber o f a rray  elements in  F and E.

Fs: The surface lineshape param eter value.

Fb: The  bu lk  lineshape param eter value.

Fd : The  defect lineshape param eter value 

X: The dep th  o f the defect layer.

D : P os itron  d iffus ion  coefficient (cm ^/s ) near the surface, 

k: R e la tive  tra p p in g  ra te  =  tra p p in g  ra te x fre e  life tim e , 

alpha: M a te r ia l scaling a  [p g /c m ^ )  fo r zq =  ^  m  the  M akhov ian  p ro file , 

rho : M a te r ia l density p (g /cm ^)
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R e tu r n  V a lu e s

The ca lcu lated lineshape values fo r the set o f inc iden t energies E ( i , i= l ,N )  

are re tu rned  in  the corresponding elements o f F. A ll o the r are param eters 

unchanged on ex it.

R o u t in e s  &  L ib r a r ie s  R e fe re n c e d : None
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Appendix 3

F ortran  S u b rou tin e  L ibrary

P o s p ro f

F U N C T IO N  P O S P R O f(z , E, m , n, a lpha, rho)

D O U B L E  P R E C IS IO N  z, E, m , n, a lpha, rho

A  fu n c tio n  to  evaluate the  pos itron  im p la n ta tio n  p ro file  a t a given depth  fo r 

a specific inc iden t pos itron  energy.

P aram eters

z: The depth  in  Â  a t w h ich  the im p la n ta tio n  p ro file  is required.

E: The p os itron  energy in  keV fo r w h ich  the p ro file  is required, 

m : The shape fac to r in  the p ro file

P (z ,E ) =
dz

n: The  shape fac to r in  the  scaling length

zo =  - E ^ .
P

alpha: The m a te ria l independent scaling fac to r a  in  / ig /c m ^ . 

rho : The m a te ria l density in  g /cm ^.

R etu rn  V alues

The fu n c tio n  value is the value o f the pos itron  im p la n ta tio n  p ro file . A ll 

param eters are unchanged on ex it.

Routines & Libraries Referenced: None
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F ortran  S u b ro u tin e  L ibrary

L ap lac e

F U N C T IO N  L A P L A C E (A , N , d, p)

D O U B L E  P R E C IS IO N  A (N ), d, p 

IN T E G E R  N

Calculates the  Laplace tra ns fo rm  o f an a rray to  a single p o in t in  the 

transfo rm ed  space.
N

L(p) =
i= l

where

Xi =  (i — l ) d

P a ra m e te rs

A : A n  a rray con ta in ing  the  values o f the  fu n c tio n  A (x ) , evaluated at constant 

in terva ls in  x, to  be transfo rm ed.

N: The num ber o f elements in  A .

d: The in te rva l in  x  between successive elements in  A.

p: The p o in t in  transfo rm ed  space fo r w h ich  the value o f the  transfo rm ed 

fu n c tio n  is required.

R e tu r n  V a lu e s

The fu n c tio n  value re tu rns  the  value o f the Laplace trans fo rm . A ll o ther 

param eters are unchanged on ex it.

Routines & Libraries Referenced: None
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F ortran  S u b rou tin e  L ibrary

H o m o p ro f

F U N C T IO N  H O M O P R O F (E , m , n, a lpha, rho , Fs, F b , L)

D O U B L E  P R E C IS IO N  E, m , n, a lpha, rho , Fs, F b , L

A  fu n c tio n  to  ca lcu late  the  expected value o f a lineshape param eter fo r 

m onoenergetic positrons inc iden t on a homogeneous sample. Uses a two 

state m odel w ith  the p ro ba b ilitie s  taken fro m  the ca lcu lated back d iffus ion  

p ro b a b ility . A  M akhov ian  p ro file  w ith  variab le  param eters is included.

P a ra m e te rs

E: The inc iden t pos itron  energy in  keV

m: The shape fac to r in  the M akhov ian  p ro file  ^ e x p ( —z ^ / z ^ ) .  

n: The shape fac to r in  the M akhov ian  length  Zq =  ^ E ^ .  

a lpha: The  m a te ria l independent scaling a  in /xg/cm ^. 

rho : The m a te ria l density p in  g /cm ^.

