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A bstrac t

A  T IM E  P U L S E D  P O S I T R O N IU M  B E A M  A N D  

A  S T U D Y  O F O X ID E S  O N  S IL IC O N  U S IN G  P O S IT R O N S

*>y

R avinder K. K hatri  

Advisor: Professor Leonard  O. Rocllig

T he  studies on rare  gas solid m odera to rs  were carried out with a  350 /xCi 22Na 

radioactive source. The corrected efficiency for neon m odera to r  in conical geomet­

rical configuration was as high as (1.4 ± 0.2)%. T he  conical configuration m odera tor  

performed b e tte r  by a factor of (2.2 i  0.2) th a n  the cylindrical configuration. A 

tim e pulsed positron beam  was built to  carry out investigations on the positron- 

ium  form ation processes and  positronium  beam . This beam  has the capability to 

store low energy e + in a m agnetic  bo ttle ,  with a magnetic  bo ttle  at one end and 

an electrostatic  m irror at the  o ther. These stored e 4  are then bunched to form a 

pulse with a  buncher. T he  bunched beam  had  a  FW H M  of 17 nsec and contained 

1 to 2 e 4 /pulse . A thin carbon foil of  50 A thickness was used for positronium  

form ation by process of charge exchange. Positronium  Annihilation Spectroscopy 

(PAS) was utilized to  carry out studies on the  activation energy of hydrogen at 

the  interface of oxide and silicon subs tra te  and the effect of irrad ia tion  on the ox­

ides in SiO 2 /S i ( 1 0 0 ) sample. T he  activation energy of hydrogen at the interface of 

SiO2 /S i ( 1 0 0 ) samples with n — and p —type substra te  was m easured  to be 2.60(6) 

eV and  2.47(6) eV respectively. T he  investigations of the  samples irrad ia ted  with 

x - r a y  and  7  —ray led to  the  first time identification of creation of E' centers with 

PAS.
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C h a p te r  1. 

I N T R O D U C T I O N

Since the discovery of the positron mid la ter  the positronium  atom , 

a bound  sta te  of an electron and a positron, there  has been a great effort 

in investigating the poten tia l of the positrons and  the positronium  atom s to 

provide more insight in the bulk and surface properties of the solids. The 

existence of the positron, an antipartic le  of the electron with the same mass 

and  spin bu t opposite  charge and the magnetic  m om ent, was predicted by 

the Dirac in 1930 It was later  identified by Anderson 2~ 4 in 1932 in tracks 

of the  cosmic rays, in  an experim ent using cloud chamber.

In 1934, Mohorovi&c 5 postu la ted  the possible existence of the posi­

tron ium  a tom  (Ps),  the  lightest hydrogenic system. Later Deutch  6 7 dem o­

n s tra ted  the existence of this positronium  atom , produced in an experiment 

involving the in teraction of positrons with gases. He was able to measure 

the decay ra te  of the  triplet positronium  from these experiments. All these 

developments opened a new era for the researchers in atom ic and solid s ta te  

physics. T he  experiments of DeBenedetti and o thers8 m easuring the anti- 

collinearity of the annihilating 7 —rays indicated  th a t  7 —rays em itted  due to 

the  positron/s annihilation with electrons are not exactly anticollinear. The 

angle between these two back to back 7 —rays is dependent 011 the m om entum  

of the electrons in the  solids. Positrons are intrinsically s table unless they 

in te rac t  with m atte r .  Their  life tim e is closely related to  the  local electron

1
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density. In the earlier years, the efforts were m ainly concentrated  on lifetime 

m easurem ents, angular correlation, and energy analysis of the annihilating 

7 - r a y s .  These efforts led to a vast am ount of information on the concen­

tra t ion , characteristics of the defects and the electronic s truc tu re  of different 

kind of materials. The detailed account on these efforts is well documented 

in the review by Stewart and Roellig 9. In order to extract the  information 

m entioned above, the positrons from a radioactive source were m ade to  im ­

plant deep inside the solids and then therm alized before annihilating with 

electrons in the solids. These studies had no control over the  energy of the 

positrons im planted  into the solids. This handicap on the control over the 

energy of the incident positrons imposed m any constra in ts  on the potential 

applications of the positrons.

It was M adanski and R a se t t i10 who realised th a t  the  continuous dis­

tr ibu tion  in energy of the  positrons em itted  from the radioactive sources were 

a h indrance to the  full exploitation of the  positrons as a useful probe. This 

m otivated  an effort to m odera te  the positrons from a  MCu radioactive source 

but failed, and they were unable to obtain  slow positrons. They speculated 

th a t  their failure to obtain  slow positrons could be because of the surface 

condition of the m odera to r ,  and suspected tha t  the  positrons were getting 

t rapped  in the solid or a t  the surface and  possibly lost th rough other chan ­

nels such as positronium  formation. Later o thers were able to verify these 

speculations.

It was C h e r ry 11 in 1958 who finally succeed in producing a  m oderated  

positron beam  with a ch rom ium - plated  mica as a  m odera tor .  The efficiency
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for this m odera to r  was quite  low ( ~  3 x  10 ®), where efficiency is defined 

as the ratio of the slow positron yield to the to ta l num ber of fast positrons 

em itted  by the radioactive source. The m ajo r  breakthrough in achieving 

reasonable efficiency for positrons m oderation  however came when Canter 

el al. 12 discovered smoked  MgO as a m odera tor .  They were able to get an 

efficiency of 3 x  10 ®,  which was two orders of m agnitude  higher than  any 

other m odera to r  at the time.

Further  studies investigating the in teraction  of positrons with the 

solids suggested tha t  unders tanding  in teractions of positrons with solid su r­

faces is one of the critical param eter  for obtain ing b e tte r  m oderators. This 

insight led to  the realization of the great care needed for surface preparation 

in order to obtain  be tte r  m oderators. The search for even be tte r  m oder­

ators in late  seventies was carried out with well p repared  and atomically 

clean surfaces in u l tra  high vacuum  (UHV) environm ent. All this progress 

with unders tand ing  of m odera tors  opened a new frontier for the application 

of slow positron beams to  solid s ta te  surface physics experiments, and was 

subsequently able to provide explanation of m any new exotic phenomena. 

This also made it possible to  control the positrons penetration  depth  easily 

as com pared to the handicap  faced in the earlier experiments. A detailed 

account of the history of the development of low energy positron beams and 

their consequences in the  s o l id - s ta te  physics applications can be found in 

more details in the review article by Schultz and  Lynn 13 and Fermi school 

lecture notes edited by B rand t and Dupasquier 14.
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By 1978, the m ajority  of experiments were performed in UHV environ­

m ent on atomically clean surfaces, and  it was dem onstra ted  th a t  positrons 

im planted into a clean single crystal target can diffuse back to the surface and 

then can either be em itted  as free positrons or as positronium  atoms. Further 

the  progress m ade in the unders tanding  of positronium  form ation processes 

from solid surfaces, thin films and in gases, with the use of monoenergetic 

positron beams, suggested the possibility of exploring the positronium  beam 

15 also as a potential probe to s tudy the surface of solids. A review of the 

fundam enta l properties of positronium  can be found in excellent reviews by 

Berko and Pem lc lton 18 and Rich 1T. The positronium  atom , as a neutral 

weakly bound light particle, has many appealing characteristics which could 

make it suitable for use in studies on surfaces of the solids. Its mass, about 

three order of m agnitude less than  any common neutra l a tom , makes it much 

more energetic for the same deBroglie wavelength as com pared with o ther 

neutra l atom s such as helium and  argon. Also, as a neutral a tom , its long 

range interaction with electrons or ion cores is expected to be weaker than  the 

Coulomb in teraction as for electrons, positrons, and the ions. The binding 

energy of positronium  is 6 .8  eV in the vacuum, and, therefore, makes it very 

susceptible to be ionized during the collision with electrons, ion cores, and 

a tom s provided their kinetic energy is greater th an  the positronium  binding 

energy.

The development of a high intensity monoenergetic positron beam 

at Brookhaven National Laboratory  and  o ther  places led to an effort to 

s tudy  various energetic positronium  form ation processes. A variable energy



positronium  beam  was constructed  at Brookhaven National Laboratory  in 

1987 18 and  used to  carry out investigations on positronium  reflections 

and scattering from the crystal ( 1 0 0 ) surface of cleaved LiF 19 and cleaned 

Cu(100) surfaces 20.

The o ther  most highly active research area for positrons has been the 

s tudy of various types and concentrations of defects in crystalline solids 21. 

These variable energy positron beam s provide the new unders tand ing  on 

surfaces, thin films, multilayer s tructures, their interfaces, and the buried 

layers in semiconductors. The high sensitivity of positrons to defects 13 was 

first dem onstra ted  by MacKenzie 22 in 1967 and since the development of 

variable energy positrons beams, it has readily become a powerful tool in 

defect profiling.

The availability of variable energy positron beam s also m ade possible 

a b e tte r  unders tand ing  of the in teraction of positrons with surfaces utilizing 

techniques such as two dimensional angular correlation of annihilation rad i­

ation (2D ACAR), time of flight (T O F )  m easurem ents, low energy positron 

diffraction (L E PD ), positronium  emission m easurem ents from surfaces , and 

positron Auger electron spectroscopy (PAES). More details on these tech­

niques can be found in the excellent review by Schultz and  Lynn 13 and 

comparisons of various surface studies using positrons with o ther available 

surface science techniques using electrons, ions, photons, X - r a y s ,  and neu­

tra l a tom s etc. can be found in T ang’s thesis 20 and references therein.

This thesis describes work performed on rare gas solid positron m oder­

ators , a s ta te  of the a r t  positron beam  for a time pulsed positronium  beam,
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with the capability of storing and  btinching positrons, s tudy of defects at 

the  semiconductor interfaces, and  creation of defects due to  irradi.ation in 

oxides of Si(1 0 0 ) using Positrons Annihilation Spectroscopy (PAS). C h a p ­

ter 2  contains discussion on the processes involved in m odera ting  positrons 

from a continuous distr ibution of particles em itted  from a  radioactive 

source. The neon m odera to r  performance will be discussed in more detail. 

C hap te r  3 outlines the properties of the positronium  a tom  and  the different 

processes involved in the  form ation of positronium  atoms. Further  discussion 

on the challenges involved in m aking a positronium  beam  will be provided 

in chap ter  4. This chapter also has a detailed discussion of the tim e pulsed 

positronium  beam , with relevant technical details and  the present s ta tus  of 

this project. This chapter also includes details of the  storage of positrons 

in the  m agnetic  bottle , positron bunching, and their subsequent use in the 

form ation of a  positronium  beam  with the process of charge exchange using 

th in  carbon foils. The next chap ter  will discuss the use of PAS in studies of 

the technologically im portan t  Si0 2 /Si system. Results on m easurem ents of 

the activation energy of hydrogen from Si0 2 / S i ( 1 0 0 ) interfaces and  a s tudy 

of creation of defects in oxides of the irradiated  SiO 2 /S i ( 1 0 0 ) system will be 

presented. Mostly the effect of X - r a y  and 7 - r a y  irrad iation  011 these sys­

tem s will be investigated. Finally the last chapter contains conclusions and 

a brief outline of the fu ture  directions with this s ta te  of the  art time pulsed 

positron beam  and the potentia l of PAS for interface and  defect studies 011 

Si0 2 /S i systems.



C h a p te r  2.

P o sitro n  M od erators and B eam s

1. O verview

One of the  biggest obstacle to the usefulness of positrons in solid state 

physics was the absence of variable energy positrons beams. It took almost 

th ir ty  years to achieve reasonable efficiency of the  m odera tion  of high energy 

positrons for it to be of any use. Therefore, over the years a grea t effort has 

been invested continuously in search for b e tte r  m oderators . This chapter 

will first discuss different kinds of source and  m odera to r  geometries in  use 

for maximizing the efficiency. The m ain  emphasis will be placed on only 

two im por tan t  kind of m odera to rs  namely th in  foil transmission and rare gas 

solid m oderators . Once the processes for ob tain ing  low energy monoenergetic 

positrons are explained, the next section will discuss rare  gas m oderators  in 

detail and  m easurem ents 011 the neon m odera to r  carried out a t  Brookhaven 

National L aboratory  will be discussed.

7
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2. Positron Sources

T here  are two kinds of positron emission processes, namely radioactive 

/?+ decay and  pair p roduction , which are commonly utilized to generate low 

energy positrons for research needs. The utilization of radioactive decay 

process usually involves the  use of rndioactive m ateria ls such as 2 2Na, 5BCo, 

and  , 4Cu. On the o ther hand  the utilization of the pair production is usually 

achieved with the brem sstrahlung of the high energy (^> 2 m , r 2) electron 

beam , generated by a LIN AC, h itt ing  a target of high Z m ateria ls  (e.g. n 

tungsten  crystal).

The most widely used positron sources are radioactive nuclei such as 

5"Co and 22Na which have a reasonably long life times (half  life of 71 days 

and 2.6 years for 5BCo and  22Na respectively). *4Cu is not so widely used 

due to its fairly short half life (only 1 2 .8  hours), however it has been used 

occasionally in some experiments such as High Flux Beam Reactor (H FB R) 

based beam  lines, described in detail in the  d issertation of Weber 23 and 

Tang 20. A positron beam  which uses trad itional radioactive isotopes as 

a source, does not need to  be located in close proximity to big facilities 

and, therefore, can be constructed  independently. But their intensities are 

limited by the availability of high activity commercial isotopes, and are also 

restric ted  due to the  safety hazard  involved in source installations. A LIN AC 

based positron beam  has the capabilities to  deliver both  high intensity and 

pulsed positron beams. Therefore, several LINAC based high intensity pulse



9

p o s i t r o n  b e a m s  h a v e  b e e n  b u i l t  a n d  a r e  used  for c a r r y i n g  o u t  various  p o s i t r o n  

re sea rc h  24 25.

Another approach to increase the positron beam intensity is to p ro ­

duce high activity  0 ^  isotopes with the use of a cyclotron or a nuclear re­

actor. Some efforts to produce high purity 22Na with a 18 MeV cyclotron 

were reported by Snnm and others 28. At Brookhnven National Laboratory 

(BNL). high activity  84Cu was successfully produced by irrad iating  81Cu in 

the HFBR at BNL and was used as the positron source for the high in ten ­

sity positron beam. The therm al neutron capture  process 83Cu (n 4a , 7 ) 84Cu 

(where n ^  represents the therm al neutrons) was utilized in this production. 

The typical decay scheme 27 for a radioactive source e.g. 22Na is shown in 

the Fig. 2.2.1 below.

2  60 y

22
EC

x  \  »* *o* 
y'N. cc 101.

^  \  »* 0 os*.22

Kinetic energy £ .  in Me*

F ig u re  2 .2 .1  The decay scheme of 22Na radioactive source together 
with the energy spectrum  of the em itted  /?+ .
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3. Positron M oderators

Positrons generated in a radioactive f3 f decay process or a pa ir  pro­

duction process are em itted  over a very broad spectrum  of energy. Monocn- 

ergetic positrons are utilized to s tudy a wide range of interactions with solids. 

The need for monoenergetic positrons, and the desire for high flux, has led to 

a continuous effort to  develop more and more efficient processes to  m oderate  

fast positrons em itted  from a radioactive source.

The most commonly used approach to m odera te  fast positrons is to 

slow down these fast positrons in a crystal via excitations and  o ther inelas­

tic scattering processes. Most of the incident fast positrons are thermalized 

very quickly within ~  1 0 ~ 12 seconds. After therm alization, some of these 

positrons can diffuse back to the surface of the  solid if the diffusion length 

of positrons in th a t  solid is long enough and  the im plan ta tion  dep th  of the 

positrons into the solid is not so deep. T he  work function of the positrons 

<f>+, is negative for some solids and  because of this, some of the thermal- 

izcd positrons diffuse to the surface and are em itted  from the surface with 

a m axim um  energy equal to  the negative value of the work function. An 

illustration of the fate of the implanted positrons is shown in Fig. 2.3.1.

The efficiency of a  m odera to r  is usually defined as the  ratio  of therm al­

ized positrons reeinitted from the m odera to r  to the  total num ber of positrons 

em itted  by the radioactive source. The characteristics of the m oderated  

positrons and quan ti ta t ive  es tim ate  of the efficiency of the  m odera to r  is de­

pendent upon pa ram eters  such as the  po s itro n ’s im plan ta tion  profile in the
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F i g u r e  2 .3 .1  Outline of the possible interactions of the implanted 
positrons in the solids.( from ref. 14)

m odera tor ,  diffusion length  in the m odera tor, work function of the m odera­

tor surface, and the positron  reemission coefficient (which is defined as the 

ratio of the  num ber of reeinitted  positrons to  the  to ta l  num ber of positrons 

diffusing back to the  surface).

As m entioned earlier, when a positron enters  a solid, it quickly slows 

down by losing its energy through processes such as inelastic scattering with 

electrons in the solid. T he  implantation probability  for positrons is defined
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as the probability  per unit distance for a 0 + being therm alized at a distance 

z from the surface of im planta tion , and can be expressed 28-30 as,

= o f " " *  (2.3.1)

where a  is the a t tenua t ion  coefficient of the m odera to r  for the  0*  spectrum. 

The a ttenua t ion  coefficient is empirically related to  the density of the m o d ­

era to r,  />, the end point energy, E max, of the 0 + spectrum  and an empirical 

constan t A as,

«  -  A ,,E m ' J 4 (2.3.2)

After therm alization, these fast positrons will diffuse around  in the 

solid freely for a diffusion lifetime r  (typically abou t 10 10 sec) before they 

annihila te  with electrons in the solid. Some of them  may diffuse bark  to the 

surface, if the  surface is within a diffusion length L . The  probability  P j ,of 

a positron a t dep th  z' diffusing to the surface can be expressed as a function 

of the diffusion length  L+ as,

Pj{z ' )  = e x+ (2.3.3)

where L (. =  yJB^irT *s positron diffusion length and + is the  diffusion

coefficient of the positrons in the  m oderator.

T he therm alized positrons which are able to diffuse back to  the  surface 

depend for reemission on several factors such as the  surface electronic s truc ­

ture , the work function of the surface for positrons, and surface conditions 

such as the  density of defects, and  impurities at the  surface. T he  electron 

work function <j>~, is defined as the  m inim um  energy required for an  electron
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to  escape from the surface to infinity. This includes contributions bo th  from 

the bulk, the e lec tron’s chemical potential /t , and the surface, the surface 

dipole barrier, D. T he  positron work function </>+ , is defined in exactly the 

sam e way as tha t  for an electron, except the e lec tron’s chemical potential 

H , is replaced by the pos itron’s chemical potentia l f , which includes the 

repulsion pa rt  from the ion cores and the a ttrac tive  pa rt  from the electrons 

in the  crystal, and  the contribution of the  surface dipole barrier D is reversed 

to  negative instead of positive. Therefore work functions for electrons and 

positrons can be expressed as,

<t> -  I D  (i.
(2.3.4)

0 + =  D  -  /x +

The work function is typically a few’ eV for most crysta l faces. The reversal 

of the  surface barrier  te rm  in Eq. (2.3.4) makes the pos itron ’s work func­

tion very small and  even negative for some crystal faces. For surfaces with 

negative positron work function, there will be a fraction of the  thermalized 

positrons diffusing back to  the surface which can be em itted  to the vacuum 

with an energy equal to the negative value of the w'ork function <f>> . Fig. 

2.3.2 illustrates the  potential experienced by a positron near a surface with 

a negative work function.

Only some of the therm alized positrons th a t  reach the surface will be 

reem itted  in to  the vacuum. As shown in Fig. 2.3.2, there  is a small potential 

well ju s t  outside the surface due to the image poten tia l which can t ra p  some 

of the  therm alized positrons th a t  are try ing  to escape to  the vacuum. Also, 

a fraction of these positrons can pick up  electrons near or at the surface
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F i g u r e  2 .3 .2  The s ing le -pa r tic le  potential for a thermalized positron 
at the surface region with a  negative positron work function. The positron 
chemical potential includes the a ttrac tive  correlation potential l " C O r r (  from 
the conduction electrons in the crystal) and  the repulsive z e ro -p o in t  p o ten ­
tial l'o, from the ion cores, (from ref. 13)

and form positronium  atom s, which are then em itted  into the vacuum. The 

probability of these therm al positrons being emitted into vacuum once they 

reach the surface, r tm , depends upon param eters  such as the  m ateria l, the 

orientation of the crystal surface, and the surface conditions.

The longitudinal energy spread of the positrons recm itted  from the 

clean crystal m oderator surfaces is usually about 75 meV at room tem p er­

ature which is believed to be because of the therm al broadening due

to the Maxwell—Boltzm ann distribution of the positrons, and the angular 

spread of the  reemitted positrons is on the order of Various positron

source and  m oderator geometries have been used in the past in order to
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F i g u r e  2 .3 .3  Schematics of some of the  most commonly employed 
positron source and  m odera to r  geometries, (from ref. 13)

achieve the m axim um  combined efficiency. Fig- 2.3.3 shows a  few source 

and  m odera to r  geometry combinations tha t  are commonly employed.

It is not very easy to  calculate accurately the efficiency of various type 

of m odera tors  because of the contribution of additional factors such as self 

absorption in the source, variations in the geometry, surface conditions such 

as roughness and  impurities, and  differences in the  ex traction field together 

with the ones described earlier. The probability for the thermalized positrons 

to  be em itted  once they reache the surface is denoted as P em, and then the 

final probability <, of a  therm alized positron diffusing back to the surface 

and being em itted  after having been im planted a t  a  distance z' is calculated
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by in tegrating  Pem x Pd(z ' )  x Pim (z ' )  over all z' and given a s ln,

( r a  4 l / L *  ) i 'n n «  /
Jo

Pcm^ l  4
0  t r t i - 4 )  ( 2 . 3 . 5 )

— ^ e m O 'T  4

^  (A P tm p \ / D T )
-  £ 1  .14

In the final approxim ation above, the diffusion length L + , is assumed to 

be much less than  the m ean im planta tion  dep th , which is valid for most 

metals and  o ther high density materials. Eq. (2.3.5) gives an expression for 

calcvdating the efficiency of the  m oderator.

Also from Eq. (2.3.5), it is observed th a t  the qualities desirable for a 

good m odera to r  are a low end point energy of the  (3* decay, a long diffusion 

length in the m odera to r ,  a high density p, of the  m odera to r ,  and  a high em it­

ting probability Ptm  at the surface. A m ajority  of the positron moderators 

used are high density single crystals or polycrystals. These crystals usually 

have extremely low im purities and are annealed to ensure th a t  the crystals 

have a large degree of crystal ordering and  very low density of defects. This 

reduces the probability for positrons being getting t rapped  at im purity  sites 

or defect sites. The thickness of the foil is usually selected to be on the order 

of the  positron diffusion length L+ in the crystal, as only those positrons 

th a t  thermalize in the bulk within a  distance of few diffusion length L 4 , can 

diffuse back to the  surface. In practice, very good quality W  or Ni thin foils 

of thickness a few thousand  to  tens of thousands of A are used. The th in ­

ner foils seems to  provide higher efficiency of positron m odera tion , which is
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consistent with the above conclusions as L + is on the order of 1 0 0 0  A or less 

for most of the  m oderators  usually used.

4. Rare Gas Solid M oderators

There has been m any studies on the in teractions of positrons in ionic 

crystals 13. M easurements on the positron reemission by the ionic solids 

had indicated that  when positrons were im planted into an ionic solid at keV 

energies, there was reeinission of positrons with a spread of kinetic energies 

com parable  with the band  gap energy of the solids 33. This suggested tha t  

solidified rare gases could be efficient em itters  of low energy positrons. In 

the  case of insulators, positron emission is not due to  the surface having a 

negative work function ^ + , bu t is due to  the fact th a t  m any of the positrons 

which re tu rn  back to  the surface are not therm alized and  thus are able to 

overcome the surface barrier. It is a well known fact th a t  in gas phase, rare 

gases are not very efficient in thermalizing positrons 34 and  also th a t  when 

solidified the energy loss processes are not th a t  efficient a t  low energies. 

Among rare  gas solid m oderators , solid neon is by far the  most efficient 

positron m odera to r  known 35.

T he  energy loss m echanism for im planted  positrons in rare gas solids 

is different th an  the energy loss processes for o ther  m odera to rs  as discussed 

in the  previous section. W hen fast positrons from a  radioactive source are 

im plan ted  in a  rare gas solid, they will lose most of their  initial energy 

th rough  various scattering  and  excitation processes. However, there is a
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threshold of energy E t/,, for inelastic scattering, below which positrons can 

lose their energy only through the process of phonon scattering. Therefore n 

very large fraction of the fast positrons im planted in the rare  gas solids such 

as solid Ne would quickly be slowed down to the energy E»/, ~  16 eV, then 

diffuse in the  solid neon for relatively long tim e before losing significantly 

more energy. Some of these positrons will be able to diffuse back to the 

surface, and overcome the surface barrier  to make their escape to the  vacuum. 

Because of the residual kinetic energy of these positrons and the inefficiency 

of the  po s itro n ’s phonon emission energy loss process in the solid neon at T 

~  5 K, these positrons have very long effective diffusion lengths. Therefore, a 

relative large num ber of the positrons im planted in the  solid neon will diffuse 

back to the  surface and  be reem itted  into the vacuum  again, resulting in a 

higher m odera to r  efficiency. This  energy loss m echanism is also responsible 

for the  broader energy spread of these reem itted  low energy positrons in 

comparison with o ther  m odera tion  processes.

All the  advantages of a tta in ing  high efficiency for rare  gas solids for 

positrons m otivated  us to undertake this project, and  a  neon m odera to r  was 

investigated a t  a beam  line at Brookhaven National L aboratory  with a 350 

f i d  22Na sealed source, deposited on a 5 /tm C u /B e  (m ade up  of 98 % Cu 

and 2 % Be) window 38. A schematics of the experimental set tip is shown 

in Fig. 2.4.1.

The 22Na radioactive positron source used for these studies was in 

therm al contact and kept electrically isolated from the cooling system. It 

was m ounted  a t the source chamber end of the  m agnetically guided beam.
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F ig u re  2 .4 .1  The schematics of the  neon m oderator and a magnetically 
guided positron beam  with a  22Na radioactive source. An E x  B  energy filter 
was utilized for selecting the energy of the m oderated  positrons.

A sapphire  plate with an annealed gold gasket was used in order to provide 

bo th  very good therm al contact and electrical isolation from the th ird  stage 

of the cooling system. A closed cycle helium refrigerator was used to cool the 

source and  the m odera to r  assembly down to — 5 - 7  K. The axial magnetic 

field ( ~  1 0 0  gauss) was utilized to  t ra n sp o r t  the moderated positrons from 

the  source to the detector end. The beam  line was inaiutained in the  ultra 

high vacuum (UHV) environm ent, w ith a typical pressure in the range of 

~  2  x 1 0 _® Torr. The vapor pressure of neon at 7 K is — 1 0 "® Torr. In order 

to  avoid contam ination of the  rare  gases and  hence of the  m oderator, the gas
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injection line was m ade UHV compatible and was m aintained in the same 

pressure range as the beam  line. Neon gas (as well as o ther rare gases) was 

deposited at the  sou rce /m odera to r  assembly and the m odera ted  positrons 

were ex tracted  from the m odera to r  using a combination of accelerating tubes 

and  a grid  assembly ( ~  90 % transmission). The m odera ted  positrons were 

ex tracted  with an  electric field of E ~  1 0 0  V /cm  and t ransported  at an energy 

of 1 0 0  eV. An E  x D  energy filter was used to  filter out high energy positrons 

from the low energy m odera ted  positrons. The tran spo rt  of the positrons in 

the beam  line was optimized by adjusting the magnetic  field and the E  x D 

filter. Slow positrons were counted using a channel electron m ultiplier (CEM ) 

and  a 3 in. x 3 in. N al(T l)  scintillator detector in coincidence. The ratios of 

coincidences and  the single counting rates  of CEM  and N al(T l)  were used to 

measure the detec tor efficiencies and thus the absolute slow positron counting 

rate . Background contribu tion  from the coincidence and the single rates wns 

removed by taking the difference between the counting rates  with the beam 

on and off.

As it is very  easy to  fab r ica te  solid ra re  gas solids in u n u su a l  geom e­

tr ies  (e.g. p e r fo ra te d  p lane ,  cylindrical,  conical, p a rab o l ic ,  Venetian blind , 

cy lindrica l  rings, e tc .) ,  a n u m b e r  o f  different geom etr ies  were investigated . 

T h ese  geom etr ies  were: a n u m b e r  o f  cy lindrical m o d e ra to rs  in  back sca t te r in g  

geo m etry  w ith  d ifferent asp ec t  ra tio s  (defined as th e  ra t io  of th e  len g th  to 

th e  d ia m e te r ) ,  a co m b in a t io n  of cy lindrica l g eo m etry  w ith  a  Venetian b lind  of 

an n ea led  p o ly cry s ta l l in e  C u  foils o f  th ickness  ~  7/xrn, a n d  a  t ru n c a te d  coni­

cal con f igura tion  m o d e ra to r  m a d e  o f  oxygen  -  free high co n d u c tiv i ty  (O FH C)
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c o p p e r .  Here OFHC copper wns used especially for its good therm al con­

ductivity and its fu ture  use with a MCu radioactive source at Brookhaven 

National Laboratory. However, this can be substituted with any o ther m a ­

terial with high atomic num ber. Z, and good thermal conductivity (e.g. An, 

I’t, etc.). The cross section of the m oderator together with its geometries is 

shown in Fig. 2.4.2.

J_
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~ r ~
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t
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F i g u r e  2 .4 .2  Schematics of the cross sectional view of conical and 
cylindrical m odera to r  geometries used for rare gas deposition.

The thickness of the  solid neon is one of the  param eters  th a t  influences 

the efficiency of the neon moderator, as shown in Fig. 2.4.3. T he  m easure­

m ents for a cylindrical surface with an aspect ratio of 2  ind ica ted  th a t  the

2 CM
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F i g u r e  2 .4 .3  Slow m oderated  positron counts vs t im e neon was 
deposited onto 22 Na at 3.2 x 1 0 Torr.

efficiency for m oderation increases as a function of the thickness of the solid 

neon and was observed to  rise steadily to a maximum value, in agreement 

with the earlier observations 35. To a tta in  this, high purity  neon gas wns 

injected into the vacuum system  at a pressure of 3.2 x l 0 ~ 4 T o rr  for abou t 

% 80 min.

The conical O FH C  copper cup efficiency with neon was m easured  to 

be (4.6 ± 0 .1 )  x 10- 3 , while for cylindrical cup 35 with an  aspect ratio  

of 2 was (1.7 ±  0.1) x 10~3. I t  should be stressed here th a t  these quoted
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efficiencies were m easured for a  cylindrical m odera to r  with a scaled 22Na 

source as compared to  the efficiency ~  7 x 1 0  3 for a bare 22Na source 

coated with a thin layer of Krylon. Comparison indicated th a t  the conical 

m odera to r  performed be tte r  by a factor of (2.7 k  0.2) than  the cylindrical 

m oderator. One of the reasons for this improved performance for the conical 

m odera to r  might be th a t  slow positrons were ex tracted  more efficiently in 

this part icu la r  geometrical configuration 37. It was also observed that o ther 

rare gas solids (e.g. Ar, Xe, Kr) at the same low tem pera tu res  were ~  

as efficient as solid neon in the  cylindrical configuration m odera to r  with 

the same aspect ratio , in agreement with previous observations 33. There 

was no enhancem ent observed in the efficiency of the neon m odera to r  when 

a Venetian blind configuration was inserted into the cylindrical m oderator. 

One of the  reason might have been tha t  not enough layers of neon were 

deposited on the surface of the  Toils.

One of the  o ther motivations for this project was to  fu rther  investigate 

the feasibility of the neon m odera to r  for use with an  intense #4Cu radioactive 

source to  obtain  a high flux beam  of m odera ted  positrons. The use of 84Cu 

would involve vacuum  depositing the 64Cu on the conical/cylindrical surface 

and  condensing neon gas (or o ther  rare gases) on it to  act as a m oderator. 

Therefore, it is im portan t  to know the efficiency for a bare  source such as 

22Na for these particu lar geometrical configuration. W ith  conservative es­

tim ates, the  efficiency of the encapsulated  22Na source was underestim ated  

to th a t  for the bare 22Na source by a factor of ~  (3.1 :L 0.5). Thus the 

corrected efficiency for a neon m odera to r  in the conical configuration with
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a bare  22Na source will be (1.4 ± 0 .2 ) x 1 0 ~2. In conclusion this s tudy lias 

shown th a t  for a bare  source with a conical solid neon m odera tor ,  it should 

be possible to achieve efficiency as high as (1.4 ±  0.2) %. It is apparent that  

with improved field extraction techniques (e.g. concentric cylindrical rings 

connected together with a resistive chain), the  cylindrical and o ther geomet­

rical configurations can provide even be tte r  efficiency, a lthough with a much 

larger energy spread A  E. Using the conical configuration and  a linear scaling 

to the H F B R  generated 84Cu source, it is es tim ated  to be possible to obtain 

a  m odera ted  positron flux as high as 7.8 x 10® e + /sec 58.



C hapter  3.

P o s itro n iu m  A to m  and B eam s

1. Overview

The development of positron beam s and the discovery of positronium 

atom  led to an explosion of activities aimed a t gaining more understanding 

of the positronium  atom . The positronium  atom , as the lightest leptonic 

system, offers a  unique opportun ity  to carry out more investigations on the 

qu an tu m  electrodynam ic aspects of a two body system. T he  realization 

of high flux positron beams led to an effort exploring the potentia l use of 

positronium  beam s as a useful tool for the  study  of surfaces. The group at 

Brookhaven National L aboratory  has succeeded in observing the specular 

reflection of positronium  atom s from the  surface of a LiF crystal. The first 

section of this chap ter  outlines briefly the  properties , annihila tion charac te r­

istics, and the decay schemes of the  positronium  atom . It further discusses 

the  energy level scheme of the positronium  atom  in analogy with the hydro 

gen atom . Finally it touches upon the impact of an electric field and the 

m agnetic  field on the energy levels of the positronium  atoms. The next sec­

tion looks in to  the different processes responsible for the  production of the 

positronium  atom s when positrons interacts  with the  solids and  finally the 

production of energetic positronium  beam. In the last part  of this section,

25
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there is a brief discussion of the experimental results on the positronium  

beam  obtained  by utilization of different techniques.

2. Fositronium A to m

Positronium  is a bound system of an electron and its antiparticle , the 

positron. The positronium  atom  is very similar to the  hydrogen a tom  ex­

cept tha t  the  pro ton  of the hydrogen a tom  is replaced by the positron. This 

system  of a particle and antiparticle consists of two particles with the same 

mass, the same m agnitude  of the magnetic  m om ent, and a combination of 

either parallel or a n t i -p a ra l le l  alignment of the spins. Positronium  provides 

an ideal ground to  perform tests 011 the  qu an tu m  electrodynamic hypo the­

sis. It is a purely leptonic system which involves only weak electromagnetic 

interactions. I11 positronium  atom , there  is no strong force tha t  complicates 

the calculations as in the case of the hydrogen atom.

Positronium  Annihilation Selection Rules

Positronium  bound  sta te  is quasi —stable as there is a  finite probability 

for the wavefunctions of an  electron and a positron to overlap and  annihilate. 