Fs: The lineshape param eter value associated w ith  the surface.

Fb: The lineshape param eter value associated w ith  the  bu lk .

L : The p os itron  d iffus ion  length  in  Â .

R e tu r n  V a lu e s

The fu n c tio n  value re tu rns  the ca lcu lated lineshape param eter. A ll 

param eters are unchanged on ex it.

R o u tin e s  & L ib ra r ie s  R efe ren ced : PO SPR O F, LAPLACE
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F ortran  S u b rou tin e  L ibrary

E p ip ro f

F U N C T IO N  E P IP R O F (E , em, en, a lpha, rho , Fs, Fb , Ld , Fep, 1)

D O U B L E  P R E C IS IO N  E, em, en, a lpha, rho , Fs, Fb , Ld , Fep, 1

Calculates the expected value o f a lineshape param eter fo r m onoenergetic 

positrons inc iden t on a homogeneous sample. Uses a nested p a ir o f tw o  state 

models w ith  the p ro ba b ilitie s  taken fro m  the ca lcu lated back d iffus ion  and 

ep ithe rm a l backscattering  p robab ilitie s .

P a ra m e te rs

E: The inc iden t pos itron  energy in  keV 

m : The  shape fac to r in  the M akhov ian  p ro file  ^ e x p ( — 

n: The shape fac to r in  the M akhov ian  length  zq =  ^ E ^ .  

alpha: The m a te ria l independent scaling a  in /xg/cm ^. 

rho : The  m a te ria l density p in  g /cm ^.

Fs: The lineshape param eter value associated w ith  the  surface.

Fb: The  lineshape param eter value associated w ith  the  b u lk .

Ld : The pos itron  d iffus ion  length  in  A .

Fep: The lineshape param eter value associated w ith  e p ithe rm a l em ission 

1: The mean pos itron  ep ithe rm a l sca tte ring  length  in  A .

R e tu r n  V a lu e s

The fun c tio n  value re tu rns  the ca lcu lated lineshape param eter. A ll 

param eters are unchanged on ex it.

R o u t in e s  &  L ib r a r ie s  R e fe re n c e d ; P O S P R O F, L A P L A C E

137



Appendix 4 

P erso n a l B ib lio g ra p h y

Design o f a Low Energy P ositron  Beam., D .T .B r it to n , P .C .R ice-Evans and 

J.H .Evans: N ucl. Ins t. M e th . B 12 ,426  (1985)

Evidence fo r  Detrapping o f Positrons in  C adm ium  at Low Temperatures, 

P .C .R ice-Evans, A .A .B e rry  and D .B r it to n : in  “ P os itron  A n n ih ila t io n ” (Eds. 

P .C .Ja in , R .M .S ing ru  &  K .P .G op in a th a n ), W o rld  Scientific , S ingapore (1985)

P ositron ium  Form a tion  at Physisorbed M onolayer Surfaces o f Argon, N itrogen  

and Oxygen on Graphite, P.R ice-Evans, M .M oussav i-M adan i, K .U .R ao , 

D .T .B r it to n  and B.P.Cowan: Phys. Rev. B 34 ,6117  (1986)

P ositron  A n n ih ila tio n  Study o f the Temperature Behaviour o f Solid  K ryp to n  

Deposits in  Copper, D .T .B r it to n , P .C.R ice-Evans and J.H .Evans: P h il. M ag. 

A 55 ,3 47  (1987)

A Vertical P os itron  Beam fo r  Low Temperature Surface Studies, P .C .R ice- 

Evans, D .T .B r it to n  and B.P.Cowan: A p p l. Phys. A ,43,283 (1987)

Fast Fourie r Transform  D econvolution o f P ositron  A n n ih ila tio n  Lineshapes, 

D .T .B r it to n  and P.C.R ice-Evans: subm itted to  J. Phys. D

Depth P ro filin g  w ith  Positrons o f K ryp to n  Im p lanted  in  Molybdenum , 

D .T .B r it to n , P .C .R ice-Evans and J.H .Evans: to be subm itted to  J. Phys. F.