The energy and m om entum  of this annihilating electron and  positron pair 

is carried away by the em itted  photons. The electron and positron pair can 

have orien tation  of their spins either parallel or antiparallel. The singlet 

s ta te  positronium  (S ■■= 0 ) is known as p a ra —positronium  while the  triplet 

s ta te  positronium  (S =  1 ) is known as o r th o —positronium . T he  number of
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photons em itted  during the annihilation are dependent upon param eters  such 

as conservation of m om entum , energy, total spin, and  charge conjugation. 

The positronium  does not annihila te  via a single photon  as bo th  energy and 

m om entum  can not be conserved simultaneously (a photon  can not have non 

vanishing energy w ithout having non vanisliing m om entum  in the center of 

mass frame of the positronium ).

Charge conjugation is a operation under which it is possible to ex­

change the particles by their antiparticles w ithout changing any physical 

p roperty  of a system  such as m om entum  or spin. Charge conjugation is 

invariant during  annihilation of the  e le c tro n -p o s i t ro n  pair. T he  charge con 

jugation  opera tion  in the  positronium  results in a factor of ( 1 )* *' in the

wavefunction of the  positronium. In this, a factor of ( -1 )*  comes from the 

orbital wave function while a factor of ( - 1 ) * +1 comes from the spin wave 

function, and  ano ther  factor of ( - 1 ) from the fact th a t  the  electron and 

positron have opposite  intrinsic parity. Also, charge conjugation contributes 

a factor of ( — 1 )" to the wavefunction of an n — photon  s ta te  due to a contri­

bution  of ( — 1) from each photon sta te  39, These selection rules for the 

positronium  a tom  can be summ arized as,

( - 1 ) ' 1* =  ( —1)” (3.2.1)

From  this selection rule, it is evident th a t  spin singlet s ta tes  (s — 0 , 1 

0 ) annihila te  to produce an even num ber of the photons, while spin triplet 

s ta tes  ( s =  1 , 1 =  0 ) annihilate  and  produce an odd num ber of photons, 

except for single photon  annihilation.
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Conservation of energy and m om entum  for two photon  annihilation 

process requires th a t  the  two photons be em itted  in the opposite direc­

tion with the same energy of 511 keV in the center of mass frame of the 

e le c tro n -p o s i t ro n ,  pair whereas for the three photon  annihilation, the con 

servation of the to ta l m om entum  and energy allows the photons to be em it­

ted over a continuous energy range, with a m axim um  energy of m , r 2. The 

annihila tion spectrum  for three photon  decay 40 is shown in the Fig. 3.2.1.

Positronium Decay R ate  Scheme

The annihila tion decay rates of positronium  have been calculated us 

ing information abou t the electron- positron annihilation cross sections and 

the wave function of the positronium  41. The cross section for the two photon 

annihila tion in the  nonrelativistic velocity limit (v <C e) is given as 42,

7rro c<r2l =  — (3. 2. 2)
v

where r0 is the classical radius of the electron, c is the  velocity of light in 

vacuum, and v is the  relative velocity of the  electron positron pair. The 

cross section for the three photon  annihilation is much smaller as it is a 

higher order effect as com pared to  two photon  annihilation. The ratio  of the 

cross section between three photon and  two photon  annihilation, in the low 

velocity limit, is given as 41,

-51 = <A’± z 3 a  ,  (3 .2 .3 )
<t2i  3tt 3<1.6

where a  is the  fine s truc tu re  constant.
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F i g u r e  3 .2 .1  The experimental and theoretical energy spectrum  of 
photons em itted  in three photon decay of o r th o -p o s i t ro n iu in .  The dashed 
curve is from the O re -P ow ell  phase space predictions; the s traight line spec­
trum  represents the  Adkiens phase space predictions, the  solid curve is QED 
spectrum  with o (a )  correction; and open dots with error bars are experim en­
tal m easurem ents, (from ref. 37)

From  Eq. (3.2.3), it is evident th a t  the cross section for three photon 

annihilation is smaller by a factor of approxim ately 3 a  compared to th a t  for 

two photon  annihilation. The cross section for four pho ton  annihilation has 

been calculated to be a factor of 9 x 10- 5  (i.e. of  order a 7) less than  th a t  for
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two photon  annihilation process 43. Similarly, the cross section for n ,h order 

even num ber pho ton  annihilation is smaller by a  factor of a n as compared 

to two or three photon annihila tion processes. From the cross section for the 

annihilation given by Eq. (3.2.2) and Eq. (3.2.3), and the wave function of 

the positronium , the life time of the p a ra -p o s i t ro n iu m  is 44_45?

2 h
t , =  - -  — ~  0.125 nsec 3.2.4)

o '  m ec2

whereas the life time of the  o r th o -p o s i t ro n iu m  is given as 41,

Q n  \  h
Tj -  —— ------------------- ~  141.8 nsec (3.2.5)

2(;r2 9) a* nifC2 ' '

In the pas t,  there has been a num ber of experimental efforts to m ea­

sure the life time of the ground s ta te  of the  positronium  a tom  with high 

precision 18. M easurements on the annihilation decay rates  and  the lifetimes 

for the  excited states of the  positronium  has also been carried out 48.

The Fig. 3.2.2 shows the schematics of the decay rates for the ground 

and  excited states of the positronium  atom . The optical transition  between 

different energy levels in a positronium  atom  follows selection rules similar 

to the  hydrogen atom . These selection rules are,

A s  = 0 , A l  = ± 1 ,  and  A> = 0 , ± 1  (3.2.6)

where j =  1 + s. From Fig. 3.2.2 and  Eq. (3.2.6), it is evident tha t  2 P 

positronium  can optically decay into the ground sta te . The probability  for 

2S -♦ IS decay is extremely low because of the  selection rules in Eq. (3.2.6). 

This m etas tab le  s ta te  has a lifetime of 1.14 /xsec and  1 . 0  nsec for triplet and
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F i g u r e  3 .2 .2  The rates of the positronium states for two ami three 
photon annihilation and optical deexcitation. T he  units  are in s e e ' 1, (from 
ref. 46)

singlet s ta te  respectively, much longer than the respective ground states. For 

excited states, a longer life time is also expected due to  the decrease in the 

overlap of the electron and positron wave functions.

The optical decay ra te  for 2P  —* 1 5  states of the  positronium  is higher 

than  the annihilation decay rates. Therefore the m ajority  of the 2 P states 

optically decay via L y m a n - a  emission to the IS s ta te  before they have the 

chance to annihilate  in the excited 2P state. Once these state  have optically 

decayed to the ground sta te  IS, then they decay th rough  the channel of
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annihilation decay. The life time of different s ta tes  can be determ ined by the 

annihilation decay rates. The lifetime of the triplet s ta te  2 S level is longer 

by a factor of 8  in comparison with the IS sta te .

The short lifetime of p a ra -p o s i t ro n iu m  makes it extremely hard  to 

utilize p a ra -p o s i t ro n iu m  atom s as a probe to s tudy  its in teraction with 

solids. On the o ther  hand , o r tho  -positronium  atom s have a long enough 

lifetime for them  to be exploited as a useful probe. T he  travel distance 

before decay is dependent upon the energy of the  o r tho  positronium  atom 

and typically an ortho  —positronium  a tom  with energy of 1 eV can travel a 

distance of 6  cm in vacuum before it decays.

Positronium Energy Levels

Inform ation on energy levels and  annihila tion rates of low lying states 

of the  positronium  a tom  are essential for carrying out studies on different 

aspects of quan tum  electrodynamics. The spectroscopic s tru c tu re  of positro­

n ium  is similar to  th a t  of the hydrogen a tom . For a hydrogen a tom  the 

reduced mass, / i / / ,  o f  the two body system is given as,

m pm r ,  ,P //  -  -------------- ~  m r as (nip »  m r ) (3.2.7)
nip t nip

where m p and m e are the masses of a pro ton  and an electron respectively. 

Similarly, the reduced mass for positron ium  can also be given as,

m f »i i 1
p p ,  =  ~  -n m e, as (m r =  m „ f ) (3.2.8)

m e t  m ( )  2
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where m e+ is the mass of the positron. In Eq. (3.2.8), this scaling of positro 

niuin m ass will change the Schrodinger energy levels of hydrogen atom  by a 

factor of i  and the energy levels for the positronium  atom  can be given as,

1 771
E n( P , )  ~  - E n(H )  (3.2.9)

2 4 n 2

where a  -  is the fine s truc tu re  constant. From Eq. (3.2.9), the

binding energy of the  positronium  a tom  is 6 . 8  eV, whereas the  b inding energy 

for the  first excited state  is 1.7 eV.

Similar to the hydrogen a tom , each energy level E„, of positronium 

a tom  is also fu rther  split into several sublevels. The reasons for this removal 

of degeneracy in energy levels for positronium  atom  is different than tha t  

for the hydrogen a tom  as the principal factors causing the removal of de­

generacy are quite different. For hydrogen, the main con tr ibu ting  factor for 

degeneracy removal is the spin orbit (1 —s) coupling. The in teraction of the 

electron spin with the nuclear spin ( s - I )  coupling can be trea ted  as a small 

p e rtu rba t ion  as the magnetic m oment of the  nuclear spin is much smaller 

than  the electron spin and the orbital angular  m om entum . This coupling 

gives the  hyperfine s truc tu re  splitting. However, for the positronium  atom , 

the equality  of the  mass and the m agnitude  of the m agnetic  m oment of the 

electron and positron makes the sp in —spin ( s - s )  in teraction a  m ajo r  contrib­

u to r  to  the removal of the Coulomb degeneracy. Virtual electron positron 

annihilation also contributes significantly to the  removal of this degeneracy
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F i g u r e  3 .2 .3  The schcmntical comparison of the n =  1 and n = 2 
energy levels of the hydrogen and  the positron ium  atom . The energy level 
differences are given in MHz. (from ref. 16)

as its  contribution to the energy sp lit ting  is also on the  same order as that 

from the  s p in - s p in  coupling

Fig. 3.2.3 shows the energy level d iagram  for the positronium and 

hydrogen atom . Here the notations are defined similar to the spectroscopic 

no ta tions  in atomic physics as n 2,+1Ly where j  =  1 +  s .

T he  fine structure  splitting of the  energy levels between the triplet 

and  singlet s ta tes  for the ground s ta te ,  is given as, in the  lowest order **,

F ( 1 J5 | )  -  E (1*S 0) =  A £ ,  (3.2.10)
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where

A E i = - n 1E l {P s)  (3.2.11)
3

In Eq. (3.2.11), the term  |  includes a contribution of j  from sp in -sp in  

coupling and  a factor of 1 from virtual annihilation processes. There  have 

been calculations for the  energy split ting  with higher order corrections and 

to order a* term s are given as,

. ~ o 4 m er 2,7 c»,32 . . 5 , ,
A E l  -  '  I -0~ ' 2 ln  2) - a  In a  (3.2.12)

4 3 it 9 6

Similarly, the corresponding lowest order energy splitting between the triplet 

and  singlet A E 2 for the  excited s ta te  n =  2, is & E j ~  • Corrections to

the n — 2  nonrelativistic energy levels to  order a 4 and  a 5, have also been 

calculated 48.

Positronium A to m  in a M agnetic Field

The ground s ta te  (11 =  1) of the  positronium  a tom  has no zero order 

Zeeman energy splitting, as the  magnetic  m om ents of the electron and the 

positron have exactly the  same value bu t opposite  sign. T he  positronium 

a tom  H am iltonian in a  s ta tic  m agnetic  field Bv is given as 48,

'H. — lit t po<7iSi-Bo +  /i(i92', 2-H u
(3.2.13)

-  H, I V

where 'H, is the u npe rtu rbed  ham iltonian, po is the  Bohr m agneton  (=- 

g is the  gyromagnctic ratio  for the electron and  positron with - g2 — gt -  g 

and si and s 2 are spin opera tors  for the  electron and  positron respectively.
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If B 0 is taken along the z -d irec t io n ,  the p e rtu rba t ion  te rm  V can be 

written  as,

r  ... ,3.2.14)

where <rx is the Pauli spin m atrix . This leads to  non -  zero off diagonal 

elements for the ground state ,

( ’S „ ,m  -- 011 * | 3 S !, m = 0 ) = fi0gf B 0 (3 5 t , m  = 0 | r | ' S 0,m  -  0 )
(3.2.15)

- VvUfBo

Energy levels for positrouium  atom  under the m agnetic field are, 

i ? ( l 3S ] , in =  T l )  -  £ ( 1 35 , )  

i ? ( l , S i , m  - 0) -  * | £ ( 1 35,  + ^ ( l 15 „ ) | - f  * A £ ,  ( 3 .2.1G)

^ ( l ' S ^ m  -  0) -  * (£ (1 3 S , ) 4  £ ( 1 35u)] -  ^ A S . / l T T 2

where x — R»d A E i  is as defined in Eq. (3.2.10).

It is evident from Eq. (3.2.16) th a t  the m agnetic  field does not have

an effect on the m  — 4 1 s tates. However, it causes mixing of the rn — 0

triplet and singlet states. Fig. 3.2.4 shows the Zeeman split ting  16 of the n 

=  1 levels of the positronium  atom.

The energy splitting between the m  =  ± 1 , and  the m  =  0  s tates for 

the o r th o -p o s i t ro n iu m  is,

A E , ,„ ( l 3 5 , )  =  ^ A E , ( v / l  -I- x 2 -  1 ) (3.2.17)

This  is a small effect. The energy splitting is only about 0.7 % of A £ |  

( ~  5.75/xeV) for a m agnetic  field of 1 Tesla. This field is much higher than  the 

fields typically employed for magnetic t ran spo rt  of the e + beam s ( ~  100- 150
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F i g u r e  3 .2 .4  The Zeeman splitting of the n =  1 levels of the 
positronium  atom. The frequency scale is in GHz. (from ref. 16)

gauss). Th is  suggests th a t  o r th o -p o s i t ro n iu m  is not effected under normal 

conditions. Recently it has been observed tha t  o r th o -p o s i t ro n iu m  annih i­

lation in magnetic field shows time oscillations in the angular d istribution 

whose frequency is dependent upon the hyperfine splitting 48~4#. It has also 

been proposed tha t  this phenom ena  can be utilized to investigate solids w’ith 

the  technique named as Positronium  Spin R otation (PsSR) 50.

Positronium A to m  in an Electric Field

T h e  Stark effect in the  presence of an  external electric field E  docs not 

affect the ground s ta te  energy levels of the  positronium a tom , as S s ta te  is
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the only orbital s ta te  in the ground state . However, it does generates s tate  

mixing between 2S and 2 P states. The coupling m atr ix  element 1 2»,2P >s 

on the order of 6 a 0 e|.E| where ao is the Bohr radius of the hydrogen atom. 

The s ta te  mixing is proportional to  1 2«,2p/A.£?2 »,2|>i f°r the case where 1 2»,2P 

is small in comparison to  A E 2 ,,2p• Here A E 2 , ,2 p is the energy difference 

between the 2S and 2 P states.

The triplet 2  3 Si s ta te  has much longer lifetime than  2 3 r t state. 

T he  s ta te  mixing by Stark  effect can cause the quenching of 2 3St states. 

Positronium  atom s traveling in a magnetic  field could be affected by n m o­

tional S tark  effect due to  an effective electric field, given as,

E ' f f  = - y 0 x B  (3.2.18)

where 0  — * and 7  =  • Here v is the  velocity of the  positronium  atom ,

and B is the  magnetic  field. Only positronium  a tom s traveling perpendicular 

to the  magnetic field are affected by this electric field 51.

The fine s truc tu re  splitting o f energy A E \ ,  for IS sta te  of the positro­

n ium  a tom  was m easured 52 for the first tim e in 1951, by m easuring the 

small am oun t of mixing of the triplet and  the singlet s ta te  in a uniform 

magnetic  field. Since then, there have been m any experim ents carried out 

to m easure  the energy s truc tu re  of positronium . Some of these efforts are 

the first observation of Lyman — a  (2P —► IS) emission from positronium  by 

C an te r  53 e< a/., the  first observation and  m easurem ent of 2 3 5 | —► 2 3P2 en­

ergy split ting  in the  positronium  a tom  by Mills 54 e< a/., the observation of 

1 3 5 j —» 2  3St  transition  in positronium  a tom  with two photon  excitation by
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Clm and Mills55, and  finally the accurate  m easurem ent of the  corresponding 

energy interval by Clm 59 ct al.

3. Positronium  Beam

T he observation of positronium  formation in gases has led to m any 

o ther  investigations on different positronium  form ation processes ami s tudy 

of o ther  related interactions. In the past, energetic positronium  was p ro ­

duced mainly in gases with positron gas in teractions, bu t  recently o ther 

positronium  form ation processes have shown a  promise for the  future, such 

as the  in teraction  of positrons with th in  foils to  form energetic positronium. 

T herm al positronium  production occurs when positrons are im planted  into a 

solid surface, and has been used in m any investigations on the fundam ental 

p roperties  of positronium . This section contains a  brief account on the p ro ­

cesses involved in positronium  formation in solids and  experim ental results 

on energetic positronium  production processes.

Processes for Positronium Formation  in Solids

T he physical processes tha t  take place when positrons are implanted 

in the  surface of a solid are shown in Fig. 2.3.1. One of them  is the  emission 

o f therm al or energetic positronium  from the surface. Several processes can 

contr ibu te  to the  emission of positronium  from the surface and  the char­

acteristics of the  em itted  positronium  will reflect those emission processes.
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W hen positrons are im planted in the solid, the m ajority  of them  will pene­

t ra te  deep into the hulk and  go through various energy loss processes, and 

are eventually thennalized . Some of these thcrm alized positrons can diffuse 

back to the surface if they happens to  be thennalized  within a d istance of 

diffusion length L ( ,  away from the surface. These thennalized  positrons, 

on their  way back to the surface, may form positron ium  by picking up an 

electron at the surface and then are em itted  from the surface with an energy 

— f /’, ,  provided the potential outside the surface is negative ami is given as,

f F , ------ <)>+ f  - E g  (3.3.1)

where </>_ and  <£+ are the work functions for the  electron and  positron re 

spectively. The binding energy of positronium  in vacuum  is Ef?  =  6 . 8  eV. 

This large value of E b °° makes f p ,  negative for m any surfaces, which in turn  

makes it energetically m ore favorable for positron to  be em itted  from a  solid 

as a positronium  atom .

The o ther  possibility for thennalized  positrons diffusing back to the 

surface is to  get trapped  a t  the surface in the  surface potentia l well. These 

trapped  positrons can be therm ally  desorbed as positronium  atom s at ele­

vated tem pera tu res  and  em itted  into the vacuum. It has been also observed 

th a t  in some insulators , positronium  is formed in  the  bulk, with some of the 

bound  electrons liberated  during the energy loss of the im planted  positrons. 

These positron ium  atom s diffuse out to  the  surface and then  are em itted  in 

the  vacuum  provided the work function for positronium  13t5T, defined as

<i>Pt =  E b  -  E g 1 -  H P , (3.3.2)
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is negative. Here E g  is the positronium  binding energy in the  crystal and 

f i p,  is the  chemical po ten tia l of the positronium . Usually E g  is smaller than  

Eg*, therefore <t>p, is negative for a num ber of crystals, e.g. LiF and NaF. All 

three processes discussed above involved positrons th a t  were thcrm alized in 

the  bulk. The positronium  atom s produced in the above processes typically 

have energy ranging from therm al energy ~  k g T  to a  few eV.

A nother process th a t  also leads to positronium  form ation involves 

n o n - th e r m a l  positrons. Although a large fraction of positrons are ther 

malized in the bulk, a small fraction will sca tter  back to the surface with 

relatively high energy, up to the incident energy. These positrons may pick 

tip an electron a t the surface to form a  positronium  atom , and  may be then 

em itted  into the vacuum  with relatively high energy. The positronium  p ro ­

duced in this process is usually em itted  over a broad spectrum  of energies. 

This energy spread results mainly from the energy spread of the energetic 

positrons. Since these positrons include positrons tha t  have not been fully 

thennalized , their energies can range from the original incident energy for 

those scattered  w ithout energy loss, to a few eV for those which already have 

undergone various inelastic scattering and  excitation processes.

T he  above m entioned positronium  production process can be further 

enhanced in at least two different ways. One of them  is to use a thin film. 

If the foil is sufficiently th in , some of the  incident positrons would still be 

energetic enough when they approach the surface on the o ther  side of the foil 

and  some of these energetic positrons would pick up an electron at the  surface
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to form positronium  atom  and leave the surface as an energetic positronium  

atom.

Another way to make positronium  is to  let positrons to strike the 

surface of a solid a t a near glancing angle, so th a t  a large fraction of the 

positrons can be scattered back towards the surface w ithout penetrating  

deep inside the bulk and w ithout too much energy loss. These backscattered 

energetic positrons have a good possibility to  pick tip an electron to form an 

energetic positronium  a tom  on their way out and then be em itted  into the 

vacuum. Another process which is also related to the  positronium  emission 

from the surface is the P s -  emission. In this process, a positron can pick 

up two electrons instead  of one at the surface and form a P s -  ion. This 

em itted  Ps~ can be accelerated after its emission and  then  s tr ipped  of its 

ex tra  electron with a process of pho todetachm ent 58 to give a positronium  

atom . The calculated binding energy of Pa~  against b reakup into Ps and a 

free electron is 0.32G6 eV and its expected 2 7  annihilation decay rate  59 is 

T ~  2.09(9) n se c " 1.

Experim enta l I iesults  on Positronium Production

The different processes for positronium  formation described in the last 

section have been investigated and  observed experimentally  Energetic 

positronium  production processes th a t  involve n o n - th e r m a l  positrons and 

P s -  production have promise for fu ture  application in the  s tudy of solid
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F i g u r e  3 .3 .1  Schematics of different positronium  production  pro­
cesses. (a) therm al and  energetic positronium  production from a  single crys­
tal surface; (b) emission of fast positronium  by glancing angle incidence of 
low energy positrons on a single crystal surface of metal; (c) variable energy 
positronium  production with a gas cell; (d) production of energetic P s~  ions; 
(e) fast positronium  production using a  thin carbon foil, (from ref. 23)

surfaces. Fig. 3.3.1 shows some of the possible positronium production 

setups.
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As shown in Fig. 3.3.1, positronium  negative ions were observed In- 

directing a 400 eV positron beam  at a 40 A carbon foil *°. The efficiency 

for P s -  was es tim ated  to be (2.28 _b 0.3) x 1 0 ~4. It is suggested theore t­

ically th a t  the  P s "  produced in this m anner can be accelerated and  then 

be neutralized (pho todetachm ent)  by a laser 58. Energetic positronium  of 

1 0  500 eV, em itted  from a 50 A carbon foil, with a continuous energy spec­

tru m  approxim ately proportional to  E ' 3/ 2, when the foil was bom barded  

with a positron beam  of a few keV, has also been observed 81. The efficiency 

for positronium  production was m easured to be abou t 1 0 " 4 positronium  per 

positron per eV per sec per s terad ian  at 50 eV. This pa rt icu la r  process of 

positronium  form ation is a t tem p ted  in this thesis and described more in the 

next chapter.

An energetic 1 0 - 1 0 0  eV positronium  production , with ~  2 0 ° FW H M , 

by scattering a well collimated small diam eter positron beam  of 30 — 400 eV 

off single crystal of Al(100) and C u ( 1 0 0 ) surfaces at glancing angle has also 

been reported  82. A total efficiency of a few percent was reported , with no 

information on the energy distr ibu tion  of the em itted  positronium .

Monoenergctic positrons beams have also been used to carry out sys­

tem atic  studies of positronium  form ation in gases. In these experiments, 

positrons were thennalized  in gas and  formed positronium  atom s by charge 

exchange with the gas atoms. The to ta l positronium  form ation cross section 

for different gases has been m easured 83. There  have been various theoretical 

calculations of bo th  the total and differential cross sections for n =  1 and n 

— 2  s ta tes  of positronium  form ation in H2 and  He gases 84 ~ 88. Experim ental
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details of positronium  production in gases and  their application to s tudy of 

surface of solids are described in W eber’s 23 and  T ang ’s 20 dissertations.

T he  Ps production approach, with its possibility to be accelerated 

to any desirable energy and be energy filtered because of its charge, could be 

a useful way to make high energy monoenergetic positronium  in the future. 

However, the short life time of P s -  and  presently, the lack of experience 

in pho todetachm ent of P s~  , makes it not so feasible presently. Positron­

ium production  with a  thin carbon foil is a very practical approach to make 

positronium  atom s with a range of energies. The positronium  is produced in 

a UHV environm ent with this approach as com pared to positronium  p roduc­

tion using the p o s i t ro n -g a s  interactions. This is a very im p o r ta n t  advantage 

for carrying out studies on surfaces. T he  handicap  of this approach is a broad 

energy spectrum  of the  positronium  atom s which requires an  energy analysis 

using tim e of flight m easurem ents. This has been incorporated  in the  s ta te  

of the a r t  beam  line built at BNL for this thesis work and  is discussed further 

in more details in the next chapter.



C h a p te r  4.

B u n ch ed  P ositron iu m  B eam

I. Overview

At Brookhaven National Laboratory, the  production of positronimn 

beam  was carried out with the use of gases, on a HFBR based high flux 

positron beam  line. As m entioned in the last chap ter,  the disadvantage of 

poor vacuum conditions using this process for positronium  production are 

overcome by undertaking the present project. Th is  project involves the use 

of carbon foils for positronium  production  and hence is a  UHV compatible 

system. This  can be used to  carry out investigations on clean surfaces, w ith­

out gas absorbants  from the gases used in the  earlier positronium  production 

experiments. This new beam  line uses a  30 mCi 2JNa source and a thin single 

crystal tungsten  foil to produce a  low energy positron beam , which is guided 

magnetically to a t rap  with the capability of storing these positrons, in a 

magnetic bo ttle  a t  one end and an  electrostatic m irror at the o ther end, and 

bunches these stored positrons a t a ra te  of 1 kHz. These bunched positrons 

are made to hit a carbon foil target for the p roduction  of a positronium 

beam. This beam  further has the  capability of carrying out time of flight 

m easurem ents, which in tu rn  can provide useful information on the energy 

of positronium  atom s reflected and diffracted from the solid surfaces97. This

46
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chapter is completely devoted to a discussion on the technical details of dif­

ferent. components of this s ta te  of the art  positron beam  and the positronium 

beam. The last section of this chapter outlines the  performance of this beam 

line and  the present s ta tus  of the project.

2. Positron Beam

A monoenergetic positron beam  is constructed  a t BNL for carrying 

out investigations on the production of positronium  atom s using thin carbon 

foils. The different kind of positron emission sources were discussed in detail 

previously in chapter 2. At BNL, there are two different m eans by which 

one can obtain  monoenergetic positron beams. The most widely used one is 

radioactive fl  ̂ decay from a 22Na source and the other, not available at the 

m om ent, is radioactive (3* emission from a 84Cu source. It is expected to 

be available again by the end of this year, for use at the  high flux positron 

beam  facility recently built in Bldg. 480 of Brookhaven National Laboratory. 

Radioactive 22Na is chosen for its reasonable ha lf - l i fe  of 2.6 years, and  the 

b rand ling  ratio  for the  positrons. The branching ratio  is defined as the ratio 

of num ber of positrons emission to the to ta l num ber of the decay emissions, 

and is 0.90 for a 22Na source. The decay scheme for 22Na is shown in Fig. 

2 .2 .1  in chapter 2 .

Positron Source

The 22Na radioactive source used in this experim ent was produced 

as a result of the development p rogram  undertaken  at the  Brookhaven to



^ / - p&ESS f it

titanium body

tantalum  plug

5 MIC PON 
WINDOW ~
TITANIUM

F i g u r e  4 .2 .1  Schematic of the 22Na source.

produce an intense, high positron yield 22Na source 88. A schematic of the 

22Na source capsule is shown in Fig. 4.2.1.

Details of the  source deposition and the m ethod  used to determine the 

effective yield of 0 + are described in detail in the paper by Huomo e< a/.88. 

T he  source installed in th is  beam  line had  an activity of ~  30 inCi, a t  the 

time of its installation in the  beam, with a /?+ effective yield of ~  25 %, and 

an active area of d iam eter  ~  6  nun.
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Moderator

A detailed discussion on the processes involved in m odera ting  the high 

energy positrons and the various geometrical configurations utilized for low- 

energy positron beam  production  are described in chap ter  2. The discovery 

of the  m odera tion  process revolutionized the low energy positron beam  pro­

duction by reducing the m ean energy and the energy spread  of the  positrons. 

It also m ade it possible to enhance the usable range of the  positron energy 

spectrum  from various /?+ decay radioactive sources. The radioactive decay 

of 22Na atom s produces positrons over a wide range of energy with the d istr i­

bu tion  having the shape of the usual j3 f decay spectrum . It is characterized 

by an end point energy of 0.545 MeV. The m odera tion  process is usually 

performed with the use of a  well annealed crystalline m ateria l, together with 

a radioactive source either in transmission or reflection geometry. The reflec 

tion mode of the m odera to r  has the disadvantage of creating a shadowing of 

the  source in the  positron beam. On the o ther  hand , the transmission geome­

try  of the m odera to r  has a well defined phase space for the  positrons em itted  

by its surface and it is much easier to ex trac t  these positrons for t ransport  

with an electrostatic or a magnetically guided beam. Vane type m oderators 

have the disadvantage of producing positrons with relatively large transverse 

energy spread 99.

The m ateria ls used for the  m odera to r  has a negative work function 

</> i., for positrons, and the positrons em itted  by the m odera to r  surface are 

characterized by a typical m ean longitudinal energy of ~  3 eV and  an angular 

spread which is governed by the transverse energy of the  em itted  positrons.
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T he  m easured energy w idth  (FW H M ) for these em itted  positrons is — 75 

ineV at room  tem pera tu re  and this corresponds to an angular spread of 

abou t ~  ± 1 0 ° norm al to the  surface of the  m odera to r  32.

T he  historical development of different m ateria ls used for the m oder­

ators , w ith their efficiencies can be found in the l i te ra tu re  15’;’0. The m oder­

a tion  efficiencies for different thin foils (thickness ~  0.3 to 7 pm ), have been 

m easured for m any m ateria ls  such as tungsten , nickel, tan ta lum , m olybde­

num , niobium, and  copper 7,). These studies indicated  th a t  the  m odera to r  

efficiency increases as the thickness of the  single crystal decreases. Single 

crystals of tungsten  and nickel provide the highest efficiency, 5.9(3) x 1 0  4 

and 6.6(3) x 10 - 4  respectively. A lthough the nickel thin foil showed a higher 

initial efficiency, it degraded fast as com pared  with the tungsten  thin foil 

when exposed to  poor vacuum.

T he  tungsten  single crystal has a good m oderation efficiency and is 

not so sensitive to the  vacuum  conditions, m aking it a  good choice for a 

m odera to r .  For this beam , a 5000 A thick foil of tungsten  single crystal 

with ( 1 0 0 ) orientation was used. The thickness of the  foil was of the order 

of the  positron diffusion length L+ inside the crystal. T he  m odera tor  was 

sandwiched between two 90 % transmission high purity  tungsten  meshes. 

This  mesh was spot welded onto a tan ta lu m  ring of thickness 0.040 inches, 

w ith an  inner d iam eter  of 1 0  m m. T he  m odera to r  foil also had  the same 

d iam eter  of 1 0  m m . Before installing this m odera to r  in the  beam  line, it 

was annealed and  trea ted  with oxygen in high vacuum  (low 10 8 torr). This 

annealing was performed to ensure tha t  the  tungsten  foil has large degree
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crystal ordering and very low density of defects. This enhances the m odera to r  

efficiency as positrons will not he trapped  at im purity  or defect sites and 

hence will have a large diffusion length.

T he  m odera to r  assembly was m ounted  on a p late along with two ex­

trac tion  grids of 90 % transmission each. The p late  itself was m ounted  on a 

six inch Conflat flange, and also had  an electron gun assembly m ounted on 

it. This  electron gun can be used for annealing the m odera to r  in situ. The 

cham ber containing the source and the m odera to r  assembly can be isolated 

from the rest of the beam  line with a  inch gate valve, as shown in Fig.

4.2.2. T he  source end is m ain ta ined  in UHV range (low ~  10 9 to rr ) ,  with 

a Varian ion pum p with pum ping speed of 220 liters/sec.

T he 22Na radioactive source was m ounted  on a  re trac tab le  linear 

feedthrough with 1 0  inch linear motion. This  linear feedthrough is used 

to  position the source on the beam  axis and to center it with respect to the 

m odera to r  assembly. Furtherm ore it can also be used to  re trac t  the  source 

away from the m odera to r  when the electron gun is used for annealing. The 

rad ia tion  from the radioactive source was completely shielded with a lead 

brick housing at the  source end chamber of the  beam  line. The separation 

between the front of the  source and the m odera to r  was arranged to be ~  2 - 3  

m m , so th a t  the  large solid angle sub tended  by the source on the m odera ­

tor surface produces the m axim um  num ber of high energy positrons incident 

on the m odera to r  surface. T he  source and m odera to r  assembly were also 

arranged  so th a t  bo th  can be m aintained at the  same potential.
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Positron Transport

The low energy positrons were electrostatically ex tracted  from the 

sou rce /m odera to r  in transmission type geometrical configuration and were 

magnetically guided to the target. A schematic of this arrangem ent is shown 

in Fig. 4.2.2. The magnetic coils num bered 1—23 were used to transport  

magnetically the positrons from the source to  the target. The different re­

gions of the  beam  line as shown in Fig. 4.2.2 are discussed individually in 

more detail in the  following sections. T he  positrons were transported  from 

the m odera to r  at very low energy, on the order of ~  2  — 5 eV. For the positrons 

extraction from the m odera to r  and their tran spo rt  to the target,  a special 

effort was m ade to  ensure th a t  positrons would not gain undesired transverse 

energy before they approach the region of the  m agnetic  mirror. The axial 

magnetic field for t ransporting  positrons was usually kept in the range of 

1 0 0 - 1 1 0  gauss except in the region of the  magnetic mirror.

Not shown in the schematic of the  positron beam  in Fig. 4.2.2 is a set 

of vertical and  horizontal Helmholtz coils installed around the beam  line to 

cancel out the  effect of the residual ea r th  magnetic field on the  transport  of 

the m odera ted  positrons. This also helps to cancel the  effect of the localized 

magnetic fields in the  room. Eventually it can also be utilized to steer the 

beam  along different regions of the beam  line. The magnetic  field in the 

magnetic m irror section was arranged to be more th a n  twice the magnetic 

field used for transporting  the positrons. The reason for this different m ag­

netic field in the magnetic  m irror region is explained in detail in the section 

on the magnetic  mirror.
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Once m odera ted  positrons are electrostatically ex tracted  from the 

source end, they are m ade to  pass through a set of energy filters, named

E  x B  filter. The E  x B  filter consists of a set of parallel plates so that  the

electric field between these parallel plates is transverse to  the axial guiding 

magnetic  field and hence to longitudinal velocity of the positrons. The effect 

of this transverse electric and  magnetic field is to cause a drift in the gyration 

centre of the positrons, with a constan t velocity 71 u, where

E  x D ,
U ~ c—j j —  (4.2.1)

T he transverse drift of the positrons depends upon  their energy and 

the time they spend in the E  x D  region. The direction of the drift is 

independent of the sign of the charged particles, but does depend on the 

direction of the electric and magnetic field.