Slow P ositron  Study o f K ryp to n  Im planted in  M olybdenum , D .T .B r it to n , 

P .C .R ice-Evans and J.H .Evans: Proc. European M ee ting  on P os itron  Studies 

o f Defects, G .D .R  (1987)

P os itron ium  at M onolayers and Design o f a P os itron  Beam fo r  Low Temperature 

Surface Measurements, P .Rice-Evans, D .T .B r it to n , M .M .M a d a n i, K .U .R ao  and 

B .P .Cowan: Slow P os itron  W orkshop, U n iv . East A ng lia , N orw ich , U .K . (1986)
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Edward I  in  the F ir in g  L ine, D .T .B r it to n  and P .C.R ice-Evans: Slow P ositron  

W orkshop, U n iv . East A ng lia , N orw ich , U .K . (1986)

Study o f Im p lanted K ryp to n  in  Copper w ith  a P ositron  Beam, D .T .B r it to n , 

P .C .R ice-Evans and J.H .Evans: Slow P os itron  W orkshop, U n iv . East A ng lia , 

N o rw ich , U .K . (1986)

P ositron  A n n ih ila tio n  at L iq u id  M e ta l Surfaces, P .C .R ice-Evans and 

D .T .B r it to n : P ro c .In te rn a tio n a l Sym posium  on P os itron  A n n ih ila t io n  Studies 

o f F lu ids , U n iv . Texas at A rlin g to n , U .S .A  (1987)

E p ithe rm a l P os itron  Effects in  Surface Measurements, D .T .B r it to n , P .C .R ice- 

Evans and J.H .Evans: Proc N A T O  A R W  “ A tom ic  Physics w ith  P ositrons” , 

U n ive rs ity  College London (1987)
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A ckn o w led g em en ts

No thesis is ever the w ork  o f one person. For th is  w ork  I  have had to  re ly  

heavily  on m any o f the physics staff, b o th  a t the new college and at Bedford 

College. I  w ou ld  p a rtic u la r ly  like  to  tha n k  those w ho b u ilt  the  tw o beam lines; 

Messrs F G rim es &  A  K in g  at Bedford  College and Messrs R  E lto n , E H errm ann , 

B P o rte r and S Forem an at R H B N C . M r  J Henley played the  m ost s ign ifican t 

rô le in  assembling and in s ta llin g  the cryosta t system as w e ll as p ro v id ing  general 

techn ica l suppo rt. For a dd itio n a l advice and help on th is  system  I  w ou ld  like  

to  tha n k  Messrs M  T hyer, D C S m ith  and F Greenough.

In  a d d itio n  to  p lum b ing , the tw o beam lines also need electrics. For excellent 

design and su pp o rt in  the fie ld  o f electronics I  am  m ost g ra te fu l to  Messrs 

L  E llison , A  K  Betts and F R Jordan.

Even w ith  the necessary equ ipm ent th is  thesis w ou ld  no t have been possible 

w ith o u t the help and supervis ion  o f D r P C R ice-Evans and the  advice o f 

D r J H  Evans. For help and discussions I  am  also g ra te fu l to  the  past and present 

members o f the  pos itron  group at R H B N C ; Messrs S C Cream er, K  U Rao, 

D L S m ith , D r M  M oussavi-M adan i and M r  C A  E rin . O thers whose advice 

has guided the course o f m y w ork  are Drs M  C h a rlton , C D B eling , M  E ld ru p , 

K  O Jensen, A  Vehanen, H  H uom o, K  F C anter, M  Fluss, B P Cowan and P ro f 

D W G  Heddle.

A na lys is and p resentation  o f da ta  w ou ld  no t have been possible w ith o u t the 

suppo rt and advice o f the com puter u n it; especially M iss S M a rsh a ll and Messrs 

L  Nodes,G J Rock and P T ay lo r, and D r M  G Green fo r the Physics V A X .

F in a lly  I  w ou ld  like  to  tha n k  a ll o the r members o f the techn ica l and secretaria l 

s ta ff fo r th e ir suppo rt du ring  the period  o f m y w ork; p a rtic u la r ly  Messrs 

J D Sales,G Wells and C W in te rto n , M rs  S Pearson and M rs  V  Leach.

T h is  w ork  was carried  ou t under a SER C -H arw ell C ASE studentsh ip
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