T he  beam  line is also installed with two H e v i-M e t  (an alloy of tung­

sten and copper) collimators of 2  inch thickness and a 1 0  m m  hole located 

ofT center by 0.G25 inch and on center respectively. T he  off center collimator 

is located between two E  x B  filters, while the  on center collimator is just 

after the  second E  x D  filter. The positrons transported  from the m odera­

tor consists of bo th  low’ energy m odera ted  positrons along w’ith  high energy 

positrons, which did not completely lose their energy in the therm alization 

process. To filter out these positrons, the m odera ted  positrons are drifted 

off the  axis of the  beam  line with the help of the  first E  x B  filter and  then 

brought back to the beam  axis using the second energy filter. T he  high en- 

ergy positrons transported  along with the m odera ted  positrons, do not get
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F i g u r e  4 .2 .2  Schematic of the setup of the  low energy positron beam  
for pulsed positronium . T he  labeled components are discussed in more detail

in this chapter.



enough drift from the first E  x B  filter, as they spend less time in the filter 

than  the m odera ted  positrons. Hence these high energy positrons will be 

s topped  and absorbed by the first collimator.

T he  to ta l length of the beam  line, shown in Fig. 4.2.2, from source to 

the  target end, is ~  5.5 meter. The solid angle sub tended  by the m odera tor ,  

with 10 m m  diam eter and a 1 0  m m  ap e r tu re  in the  center of the  Hevi -  Met 

collimator, along with a detector of 25 m m  d iam eter  a t  the target end, is 

~  1 0  “s . Therefore in the present set up, bo th  E  x B  filters along with the 

first off center Hevi -  Met collimator are left out. However, if necessary, these 

E  x B  filters and  the collimator can be installed at the  positions indicated  in 

Fig. 4.2.2. One of the  disadvantage of tising E  x  B  filters is th a t  they usually 

im part  a transverse energy to  the  the positrons passing through them , due 

to the fringe fields a t the edges of the  parallel plates. In the  present set tip, 

it was crucial to avoid im parting  any unnecessary transverse energy to  the 

low energy positrons. Therefore, it was decided for the present experim ent 

not to utilize any of the  energy filters, bu t  ra the r  use a small solid angle to 

achieve a good signal to  noise ratio.

T he  m odera ted  positrons, on being t ran spo rted  further, make their 

way through the magnetic  mirror, rf  cavity, and  finally through  the buncher 

to the  targe t  chamber. In the  target cham ber, the  positrons are detected 

either with a channel p la te  (CEM A ) or a  scintillator detector, on being a n ­

nihilated a t the  annihila tion plate. This beam  can store the  positrons in the 

combined region of the m agnetic  m irror and  the active p a r t  of the  buncher 

section of the  beam  line, and  fu rther  bunch these stored positrons into a
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pulsed beam , whose pulse width (FW H M ) is ~  17 nsec. T he  buncher section 

of the beam  line is responsible for providing this pulsed beam. T he  princi­

ples underlying these individual components utilized for storing positrons in 

a bottle , then bunching the stored positrons in the  bottle , and then into n 

pulsed positron beam  are discussed in the following sections.

Magnet ic Dottle

For a charged particle in a uniform, s ta tic , m agnetic  field B  the t ra n s ­

verse m otion is periodic. The action integral for this transverse motion is

given 71 as,

J = j > P ± . d l  (4.2.2)

where P± is the  transverse component of the  canonical m om entum  and dl is 

a directed line element along the circular p a th  of the  particle. The canonical 

m om entum  is given as,

P  = p + ~ A  (4.2.3)
c

where c is the  velocity of light in vacuum, p  =  7 m u is the  relativistic m o­

m entum , and 7  =  y j  1 —

It is known th a t  if a change in property  is ad iabatic  i.e. slow as 

com pared to  the period of the m otion, the  action integral is invariant. In 

this case if the  particle  in motion is taken from a small magnetic  field to a 

larger magnetic  field which is changed adiabatically, the final m otion of the 

particles will be such th a t  the action integral has the  same value as it had  in



the lower magnetic field. The action integral defined in Eq. (4.2.2), can also 

he written 71 as,

J  -ymwgna2 -  ( B n a 2) (4.2.4)
c

where u)g -- —  - is the gyration frequency of the particle  in m agnetic  field 

B and  a -  ^  is the gyration radius of the particle  in magnetic  field B. The 

quan ti ty  B n a 2 is the flux through the partic le’s orbit.

If the particle moves through regions where the magnetic field strength  

varies slowly in space or time, the adiabatic  invariance of J  in Eq. (4.2.4) 

means tha t  the  flux linked by the particle’s orbit remains constant. If B 

increases, the radius a will decrease so tha t  the quan ti ty  B n a 2 remains tin- 

changed. This constancy of the flux linked with the  particle  m otion can 

fu rther  be rephrased in several wavs, involving the part ic le ’s orbit radius, its 

transverse m om entum  and its magnetic  m oment. These different s ta tem ents  

all take the form th a t  B a 2, p ± / B ,  or ‘yp  are the  ad iabatic  invariants, where 

p  = ( e w g a 2/2r) ,  is the magnetic m oment of the current loop of the  particle 

in orbit. In the  presence of s tatic  magnetic fields, the  speed of the particle 

is constant and  its to ta l energy does not change.

A simple situation in which the magnetic field B is mainly in z direc­

tion, with a small gradient in the  same direction, is i llustra ted  in Fig. 4.2.3. 

In addition to the  z component of the field, there  is also a  small radial com ­

ponent due to the  curvature  of the lines of force. For a  cylindrical symmetric 

magnetic  field B 0, the  m agnitude  of the  velocity of the  particle is a constant. 

So at any position along the z axis, the  velocity is,

rjj +  v \  = v 2 ( 4 . 2 . 5 )
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F i g u r e  4 .2 .3  An illustration of the behaviour of a charged particle 
in a magnetic  field with a gradient and its reflection from the region of the 
magnetic mirror, (from ref. 71)

where

v l  =  ” 5.0 + w}o (4.2.6)

is the velocity of the  particle at z = z0, and vpo and vxo are the  parallel and 

perpendicular components of the velocity of the  particle  at position z = zo- 

As the flux linked with the magnetic field is a constant of the motion, 

for two different regions of the magnetic field, it can be written  as,
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where B is the  magnetic field a t z = z\.  This relation can be used to find 

the parallel velocity a t any position along the z — axis. Substitu tion  of this 

relation in Eq. (4.2.5) gives,

2 2  J  B ( Z )  /  I 9  D \
I’ll - %  -  " m - i T -  (4.2.8)

-DO

If B(z) increases enough, eventually the right hand  side of Eq. (4.2.8) will 

vanish at some point z — z m . Physically this implies th a t  the particles spirals 

in an ever t ighter orbit  along the lines of force, converting more and more 

of its translational energy into energy of ro ta tion , until its axial velocity 

vanishes. Then  it tu rn s  around, still spiraling in the  same sense, and moves 

back in the  negative z -d irec t io n .  Hence the particles are reflected back 

by this spatially varying magnetic field. This is the  principal behind the 

magnetic m irror i.e. the  reflection of the charged particles by regions of 

strong magnetic field. The magnetic  m irror is shown Schematically in Fig.

4.2.3.

The condition for particles to be reflected back is th a t  the parallel 

component of the velocity t>|| of the  particle  is zero. Therefore Eq. (4.2.8) 

can be rew ritten , subs ti tu ting  Vo from Eq. (4.2.6), as,

' i l l  -  , B"
■I* (4.2.9)

vxn V B o

So from Eq. (4.2.9), it is evident th a t  the  criterion for trapp ing  is,

I I <  -  1) (4.2.111)
u ±0  V Do
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The magnetic  field d istr ibu tion  as shown in Fig. 4.2.3 can be produced with 

solenoidal windings over some region of space, and  additional coils at the end 

to  provide a much higher magnetic  field a t th a t  end. The particles injected 

in this magnetic  field region will spiral, along the beam  axis and  be reflected 

by the magnetic  m irror at the  end. If the  ratio  of the  field a t the  m irror end 

B m, to the  field away from the magnetic  m irror B0, is very large, then only 

particles with a very large component of the velocity parallel to  the axis can 

penetrate .

If the  particle  velocity makes an angle 9 w ith  the direction of the 

m agnetic  field along z- axis, then  the Eq. (4.2.7) can be expressed as,

sin2 9 — — sin2 9$ (4.2.11)
Bn

Here 9n is the initial value of 9 in the region where the  m agnetic  field value 

is B n. For a m agnetic  m irror field B m , all particles for which s in 2 9n exceeds 

B q/ B m will be reflected back. This angular  d istr ibu tion  of velocities can 

be related to a quan ti ty  called the coefficient of reflection R  defined as the 

fraction of the particles reaching the m agnetic  m irror per unit time th a t  are 

reflected, provided the velocity d istr ibu tion  is isotropic. For a particle  with 

initial velocity v, the  num ber of particles reaching the m agnetic  m irror per 

second, in the interval of solid angle <IU, will be proportional to cos 0 q dll. 

T he  coefficient of reflection is,

R  = -C -f l , cos M M

le j-n  cos
(4.2.12)
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where sin2 8\ equals B 0/ B m . As dU equals 2tt sin 0od0o, R simplifies to,

B  1 -  (4.2.13)
*3 m

Since R does not depend on the assumed initial velocity, the  same coefficient 

of reflection applies for an a rb i tra ry  velocity d istr ibu tion , provided tha t  the 

d istr ibu tion  is isotropic. It also shows th a t  only particles with incident angle 

8 > 8o will be reflected by the magnetic  mirror.

R F  Cavi ty

The rf cavity is located between the magnetic  m irror and  the front 

end of the electrostatic buncher. It is shown in the schematic of the  positron 

beam  in Fig. 4.2.2. The rf cavity has the very crucial function of im parting  

a transverse energy component to the low energy positrons passing through, 

so tha t  they satisfy the condition for trapp ing  in the  m agnetic  m irror on 

their trip  back from the electrostatic mirror. The rf  cavity is driven by a 

Hewlett Packard rf  frequency generator model no. HP 608 F, together with 

an Electronic Navigation Industries (ENI) b roadband  power amplifier model 

no. 601L with capability of 30 dB m  gain. T he  rf frequency generator can be 

tuned  to a range of frequencies from 2 0 0 -4 8 0  MHz. The frequency ami the 

am plitude (m axim um  ~  1 V) of the  driving voltage from the rf  generator are 

carefully tuned  to excite the cyclotron resonance frequency of the  positrons 

and their o p tim um  trapp ing  in the  hybrid  t rap ,  m ade up  of a m agnetic  m irror 

at one end and  an electrostatic m irror at the  other. The Q factor of the rf 

cavity used in this experimental se tup  is large. Therefore it is not necessary 

to have a  very accurate  and highly stable rf  frequency generator.
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A cross section of the  rf  cavity is shown in Fig. 4.2.4. The rf cavity 

has a set o f  parallel plates which act as capacitor plates. These plates are 1 

in. apa rt ,  2.5 in. wide, and 4 in. long. The parallel inductance  is provided 

by the vertical plates. There  is no insu la tor placed in the  cavity to  hold these 

plates, as they could charge up and deflect the low energy positrons. The 

inpu t im pedance o f  the rf cavity is ~  5 0  ohm  and no im pedance matching 

elements are required to drive it. The electric field between the parallel plates 

is transverse to the axial magnetic field.

The motion of the  positrons in this crossed static magnetic  field and rf 

electric field with frequency u; is worth examining in detail. Motion where the 

angular frequency of the rf field is equal to the cyclotron frequency u;c of 

the  positrons, is responsible for im parting  the required transverse component 

of the energy to  these positrons in the  magnetic  bottle.

An oscillatory electric field can be w ritten  as,

E  — Eacusu' t  (4.2.14)

where Eo is the  am plitude  of the  field and  is perpendicular to the  magnetic 

field B, and the frequency of the field (= ~~)> is in resonance with the 

cyclotron resonance frequency u;c of the  positrons.

The equations of motion for positrons in this rf  driving field are,

e e _  .x — -  c j c o s w t  -| By
m  r n c

e _  .y —  Bx
r n c

Here the positrons are moving in the  z direction aud the m agnetic  field B is 

in the  z direction.
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F i g u r e  4 .2 .4  The cross section of the rf cavity for exciting cyclotron 
oscillations to  t rap  positrons in the magnetic bottle. Also shown is the rf 
frequency generator and the amplifier used to drive the cavity.

Assuming the initial conditions,

xo = 0  and x o =  t'o 

J/o = r 0 and y0 = 0

where r 0 =  -fi.V  w
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Integrating  Eq. (4.2.15) and using the initial conditions, we have,

e . 
x —  E 0 sin u>t 4- u>y

(4.2.16)
y = —u)x

From Eq. (4.2.16), x can be eliminated and y can be given as,

y \ u)2y = - - - £?0 sin u;< (4.2.17)
m

and the solution to this equation of m otion is,

y  = -  cos (u>/ 4 <̂ o) ------- - E 0(sh\u)t  -  wtcusuif) (4.2.18)
us 2 mu)2

Similarly Eq. (4.2.16) can be solved for x to give,

x  — —- sin(u;< 4 <j>0) f  Egt sinu)t (4.2.19)
u) 2 mu)

T he kinetic energy W of the positrons is,

H’ — ^ m ( i 2 4  y 2) (4.2.20)

Differentiating Eq. (4.2.19) and Eq. (4.2.18) and substi tu ting  into 

Eq. (4.2.20) for <f>0 — 0 , the  kinetic energy can be given as,

IF =  f * E „ e r0< 4 \ - - E $ t 2 4 ^ — - E $ s i n 2u>t
2 2 8 m  8 mu)2 14 2  2 1 )

1 ei’o _  . 1 e2 ,
4 -  —  E n sm2u)t  t E„t sm2u)t

4 u) 8  mu)

In the equation above the first term  represents the  initial kinetic energy, the

second increases linearly with time t, the  th ird  increases as the square of t,

and  the rest are oscillatory terms. These oscillatory term s do not have much

significance. The time for which the impulse is given to  the  positrons in the
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cavity is short, therefore the th ird  term  mainly determines the absorption of 

rf  energy by the positrons in the rf cavity.

Eq. (4.2.21) was considered for positrons with in tegration constant 

o — 0 . The  effect of <f>0 ^  0 can be seen from the expressions for x and y in 

Eq. (4.2.19) and  Eq. (4.2.18). As t increases, the  term  with factor becomes 

negligible com pared with the o ther terms. This m eans th a t  the  particles for 

which <f>o f- 0 are eventually pulled in to  phase with the applied electric field 

and their energy W increases approxim ately as given by Eq. (4.2.21).

Electrostat ic Buncher

T he next component in Fig. 4.2.2 after the rf cavity is the buncher. 

This buncher and its related components were built tmder the  direction of 

Dr. Allen P. Mills, J r .  a t  A T& T Bell Laboratories. Bell Laboratories also 

generously provided all the required pa rts  and equipm ent needed for the 

project.

T he  basic constra in t on any a t te m p t  to  bunch particles is Liouville’s 

theorem  which sta tes  th a t  the  volume in phase space occupied by an ensemble 

of particles is conserved in the  absence of dissipative forces 72. W ith in  this 

constra in t, it is possible to increase the instan taneous intensity  of a slow 

positron beam  by trad ing  energy resolution for spatial density.

The continuous beam  of slow positrons is t rapped  in a magnetic  bottle  

and bunched into short pulses using a  parabolic  accelerator 72. The  m echan­

ical and  electrical schematics for the electrostatic buncher are shown in Fig.

4.2.5. The positrons are t rapped  after passing through the pinched magnetic
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field at the  entrance to the magnetic  bo ttle  with the use of a transverse rf 

field tuned  to the positron cyclotron resonance frequency.

T he  buncher 73 is m ade up of 1 0 0  rings of n o n -m a g n e t ic  304 stainless 

steel and  is 75 in. long. The rings have a 1.0 in. inside d iam eter,  1.375 in. 

outside d iam eter, and a length of 0.725 in. These rings were electroplated 

to avoid sharp  edges. This helps in minimizing the p e r tu rb a t io n  of the uni­

form electric field along the rings and  hence the buncher. These rings are 

supported  on a 304 stainless steel frame. This stainless steel frame has 1 0 0  

equidistant holes in the bo t tom  plate consisting of ceramic m ounts , holding 

the 1 0 0  rings of the buncher in place. The buncher rings are centered and 

electrically isolated from this frame by 0.5 in. d iam eter quartz  insu la tor rods 

on each side. This assembly is shown schematically in Fig. 4.2.5. This  whole 

assembly of frame and  rings is arranged  so th a t  when m ounted  inside the 

beam  line, m ade up of 6  in. conflat flange and  4 in. outside d iam eter  vacuum 

tubing, the center of the  rings of the  buncher on this frame coincides with 

the center of the beam  line.

T he buncher accelerator is divided into two sections and these buncher 

rings are connected together with two separa te  resistor chains. T he  first one 

is an active pa rt  and the second one is a  passive pa rt .  The length  of the 

active pa rt  of the buncher is 45 in. while the passive p a r t  is 30 in. This 

division of the  accelerator into two sections is useful in keeping down the 

spread in the  positron bunch width. Ring num ber 49 is a t  abou t + 15 

volts to repel the positrons prior to forming a bunched pulse, and  hence it 

also closes the  far end of the bottle. So positrons are t rapped  in a bottle
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F i g u r e  4 .2 .5  Schematic of the cross section of the buncher assembly, 
showing the buncher ring and its related support system.

consisting of the magnetic m irror at one end and the electrostatic m irror at 

the  o ther  end, i.e. ring num ber 49. T he  passive pa rt  of the accelerator is 

biased negatively a t ring num ber 1 1 . T he  first 39 rings, p a r t  of the passive 

p a r t  of the accelerator, are connected to  the high impedance divider chain 

th a t  approxim ates quadratic  potentia ls  a t  positions 1 1 -4 9 ,  of the  form V* — 

c o n s t .x z 2. Here z -d irec t io n  is taken along the beam  axis and the origin is 

a t  the  target. The resistors used for m aking this impedance divider chain are
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high precision metallic film resistors specially designed for u ltra  high vacuum 

application. Ring num ber 11  and a  drift tube  a ttached  to it are biased at 

negative po ten tia l V j | .

T he  active part  o f the accelerator is designed to  continue the quadratic  

po ten tia l  and is actually a d istr ibu ted  50 Q a t tenua to r .  Buncher rings 

5 0 -1 1 0  are connected to the 50 fl a t te n u a to r  th a t  continues the sequence 

of quadra tic  po ten tia l V, = const, x z 2. Parallel resistors are high power 

metallic thin film resistors. The values of different resistor are shown in Fig.

4.2.6. The series resistors leads were kept very short and were connected to 

the  consecutive rings, by spot welding the short leads to th in  foils of t a n ta ­

lum on each ring. This helped in minimizing the induction effect on delay 

of the propaga ting  pulse along the buncher. A test pulse can be fed to ring 

num ber 1 1 0  and its delay to  different parts  of the buncher can be monitored. 

The parallel resistors as shown in Fig. 4.2.6. One end is connected to a ca­

pacitor p late  C  with capacitance ^  3 n F ,  and  the o ther  end of the capacitor 

is grounded. This  capacitor is m ade by sandwiching a th in  sheet of mica as 

a dielectric m edia  between two stainless steel metal plates.

W hen a  5 nsec 1 0 % -  90% rise time pulse is applied to ring num ber 

1 1 0 , the delay before it reaches ring num ber 58 is 4.2 nsec. The pulse spec­

t ru m  at some of the resistors of the pulser is shown in Fig. 4.2.7. These 

spectruins were taken with LeCroy digital scope (model num ber 9450). with 

350 MHz band width. The pulser used for the  input pulse was from E H re­

search laboratories , model num ber EH 123A while the  probe used to measure 

the ou tp u t  pulse from the accelerator was Tcktronics model num ber PCI22.
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F ig u r e  4 .2 .0  T he  schematics of the buncher voltage divider chain. It 
is arranged so th a t  the  impedance of the divider chain is m atched  with the 
driv ing source.
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F i g u r e  4 .2 .7  T he  pulse spectrum  of the  test pulse at different places 
in the  accelerator. T he  front end of the  pulse  is shown a t rings: (a)  1 1 0 ; (b) 
98; (c) 8 6 ; and  (d) 58 respectively.
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The delay for the  pulse propagation is ~  1.3 times longer than  tha t  

due to the  velocity of light, principally because of the  inductance of the series 

resistors and  their  connections. For an ideal case, with no inductance, this 

delay would have been ~  3.3 nsec. At ring num ber 54, the  rise time of the 

accelerator network is abou t 6  nsec with abou t ± 1 0 % overshoot.

The measured characteristic im pedance of the  the active p a r t  of the 

buncher installed in the  4.0 inch outside d iam eter beam  line, between rings 

110 and  50 is 50.2 fi, while the im pedance of the  passive pa rt  between rings 

49 and 11 is 29.10 Mfi.

B eam  ru lse r

T he high voltage pulser for driving the buncher, is a thy ra tron  based 

circuit T4. A HY2 thy ra tron  from EG&G Ortec is opera ted  with a floating 

cathode. The grid of the thy ra tron  is triggered by an avalanche transistor 

as shown in Fig. 4.2.8. The avalanche transis tor  is triggered by a ptdse 

generator linked with a 1 : 1 transformer. The use of a zener diode across 

the  avalanche transis to r  helps considerably in the  improvement of the  pulse 

shape. T he  pulser for triggering the avalanche trans is to r  generates square 

pulses of am plitude  ~  2 -  5 volts and is usually opera ted  at a frequency rate  

of 1 0 0  -  1 0 , 0 0 0  Hz.

T he filament power is supplied through a high frequency transformer. 

This high frequency ( ~  50 kHz) is generated by a M otorola program m able 

tim er MC14536B, amplified by an Apex PA02 opera tional power amplifier 

and  is finally linked to the heater tab  by a transform er with a ratio  of 2  : 1 .
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T he transform er has m ylar tap e  insulation between its windings. This high 

frequency rf power supplied to the heater  s tub  of the thy ra tron  is adjusted 

to  give 6.3 volts across the thy ra tron  filament after it has warmed up. The 

anode circuit of the  thy ra tron  consists of a delay line for pulse shaping and 

a high voltage power inpu t,  V,4 . The delay line is m ade tip of a 50 foot long 

RG -2 1 4 /(7  coaxial cable. The o u tp u t  delay time is ~  150 nsec and its rise 

t im e is 15 nsec 1 0 % 90 %. This rise time of the  pulse from HY2 thyra tron

to  15 nsec is achieved by adjusting the v< dtage i  V , of the l_ 15 volts power 

supply, as shown in Fig. 4.2.8.

T he  pulse ou tp u t  from the pulser is used to drive the active part 

of the  accelerator, as discussed in the previous section, with characteristic 

im pedance  of ~  50 II. The typical width of the  pulse is ~  200 nsec, more 

th an  the tiinc required for collecting the positrons from the buncher. For 

example, the collection time for a buncher driven by a 2.5 keV pulse is about 

1 0 0  nsec. The shape of the o u tpu t  pulses for three different input anode 

voltages V ,4 (from 1 to 3 keV) on the anode of the thy ra tron  are shown in 

Fig. 4.2.9.

W henever a pulse is generated  by the pulser, a  signal is picked up 

inductively. This  inductively picked signal is used as one of the tim ing signal. 

This will be discussed more in the following sections.

3. Ream  Operation

T he m odera ted  positrons are ex tracted  electrostatically from the sour­

ce cham ber at low energy and tran spo rted  with the  axial guiding magnetic
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F i g u r e  4 .2 .9  It shows the o u tp u t  pulse shapes from the pulser, 
driving a  50 fi im pedance load, for three different anode voltages V* on the 
th y ra tro n  anode. T he  voltages are 1, 2, and  3 keV respectively.
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field to the target end. The voltage at the source /m odera to r  assembly is ~  

2.5 volts while the grids on the m odera to r  assembly are grounded. The typ i­

cal guiding field is ~  1 0 0  gauss along the whole beam  line except in the region 

of the magnetic mirror. This region has a magnetic  field ranging between 

~  200—250 gauss, as shown in Fig. 4.2.2. Those low energy positrons with 

very small transverse energy component m ake it th rough  the magnetic  m ir­

ror region, are trapped  in the magnetic bottle , and  subsequently bunched 

into a short pulse using a parabolic potentia l accelerator. The positrons 

are trapped  in the magnetic bottle  after first passing th rough  the pinched 

magnetic  field a t the en trance to the  m agnetic  bo ttle  and  then through a 

transverse electric field tuned  to the positron cyclotron resonance frequency. 

These positrons are im parted  with a high transverse energy E i  when they 

pass through the rf  cavity. The frequency and  the am plitude  of the rf d r iv ­

ing voltage is carefully tuned  for op tim um  trapping. For the m agnitude  of 

magnetic  fields mentioned earlier, the  rf  cavity tun ing  param eters  are typ i­

cally ~  280 MHz and am plitude  of ~  0 .8  volts for the  optim al storage of the 

positrons in the magnetic bottle.

As discussed in the  section on the magnetic  mirror, the magnetic 

m irror transm its  the particles if the ratio  ( ^  ) of the  longitudinal (£ | | )  to 

the  transverse (2£±) energies for these particles is g reater than  (D „ , /B 0 -  1 ), 

where Bo is the value of the magnetic  field outside the m irror region while 

B m is in the  m irror region. The accelerator ring 49 is kept at a  positive 

voltage and  is ad justed  to  repel back the positrons during the accumulation 

period. This acts as an electrostatic m irro r  and  closes the  end opposite  to
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the magnetic  m irror in the bottle  during this accum ulation period for the 

positrons.

T he  active section of the buncher is also biased at a small positive 

voltage in order to slow down the positrons in the accum ulation region. This 

is done by applying a  positive voltage very close to  the  positron beam  energy 

to  ring num ber 50. This end is also term inated  with a combination of  a 50 

ft resistor and a capacitor. If the  magnetic  field B n is uniform, positrons 

will re tu rn  back to the rf cavity in phase and again reflect back from the 

m agnetic  mirror. However, a non uniform field can cause an indefinite phase 

shift among the positrons. Therefore an effort is m ade to m ake the magnetic 

field uniform, with the use of solenoids, in the region of the  accumulation 

stage of the  buncher, as shown in Fig. 4.2.2. The positrons are dum ped  out 

of the  m agnetic  bo ttle  by the accelerator section as shown in Fig. 4.3.1.

In the active pa rt  of the  buncher, the  values of the  resistors between 

the rings are chosen to make a quadra tic  potentia l well, whenever a high 

voltage pulse from the pulser is applied to the front end of the accelerator at 

ring num ber 110. The positrons initially have low velocity in the  accelerator 

section and  thus all will arrive at the  m inim um  of the quadra tic  potential 

after one quarte r  of a simple harm onic oscillator period. The target is placed 

at this m in im um  7.5 inches away from the last ring 11 of the passive pa rt  of 

the  buncher. T he  active part  of the  accelerator is usually opera ted  at 1 kHz 

or lower frequency, and  it is limited to  this repetit ion  ra te  because of the 

heating of the  resistor chain in vacuum. W hen the buncher is opera ted , the
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F i g u r e  4 .3 .1  Schematic of the  beam  section containing magnetic 
mirror, r f  cavity, active part  of the buncher, and the electrostatic mirror 
region.

poten tia l d istribution along the length of the buncher looks like the quarter  

period of the simple parabolic po ten tia l as shown in Fig. 4.3.2.

As shown in Fig. 4.3.2, the  front end of the buncher a t  ring num ber 

1 1 0  has much higher voltage than  the voltage on the electrostatic mirror end, 

at ring num ber 49. This makes all the  positrons collected in the  active region 

of the accelerator between ring num bers 100 and 49 dum p out of the bottle
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F i g u r e  4 .3 .2  T he  po ten tia l distr ibution on the active and  passive part  
of the buncher. The solid line indicate the  pulsed potential d istribution on 
the active part  of the  accelerator, when pulsed. The dark solid line indicates 
the  potential d istr ibu tion  over the whole buncher during the  accumulation 
stage.

and get bunched at the  m in im a  of the quadra tic  potential, which is also the 

center of the target cham ber. It takes ab o u t  100 nsec for all the positrons 

collected during the accum ulation  period of the buncher to clear out of the 

whole length of the buncher.
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The hunched positrons are detected a t  the  center of the target cham ­

ber e ither by a 3 inch x 3 inch Nal(T l)  scintillator detec tor or a channel plate 

(CEM A  : channel electron multiplier array). This channel p la te  is m ounted 

on a linear feedthrough and is capable of 3 inch travel along the beam  axis. 

It is also arranged so tha t  when the target is m ounted , the  target sits at 

the  center of the  target chamber. The center of the target chamber is also 

arranged  to be the m inim a position for the quadra tic  period of the  harmonic 

poten tia l well. The channel p late  then  can be moved back and forth behind 

the target on the beam  axis and hence it is possible to change the  solid angle 

sub tended  by the detector. The m inim um  distance th a t  the channel plate 

can approach the target is ~  1 inch. A grid with 90 % transmission is placed 

behind the target,  between the target and the channncl plate. This grid is 

used to  repel charged particles, when the target is positioned at the beam 

line axis.

T he  photom ultip lier  tube  used with the N al(T l)  detector is a  RS2238 

photom ultip lier  m anufactured  by H am am atsu . These tubes are designed so 

th a t  they are less sensitive to  magnetic  fields th a n  conventional ones. For 

detection using a Nal(T l)  scintillator, the positrons are annihila te  first on an 

annihilation plate and  then 511 keV 7 - r a y s  are detected  with the N al(T l) 

detector. In case of channel plate detector, the positrons annihilate  a t  the 

front p late  of the  detec tor itself. Later, the same channel p la te  is used for 

detecting the positronium  beam. The channel plates efficiency for detecting 

7 - r a y s  is abou t 10“ 3 while for charged particles it is m uch higher. This



80

reduced sensitivity to 7 - r a y s  helps to reduce background from annihilating 

positrons at the target.

T he target is m ounted on a linear feedthrough capable of linear travel 

of 3 inch. The target, holder consists of three J inch holes. One hole is used 

to m ount a 50 A thick carbon foil on a grid mesh. The carbon foils are 

described in the section on the positronium  beam. Another hole is covered 

with a stainless steel p late  while the last hole is left open. This open hole is 

used for alignment of the beam  and the target, while the hole covered with 

a stainless steel p late  is used for m easuring background counts.

4. Performance o f  the Beam

T he performance of the  rf  cavity, magnetic  mirror, and the buncher in ­

stalled in this beam  line is monitored by detecting positrons with the CEMA 

and then carrying out t im ing analysis of the  detected positrons with respect 

to  the signal from the pulser, which is also used for triggering the front end 

of the active pa rt  of the  buncher.

Schematic of the necessary electronic setup is shown in Fig. 4.4.1. 

The pulse from the buncher used for driving the active part  of the buncher 

is utilized as a s ta r t  signal for the time to  am plitude converter (TAC), and 

positrons stored in the  buncher, on their arrival a t  the  CEM A in a bunched 

form provide a stop signal. The typical efficiency of the  CEM A for charged 

particles like electrons is 50 - 85 % in the energy range of 0.2 — 2 keV and 

1 0 -6 0  % in the energy range of 2 - 5 0  keV Ts. Positrons arriving at the
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Figure 4.4.1 Schematic of the electronic setup for carrying out 
t im ing  analysis of the  positron hunches with respect to  signal for triggering 
the front end of the  buncher.
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CEM A from the magnetic bottle  ami the active pa rt  of the bunrher  are 

correlated in tim e with the driving signal of the active part  of the buncher. 

The spectrum  of this time correlation was recorded on a C anberra  series 35 

multi channel analyzer (MCA). A typical time spectrum  of the  positrons 

arriving at the  CEM A when the active part  of the  buncher was driven at 1 

kHz is shown in Fig. 4.4.2. This d a ta  was collected for 5000 sec and the time 

window on TAC was 400 nsec. T he  channel num bers can be converted to 

time scale by m ultiplying channel num bers with a conversion factor of 0.098 

nsec/channel. The m axim um  stop signals due to the  bunched positrons at the 

CEM A were abou t  720 for 1 kHz ra te  of the s ta r t  signals from the bunrher. 

It wras also observed th a t  the ra te  of stop signals drops by at least a factor of 7 

when the rf cavity was tu rned  off or tuned  away from the cyclotron resonance 

condition. T he  remaining signals were either due to  the low energy positrons 

in trans it  in the  buncher during the triggering of the  buncher or the  high 

energy positrons. The d a ta  in Fig. 4.4.2 shows the sub trac ted  spectrum  of 

beam  on and  beam  off.

The bunched pulses of the positrons for this se tup  of the buncher 

and  under the opera ting  conditions described in the  earlier sections of this 

chapter gave a time d istr ibu tion  of full width half  m axim um  (F W H M ) of ~  

17 nsec. This time spread consists of bo th  contributions from the electronics 

and  from delay in pulse propagation along the buncher. T he  time spread 

in the ptdse because of the contribution due to the  buncher alone typically 

is abou t 8  nsec 73. In the absence of the m agnetic  bo ttle ,  there was no 

indication of any peak in the time spectrum  as the  arriving positrons had
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no tim e correlation with the s ta r t  signal. The shape of the  timing spectrum  

in Fig. 4.4.2 was very m uch dependent upon the position of the  CEMA 

w ith  respect to ring num ber 11 of the buncher. W ith  rough estimates of the 

efficiency of the source and  the 63 % combined efficiency of the buncher and 

the  bottle  73, it was estim ated  qualitatively th a t  there  were at least one to 

two positrons per pulse and  the positrons were able to get trapped  in the 

bo ttle  a t  least in the  range of 1 0  9 to 1 0  5 sec. This  conclusion was based 

upon  the estimates on the efficiency of the CEM A (50 85 % for positrons 

in the  energy range of 300 eV to 2 keV) and  a flux of 1 x 10r’ e f /sec from 

the  m odera to r .  It was not possible at present to  m easure quantita tively  

the num ber of positrons per pulse due to  the  lack of equipm ent such as a 

digital storage oscilloscope and  a fast scintillator detector. The num ber of 

positrons per pulse quoted here is only a lower lim it on the possible num ber 

of positrons per pulse.

5. Positroninin Beam

T he positron pulses obtained  from the buncher were m ade to strike 

a 50 A thick carbon foil. The  target was arranged  to  be abou t 7.5 inches 

away from the last ring (num ber 1 1 ) of the  buncher, which is coincident 

with the m inim um  of the qua rte r  period of the poten tia l d istr ibu tion  of the 

buncher. The targe t,  i.e. the carbon foils of varying thickness, was obtained 

commercially from Arizona C arbon  Foils Co. 19 and delivered on glass 

slides. These foils were floated off onto a w ater surface and  then m ounted on
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a target holder, which had  a copper grid mesh with ~  2 0  l ines/inch, covering 

the 3 /4  inch diam eter hole in the target holder.

A positron on passing through  the carbon foils can pick up  an electron 

a t the  exit surface of the foil and with this process of charge exchange can 

form a positronium  atom. Beside this process, it is also possible for positrons 

to  undergo o ther processes such as Ps~ form ation #0. Positronium  formed 

on transmission through the  carbon  foil was detected with the channel plate 

located abou t ~  1 inch behind the  foil while the grid in between the target
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and the channel p late  was biased positive at ~  -I 1200 V with respect to 

the target to repel positrons whirli did not succeed in m aking positronium  

in their first trip  th rough  the target. The target po ten tia l was kept in the 

range of —300 to  —500 volts. The front end of the channel p late  was kept at 

a po ten tia l of ~  1850 V while the anode was at ~  (-400 V. This combined

arrangem ent of potentials had a po ten tia l distr ibution such th a t  the  target 

was always a t the  m inim um  potentia l seen by the positrons while o ther po ­

tentials were arranged so tha t  high energy positrons, secondary electrons, 

and o ther  charged particles will be reflected before they would reach the 

detector and  make a contribution to  the signal at the  detector.

W ith  the assum ption of abou t 2  e + /pu lse , at the  ra te  of 1 0 3 pulses/sec, 

there will be abou t 2  x 1 0 3 e + /sec incident on the carbon foil target. W hen 

the detector is located abou t 3 cm behind the target,  the solid angle sub ­

tended by the detector a t  the target will be ~  0.44 sterad ian . From earlier 

m easurem ents by Mills et a/.®1, the efficiency for o r th o -p o s i t ro n iu m  pro­

duction with a detector solid angle of 0.44 s teradians is abou t 2.6 x  1 0  2 

positronium  atom s per incident positron in the energy range of 1 eV to 500 

eV. For the  present case, the num ber of positronium  atom s expected for 2 0 0 0  

e f /sec (or 2  e + /pu lse)  incident positrons and the detector subtending  a solid 

angle of abou t 0.44 steradians will be abou t 52 Ps /sec , provided the efficiency 

for positronium  detection by the channel p late  is 1 0 0  %. But it is known that 

the efficiency for positronium  detection by channel p late  is dependent upon 

the energy of the positronium  atom s and  hence it is not expected th a t  all the 

positronium  atom s incident upon  the detector will be detected and result in
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a signal. The fast positrons were the m ajo r  source of constant background 

contribution to the  signal during the positronim n formation measurements. 

Typically there  were about 14 stop signal due to fast positrons, for every 

1000 s ta r ts  in the 400 nsec time window at time to  am plitude  converter. 

W ith  this constan t background presence it was not possible to ex tract the 

positronim n signal and m ake a very conclusive es tim ate  on the efficiency for 

the positronim n formation. However with conservative estim ates, it could be 

concluded th a t  the  num ber of positronium  atom s from a 50 A thick carbon 

foil, detected  on the channel plate was a t least (7 ± 3) Ps/sec .

After carrying out m any investigations with a  50 A thick carbon foil 

as the target,  it is concluded th a t  with the present flux of positrons ( ~  1 v 1 0 s 

c + /sec), it is not very conclusive to  obtain  a good estim ate  on the efficiency 

for the positronium  production. Also for the same reason, it is extremely 

difficult to  carry out investigations of the energy and the angular d istribution 

of the  positronium  atom s produced. It is expected th a t  in the fu ture  with the 

use of a higher intensity positron source from the high flux positron beam  in 

Bldg. 480 at Brookhaven National Laboratory, it will be possible to continue 

investigations of positronium  form ation efficiency, angular distr ibution, and 

energy distr ibu tion  of the  positronium  atoms.



C h a p te r  5.

S t u d ie s  o n  S iO 2 /S i (1 0 0 )  S y s t e m s

1. Overview

The im portance  of the Si0 2 /Si system  in m odern  electronics has made 

it an extensively studied system. The microscopic details of this system 

is not well unders tood  and therefore there  has been a great effort to get 

m ore insight utilizing techniques such as Transmission Electron Microscopy 

(T E M ), R utherford  Backscattering Spectroscopy (RBS), Secondary Ion Mass 

Spectroscopy (SIMS), and  Capacitance —Voltage (C —V) m easurem ents. The 

shortcomings of some of these techniques has led to the  utilization of Positron 

Annihilation Spectroscopy (PAS) to s tudy  these systems. Positrons are very 

sensitive to defects and  are non destructive com pared to  o ther  common tech 

niques.

This chapter contains studies of SiO 2 /S i ( 1 0 Q) systems with PAS. In 

the first section of this chapter, processes for oxide growth on silicon sub ­

s tra tes  and  the details of interface passivation are discussed briefly. The fol­

lowing section contains an in troduction  to the pa ram eters  and  the m n re p ts  

involved with PAS m easurem ent technique. Finally some m easurem ents u t i ­

lizing PAS are presented and particularly  m easurem ents of hydrogen activa­

tion energy from interfaces of bo th  n -  and  p — type subs tra tes  and  the effect 

of irradiation on oxides are discussed in details.

87
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2 .  I n t n > d n c t i o n

Variable energy positron beam s have found a  wealth of applications 

in the  studies of surfaces, interfaces, thin films, multilayer s truc tu res , and 

buried layers n . Recently there  has been m uch research concentrated  on the 

studies of Si0 2 /Si systems, due to its technological im portance  in the  m i­

croelectronics industry  77. T he  sensitivity of positrons to defects has played 

an im portan t  role in the  unders tand ing  of oxides and interface defects of 

S i 0 2/Si system s7*.

Oxidation Processes

Oxide layers in silicon in tegrated  circuits provide surface passivation 

for a silicon device, work as diffusion masks, and  isolate one device from 

another. Oxide layers grown on silicon subs tra te  require control such tha t  

the  electrical characteristics of the device are dom ina ted  by bulk ra the r  than 

surface properties. This requires th a t  the  interface between silicon and  the 

oxide should have a m inim um , stable density of fixed oxide charge and  in te r ­

face traps , and the oxide must be sufficiently thick th a t  the  potentia l gradient 

along the a i r -o x id e  interface has a  m inim um  influence on the semiconductor 

properties.

Silicon surface is highly reactive by na tu re , so th a t  a layer of oxide 

forms rapidly on exposure to an oxidant gas and its ra te  of form ation is 

reaction limited. As the oxide layer becomes thicker, its ra te  of formation 

becomes diffusion limited because the silicon and  the  oxidizing am bient are
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separa ted  by the oxide layer and oxidant has to diffuse through this oxide 

layer. The oxidation process involves the sharing of valence electrons between 

oxygen and  silicon to form four silicon —oxygen bonds. Each bond is largely 

covalent with a small ionic com ponent at room tem pera tu re .  This ionic 

component becomes more im portan t  at elevated tem pera tu res . The oxide is 

usually grown either in a dry a tm osphere  of pure  oxygen or in an  atm osphere  

of w ater vapor. These growth conditions are known as dry and wet oxides 

respectively.

The stoichiometric chemical reaction for dry oxide growth is,

S i(so lid )  f  0 2 *=*■ S i 0 2(so l id ) (5.2.1)

whereas the stoichiometric chemical reaction for wet oxide growth is,

Si(so lid )  f  2H 20  ^  S i 0 2(solid)  + 2 H 2 (5.2.2)

These reactions occur when a silicon surface is exposed to  an oxidizing 

am bient, typically a t a pressure of 1 a tm .,  and a t  elevated tem pera tu res  in the 

range of ~  900 -1290  C. The ra te  of oxide growth is limited by availability of 

the reactan ts ,  namely, oxidant molecules and silicon —silicon bonds. Initially, 

oxide growth ra te  is limited by the availability of s ilicon-silicon bonds, as 

there  are more th an  enough oxidant molecules present at 1 atm osphere . The 

supply of oxidant molecules becomes the limiting factor as an  oxide layer 

grows as this oxide layer now separates the oxidant molecules in the ambient 

from the silicon — silicon bonds. Now the oxidant has to diffuse through the 

oxide layer in order to react at the S i - S i 0 2  interface.
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The oxide film is not coplanar with the original silicon surface because 

of a volume expansion during the oxidation process, due to the differences 

in the density of subs tra te  and the oxide layer. The density of S i 0 2 (2.21 

g /c m 3) is slightly less than  th a t  of the silicon (2.33 g /c m 3). Oxides grown in 

pure  dry oxygen have the best electrical properties, bu t  require considerably 

longer time to grow the same thickness of oxide, a t  a given tem pera tu re , 

than  in water vapor.

Passivation o f  Oxide Interface on a Silicon Substra te

The process of passivation is carried out to minimize undesirable su r­

face effects and  is usually ob tained  by forming a th in  insulating layer of 

therm ally grown oxide on the semiconductor surface 79. This oxide layer 

also helps in preventing the contam inants  from being injected into the su r­

face devices. The oxide s truc tu re  can be described as a noncrystalline con­

tinuous random  network. The flexibility in the bond angles of Si -(> Si in 

S i 0 2 makes it possible for the  oxide to ad just to  the crystalline silicon s truc ­

ture  and  make sa tu ra ted  chemical bonds a t the  interface of the oxide and 

the silicon. Both intrinsic and  extrinsic impurities contr ibu te  to imperfec­

tions at the interface region of the oxide and  the silicon. Param eters  such 

as a m ism atch of 6  % between silicon a tom  positions in silicon and silicon 

oxide create an intrinsic interface strain. The lower density of silicon atom s 

in oxide ( ~  2.5 x 1022 cm  3) as compared to silicon (5 x 1022 c m " 3) also 

contributes to defects at the  interface in the  form of broken bonds. These 

intrinsic imperfection sites are chemically active and  very likely to a t t rac t
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impurities. It is hard to distinguish individual contributions from intrinsic 

struc tu ra l  defects and extrinsic impurities.

Detailed accounts of the present understanding of the S iO j/S i  system 

can be found in excellent review articles summarizing work performed over 

three decades 80_8J. Three kinds of defects have been previously identified in 

the S iO j/S i systems, classified as fixed oxide charge, interface t rapped  charge, 

and  fixed trapped  charge* 3 These defects along with their charges are 

shown schematically in Fig. 5.2.1.

©A  MOBILE IONIC
CHARGE

Q )
OXIDE TRAPPED 
r  CHARGE

FIXED OXIDE 
CHARGE

+  + + + +

S i0 2

S iO *

INTERFACE 
TRAPPED CHARGE Si

F i g u r e  5.2.1 Schematics of different kinds of defects in thermally 
grown oxide on a silicon substra te , (from ref. 84)

Fixed oxide charge is positive and known to be located near the  in te r­

face, about 25 A from the Si -  S i 0 2 interface. These charges are immobile and 

do not exchange charge w ith  the silicon, hence are not in electrical comm uni­

cation with the underlying silicon. This fixed oxide charge is not affected by
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hydrogen in oxidation or annealing processes. The origin and the mechanism 

of creation and  annihilation of these charges is presently not well understood 

81,85. Techniques for controlling these defects in devices are largely empiri- 

cal 83'*8. Interface traps  refer to electrons or hole traps  localized at interface 

sites th a t  can change their charge states by exchange of carriers with silicon. 

The t ra p  occupancy and the total charge in these traps  changes with the 

surface potential. The broad d istribution of t ra p  energy levels th roughout 

the  silicon band  gap indicates th a t  there are sevcrnl kinds of traps  th a t  leads 

to this energy distr ibu tion  81 '8T. One kind of traps  is a broken bond in which 

n silicon a tom  is bonded to  only three o ther silicon atoms. The unpaired  

electron of this silicon a tom  (the trivalcnt silicon with a dangling bond) is 

chemically active. The observed reduction in interface traps  a t low anneal 

tem pera tu res  (4 0 0 -5 0 0  C for 5 - 1 0  min) in the  presence of hydrogen 88 8B 

is believed to  be due to passivation of the unpaired  electron with a hydrogen 

atom . Trivalently bonded silicon at the Si0 2 /S i interface is also known as a 

Pj, center, and  has been verified experimentally 9 9 -9 1  with experiments us 

ing electron spin resonance (ESR). The detection of P& centers is m ainly due 

to the  fact th a t  the  spin of the unpaired  electron localized at the trivalently 

bonded silicon a tom  interacts  with the magnetic field used in ESR. T he  sug­

gestion of hydrogen passivation of the dangling bonds has been supported  

by the reduction in the P& centers after anneal in a  hydrogen ambient.

Finally, oxide t rapped  charges are a property  of the  bulk oxide and 

prevails everywhere in  the  oxide. T rapped  charges could be e ither positive 

or negative due to holes or electrons t rapped  in the  bulk of the oxide. The
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effect of trapped  charges is profound when they are located near the interface 

region. The control of oxide quality is im por tan t  for minimizing these deferts.

3. Investigation o f  S iO j / Si with Variable Energy  Positron Beam

The variable energy positron beam  a t  BNL is utilized to  carry out ex­

perim ents on the Si(>2 /S i systems. This beam  has the capability of providing 

positrons with energy from 1 0 0  eV to 60 keV. The details of this beam  can 

be found elsewhere 92. The positrons annih ila te  with electrons in the sample 

and the energy distr ibu tion  of these annihila ting positrons is m easured with 

a high purity  Ge detector. The detected energy of the em itted  7  rays from 

these annihila ting positrons is Doppler shifted and  this shift is dependent 

upon the m om entum  of the e lec tron—positron pair. Since the im planted 

positrons are therm alized before annihilation, the Doppler shift charac te r­

izes the electron m om entum  prior to the annihila tion and  is very sensitive 

to whether these positrons were in a freely diffusing sta te  or in a t rap p ed  

sta te  at a defect site, at the time of annihilation. I11 Positron  Annihilation 

Spectroscopy (PAS), it is common to quantify the  Doppler broadening by a 

line shape pa ram ete r ,  called the S - p a r a m e te r  93. T he  S —param eter  is de­

fined as the ra tio of the  counts n,  counted under a  small fixed energy interval 

around  the center energy of 511 keV to the to ta l num ber  of counts N, in the 

photopeak, i.e.
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The S param eter reflects the narrowness of the energy spectrum  and this 

narrowness is a function of the m om entum  distribution of the electrons a n n i ­

hilating with the implanted thennalized positrons. A lower electron m om en­

tum  around the annihilation site produces a sharper annihilation spectrum  

and hence a higher S param eter  value and  vice versa. Typically m ateria ls  

with open v o lu m e - ty p e  defects produce a sharper  annihilation spectrum  

and hence a larger S - p a ra m e te r  value. For op tim um  sensitivity, the win­

dow of the central region which determines n in Eq. (5.3.1) for calculating 

S param eter, is adjusted  so th a t  the S - p a ra m e te r  value is ~  0.5 94. A 

typical S -p a ra m e te r  line shape is shown in Fig. 5.3.1.

511 keV

S= —  
^ N

P. (small)

Pe (large)

Pe l  St

F i g u r e  5 .3 .1  The schematics of the  typical line shape of S - p a ra m e te r  
is shown together with the effect of electron m om entum  P e on the shape of 
S -p a ra m e te r ,  (from ref. 92)
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Pitsitron Im plan ta tion  and Diffusion

Im planted  positrons in a solid thermalizes rapidly and then diffuse 

around until they annihilate  with an electron by emission of two 7 -  rays, with 

an energy of 511 keV each. T he  therm alization time for the  positrons is small 

com pared to their lifetime. T he  positrons thermalize typically 011 a time scale 

of ~  1 0 ~ 12 sec whereas their typical lifetime in the m aterials is ~  1 0  10 ser. 

T he spatial d istr ibu tion  of the positrons as a result of scattering events during 

the therm alization process is usually described by the im plan ta tion  profile 

of the im planted  positrons. T he  mean im planta tion  dep th  2 (in A), for a 

uniform m ateria l is approxim ated  by,

2 = A E "  (5.3.2)

where the coefficient A is given empirically95 by ~  332p~' where p is the 

target density in g /c m 3, and E is the  incident energy in keV. The param eter  

n is abou t 1 .6  for m ost m ateria ls 95. Sometimes n is also used as an  energy 

and m ateria l dependent param eter,  particularly  for high Z m ateria ls97. Also 

it has been reported  th a t  the coefficient A depends upon the m ateria l of the 

target and  the energy of the im planted  positrons 98. M onte Carlo simulations 

carried out for the  im plan ta tion  profile, P(z), of the positrons has been found 

to fit well a M akhovian d istr ibu tion99, is given as,

P( z )  = ^ ^ ™ v \ - ( - r }  (5.3.3)
20 20

where 2 0 =  is the  m ean im planta tion  depth . In previous work, it has 

been found th a t  the  derivative of Gaussian d istr ibu tion  (111 =  2 , in the
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Makhovian distr ibution) gives a good approxim ation to the implantntion 

profile1 0 0 -1 0 1  and  is given as,

2z z
P ( z ) =  -  exp - (  — ) (5.3.4)

z o

Proj»agation of the positrons after therm alization  is usually well described 

by the diffusion equa tion102-103.

The positron density n(z,t)  as a function of their position z and time 

t can be described by the diffusion equa tion 104 as,

On(z,t) n d2n(z ) D dti(z) n(z) .
- i r 1 -  d - ? ¥  -  c ( z H f  ~ w r  - +  - < * >  <5 3 5 )

where D is the positron diffusion coefficient, T  is the  tem pera tu re ,  k is the 

Boltzm ann constant, e is the electric field, e is the  positron charge, tio(z) is 

the ra te  at which thermalized positrons are im planted  at dep th  z, and Trj j  

is the  effective lifetime of the positrons. This  effective lifetime can further 

be expressed as,

Teff = Tbu\k + !‘Cd ( 5 3 -6 )

where Tfcu/* is the lifetime of the positrons in the bulk, n  is the specific

trapp ing  rate, and  C j  is the defect concentration in the  solid.

Under steady s ta te  conditions, i.e. ^  =  0, the  time dependent diffu­

sion equation reduces to an ordinary linear s e c o n d -o rd e r  diffusion equation, 

104given as
d2n( z )  1 dn( z )  n ( r )  n 0 (z)
~ d * ~  ~  7 \~ i7  -  v  + d  = 0  ( 5 ' 3 ' , ,

where L  =  ( D r t f f Y / 2 is the positron diffusion length  and  A = k T / e c  is a 

pa ram ete r  with dimensions of length which characterizes the  electric field e.
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Since only the relative fraction of positrons annihilating is required in the 

d a ta  analysis, Eq. (5.3.7) is normalized with respect to  the total positrons 

deposit rate. The positron deposit rate  110( 2 ) in Eq. (5.3.6), is then modified 

to the  normalized positron im planta tion  profile. A complete solution to the 

diffusion equation in Eq. (5.3.7), can he found elsewhere 'g2' 103.

The typical approach in studies of multilayered struc tu res  is to as­

sume th a t  each layer is homogeneous but distinctive from each other. The 

resultant lineshape S -param eter  for these s tructu res  is then the average of 

the S -p a ra m e te r  values of the various layers, weighted by their respective 

annihilation fraction F  and is given as 92,

N
s  = ^ 2  5>F« ( 5 .3 .8 )

i = 0

where N is the total num ber of layers. S; and  Fj in Eq. (5.3.8) are the 

S - p a ra m e te r  and the annihilation fraction of positrons in the \ ,h layer re­

spectively. The surface contribution is represented by the i =  0  term . The 

annihilation fraction F; is ob tained  by the solution of Eq. (5.3.7) and rep­

resents the fraction of positrons annihila ted  in the \ ,h layer. Typically d a ta  

analysis is performed by the simulation of the experimental S - p a ra m e te r  vs 

energy E, curves in Eq. (5.3.8). A com puter code called Variable Energy 

Positron Fit (V E P F IT )  105 is widely used for modelling and  fitting d a ta  to 

the  model from positron dep th  profile experiments and  S - p a ra m e te r  vs en­

ergy measurem ents. This program  solves the one dimensional, steady state , 

diffusion annihilation equation (Eq. (5.3.7)), with a Gaussian derivative im ­

plan ta tion  profile for the positrons.
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For multi layered s tructu res  with different m ateria l densities, an ef­

fective im plan ta tion  profile P r / / (E ,z ) ,  is calculated by scaling the dep th  de­

pendent density p(s) ,  with respect to  the  subs tra te  density p0. The  modified 

im plan ta tion  profile108 is given as,

Pr J f { E , z ) - - =p{z)  P { E , z ' )  (5.3.9)
P»

where

s' = [  ~  <iz (5.3.10)
J  Po
o

where P(E ,z) is the  im plan ta tion  profile for a constan t density  m ateria l, with 

a subs tra te  density pn.

4. Activa tion  Energy o f  Hydrogen in S iO 2/S i(100)

It is common practice to use hydrogen to  passivate the dangling bonds 

and  hence improve the electrical properties of the  devices 7T' I0T. It has been 

observed 77 th a t  hydrogen can passivate interface s ta tes  of the SiOj / Si 

systems and can also alter the fixed and mobile charge in the  oxide layer. 

T he  abundance  of hydrogen in m any fabrication processes and its impact 

on the  properties of the SiU2/Si system, has led to  much research activity 

d irected towards more unders tand ing  of its in terac tion  with S i 0 2/S i based 

devices. Here an effort is m ade to measure the activation energy of  hydrogen 

from interface sta tes  of this technologically im p o r tan t  S i 0 2 / S ! ' ! s y s t e m ,  

with the use of Doppler broadening annihilation spectroscopy. The positrons

80
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has the tendency to get trapped  a t defect sites which happen  to be sensitive 

to  hydrogen trapp ing  108 110 also.

The samples used in this experiment had  an oxide layer of 1172 A, 

grown in dry O 2 under no HC1, on bo th  11-  and  p —type Si(1 0 0 ) subs tra te  

with no post oxidation forming gas anneal.

The samples were annealed from room  tem pera tu re  to 700 C, in steps 

of 50 C in situ. The annealing process was carried out for 30 min. for each 

tem pera tu re  and  during annealing the base pressure of the  targe t  chamber 

ranged from 1 x 1 0  8 to the  high 1 0 “ 8 torr. For annealing, the  samples were 

resistively heated by a  tan ta lu m  foil in contact with the back side of the 

silicon. The tem pera tu re  was m easured with a K —type C hrom el— Alumel 

therm ocouple  in contact with the oxide side of the sample. T em peratu re  

m easurem ents with this arrangem ent were es tim ated  to  be accura te  to  within 

±  20 C 1' ' .

In order to observe the recovery of the interface sta tes  during these 

experim ents, the  samples were exposed to  atomic hydrogen after the comple­

tion of the annealing cycles. The samples were m ain ta ined  at 300 C during 

exposure to the  atomic hydrogen. The atom ic hydrogen for this post anneal­

ing trea tm en t  was obtained by dissociating molecular hydrogen in the  target 

cham ber with an ionization filament of a vacuum  ionization gauge. T yp i­

cally, for these experiments, the to ta l hydrogen exposure was in ~  1.4 x 107 

Langm uir ( 1 L =  1 0 ' 8 to rr  -sec).

The S — param eter  was m easured for different incident energies E, of 

the  positrons. A typical S - E curve for the  S iO j/S i system  is shown in Fig.
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F ig u r e  5 .4 .1  The S vs E  spectrum  shown above is typical fur S iO j/S i 

systems and shows distinct S —param eter  values for the surface, oxide, in ter­
face, and the bulk silicon regions.

5.4.1. The d a ta  shows d istinct signals corresponding to the surface, oxide, 

interface, and the bulk silicon regions ,12.

Usually, a high value for the oxide S -p a ra m e te r  and a  low value for 

the  interface S -p a ra m e te r  is indicative of a  good quality oxide layer and a 

good interface respectively 92. Fig. 5.4.2 and  Fig. 5.4.3 show the normalized 

S —param eter  curves corresponding to  different annealing tem pera tures , for 

n — and  p —type substra te  Si(100) respectively. The S -p a ra m c te r  shown 

in Fig. 5.4.2 and Fig. 5.4.3 are  normalized to  the bulk silicon S -p a ra m c te r
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value. For 5 x  1 0 ® counts for each energy, the typical errors in the  normalized 

S pa ram eter  was 0.0011. For these m easurem ents, the sample was allowed 

to a tta in  the room  tem pera tu re  before s ta r ting  the measurem ents. These 

curves show th a t  the  normalized S —param eter  for the  SiC>2 /S i ( 1 0 0 ) interface, 

for both n -  and p - t y p e  subs tra te , undergoes substan tia l changes during 

annealing. The essential features of this behavior are more obvious from the 

d a ta  in Fig. 5.4.4 and Fig. 5.4.5, for n -  and p —type substra te  respectively. 

From Eq. (5.3.2), an  im planta tion  energy of ~  4.0 keV corresponds to a mean 

pene tra tion  dep th  of 1 0 0  nm. Fig. 5.4.4 and Fig. 5.4.5 shows the curves 

for the normalized S pa ram eter  at 4.5 keV incident energy of the  positrons, 

corresponding to  the  interface region of the  oxide and  the substra te .

S - p a ra m e te r  goes to a  m in im a at annealing tem pera tu re  of abou t — 

250 C, then increases with higher annealing tem pera tu res  and  finally sa tu ­

rates  a t  ~  650 C. T he  decrease in S - p a ra m e te r  corresponding to the  in ter­

face at ~  300 C can be explained by the fact th a t  hydrogen is liberated  from 

the oxide layer ,07’, ,J  around  this tem pera tu re . This l iberated hydrogen 

then  diffuses to the  interface, passivates the unoccupied trap  sites at the 

interface, and reduces the interface s ta te  density. According to  the  present 

unders tand ing  of positron behavior in S iU j/S i  systems, positrons and hydro­

gen prefers to be t rapped  at the  same trap  site, so th a t  positrons will give 

a high S —param eter  value if trapped  at an activated site at the interface 

and  a low value if the t rap  site is passivated with hydrogen. This argu­

m ent tends to  support  the  correlation between the behavior of S - p a ra m e te r  

and  the interface sta te  density 92. T he  increase in interface S —param ete r  at
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Figure 5 .4 .2  The nonnnlized S-paraincter vs E curves for a n -typ e  
substrate for different annealing temperatures. For clarity, the curves are 
shown for each 100 C annealing temperature steps. However the measure­
ments were carried out in steps of 50 C. All measurements were performed 
after the sample was cooled down to room temperature.

higher annealing temperature can be attributed to activation of the hydro­

gen from trap sites at the interface, and causing an increase in the interface 

trap density.

The changes in S—parameter at interface during annealing are associ­

ated with activation of hydrogen from trap sites, as verified by exposing the
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Figure 5 .4 .3  The normalized S-parameter vs E curves for a p -ty p e  
substrate for different annealing temperatures. For clarity, the curves are 
shown for each 100 C annealing temperature steps. However, the measure­
ments were carried out in steps of 50 C. All measurements were performed 
after the sample was cooled down to room temperature.

samples to atomic hydrogen after the annealing cycle, shown for a n -ty p e  

substrate in Fig. 5.4.6. The recovery of S-parameter at interface is consis­

tent with previous measurements ,08<, n .

Analysis to obtain the activation energy of hydrogen is carried out 

by considering a series of isochronal annealing processes at equally spaced
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F i g u r e  5 .4 .4  The normalized S - p a ra m e te r  vs annealing tem pera tu re  

for a n —type substra te , a t  an im plantation energy of 4.5 keV. The annealing 
m easurem ents were carried out in steps of 50 C. All m easurem ents were 
performed after the sample was cooled down to room  tem pera tu re .

tem pera tu res  T , ,  for i =  0 , . . . ,  JV of du ra tion  r  sec. T he  hydrogen content 

A/«(t)  a t  the  beginning of the itk cycle is given as 1,1,

=  -A /H(i)A '0 ex P ( - j 4 f T )  (5-4.1)

where Ko is the  vibrational frequency, €  is the  activation energy, and  kg is 

the  Boltzm ann constant. It is assumed here th a t  this isochronal annealing
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F i g u r e  5 .4 .6  The normalized S - p a ra m e te r  v j  annealing tem pera tu re  
for a p - t y p e  substra te , a t  an im planta tion  energy of 4.5 keV. T he  annealing 
m easurem ents were carried out in steps of 50 C. All m easurem ents  were 
performed after the  sample was cooled down to room tem pera tu re .

is a  first order process. Quantitatively, S —param eter  a t  the  interface can be 

taken  proportional to the  hydrogen content, Af##. W ith  this assum ption , the 

activation energy can be written ,M ,

e ~  k g T m In [ , r * V - \ ] <5-4 -2 )
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F i g u r e  5 .4 .6  The normalized S - p a ra m e te r  vs E  curves for an oxide on 
a  n - t y p e  substrate . The measurem ents were carried out first a t  room  tem ­
pera tu re , then sample was annealed at 700 C for 30 min. in situ, and  finally 
it was exposed to atomic hydrogen at 300 C  for 30 min. and  subsequently 
cooled down in atomic hydrogen ambient before the m easurements.

where T /  and  Tj are shown in Fig. 5.4.7. T he  param eter  T m is Tm -  

( Tt +  T / ) /2  and A T  is the  step size in annealing tem pera tu re . In Eq. (5.4.2), 

the  step size A is a rb itra ry  bu t the activation energy is unique. The change 

in step size will change the to ta l am ount of t im e spent for carrying out 

the  process of isochronal annealing and hence will affect the  shape of the
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a n n e a l i n g  curve .  T h is  c h a n g e  in s h a p e  <>f tlie a n n e a l i n g  cur ve  t r a n s l a t e s  in»<> 

t h e  c h a n g e  in p a r a m e t e r s  such as T , .  T / ,  a n d  T m . used  in t h e  r e la t io n  for 

c a l c u l a t i o n  of  a c t iv a t i o n  energy  of  h y d r o g e n .

e
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F ig u r e  5 .4 .7  Schematic of the normalized S -p a ra m c tc r  vs annealing 
tem pera tu re ,  showing different param eters  used in the calculation for the  
activation energy in Eq. (5.4.2). (from ref. I l l )

For an oxide on n —type Si(1 0 0 ) subs tra te ,  the param eters required

for the calculations for the activation energy (as indicated in Fig. 5.4.7)

were obtained from Fig. 5.4.4. Using appropria te  values of T* =  653.6

K, T /  =  925.4 K, T m = 789.5 K, nnd A T  =  50 K from Fig. 5.4.4 in 

Eq. (5.4.2), resulted in an activation energy for hydrogen €  of 2.60 (6 ) eV. 

For this calculation, the vibrational frequency Ko, was taken to be 1 0 13 sec- 1. 

Similarly, for on oxide on p —type Si(1 0 0 ) subs tra te ,  using appropriate  values
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of T i  =  615.86 I<, T f  = 887.29 K, T„, =  751.58 K from Fig. 5.4.5, and 

A T  = 50 K, the activation energy for hydrogen was E =  2.47 (6 ) eV. The 

activation energy for hydrogen is dependent on the m ethods used to grow 

the oxide films. The values observed in our experim ents  are in reasonable 

agreement with the values observed in previous experim ents  , ,1 >, , J .

5. S tu d y  o f  Irradiated SiO i/S iflO O )

The studies of radiation dam age on the oxides in Si()2 /S -X___ , is of

great interest because of its consequences for the  perform ance of this cor­

nerstone of the  microelectronics industry  114. Exposure  of devices to  ioniz­

ing rad ia tion  such as X - r a y s ,  7 - r a y s ,  electrons, and  ions can cause severe 

degradation  of device performance and  opera ting  life time. On irrad iation , 

the  oxide and  the interface layers suffers significant damage. This  dam age 

could consist of buildup  of the t rapped  charges in the  oxide, an  increase in 

the  num ber of interface traps  and  an increase in the  num ber of bulk oxide 

traps.

An effort is m ade here to investigate the  creation of defects in the 

oxides, irrad ia ted  with X - r a y s  and  7  —rays, with the use of Positron Anni­

hilation Spectroscopy (PAS). The dom inant type of defect in the irradiated  

oxide layers has been previously identified by electron spin resonance (ESR) 

technique 1 ,5 - 1 1 7  as E ' centers. An E' center is a trivalent silicon atom  

th a t  has an unpaired electron in the dangling orbita l  and  is back bonded to 

three oxygen atoms. T he  s tra ined Si — O bond in the  oxide layer is easily

80
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broken by ionizing radiation and can form associated nonbridging oxygen 

and  a trivalent silicon s truc tu re , i.e. an E ' center.

The samples used in this experim ent had a oxide layer of 1172 A, 

grown in dry C) 2 under no HC1, on both  11 and  p -  type Si(1 0 0 ) substra tes  

with no p o s t-o x id a t io n  forming gas anneal. These samples were irradiated  

with X - r a y s  a t the  National Synchrotron Light Source (NSLS) X -  ray beam- 

line with doses in the range of 50 — 2000 m J / c m 2, with an average energy of 1 

keV. T he  7 - r a y  irradiation was carried out at the 80Co gam m a pool facility 

at Brookhaven National Laboratory  (BNL). The irrad ia tion  was carried out 

at a tem pera tu re  of 10 C. Some samples were exposed to a cumulative rad i­

ation dose ranging from 7 x  1 0 4 Rad  to 9  x  1 0 * Rad (1 R ad  =  100 e rgs /gm ), 

at a constant dose ra te  of 7.3 x  1 0 3 R a d /m in ,  while o thers  were exposed to 

a cumulative dose of 1 x  10* Rad, at different dose rates  ranging from 1 0 0  

R a d /m in  to  1.8 x  1 0 4 R a d /m in .  M easurements on some samples were carried 

out imm ediately after irrad iation , while o thers were allowed to age for few 

weeks a t room  tem pera tu re  before m easurem ent. The positron beam  in ten ­

sity during these m easurem ents was ~  5  x  10* e + /sec, too low to produce 

any m easurable  radiation dam age during the experiment.

S - p a ra m e te r  m easured for different beam  energies E, for bo th  un irra ­

d iated  and irrad ia ted  samples is shown in Fig. 5.5.1. The d a ta  in Fig. 5.5.1 is 

normalized to the  silicon bulk value, Sj,. The  bulk S - p a ra m e te r ,  S&, is calcu­

lated  by taking the average of the m easured S -p a ra m e te r  values in the  S -  E 

d a ta  set for energies greater than  15 keV. At a pene tration  dep th  of 50 m u, 

S - p a ra m e te r  for the  oxide layer of the irrad ia ted  SiC>2 /S i ( 1 0 0 ) sample shows
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F i g u r e  5 .5 .1  S - pa ram eter  vj E for 1172 A thick oxide layer on n — and 
p - t y p e  Si(100) substra te , for bo th  un irrad ia ted  and  irradiated samples with 
X - r a y s  and  7 - ra y s .  For the  X - r a y  case, the  sample was exposed to X - r a y s  
of an  average energy of 1 keV and  a total cumulative dose of 500 m J/cm *. 
T he  cumulative dose for the 7 -  rays irrad ia ted  sample was 1 x 1 0 s Rad, at 
a dose ra te  of 1.8 x 1 0 ® R a d /m in .  O ther  cumulative doses and different dose 
ra tes  m easurem ents, not shown here, showed similar behavior.

a change as compared with the  un irrad ia ted  sample, which could be due to 

defects created  by irradiation. These changes in S -p a ra m e te r  are found to 

be independent of the dopan t type, irrad iation  dose rate, and cumulative 

dose of up  to  9 x 1 0 ® Rad. Also there  was 110 indication tha t  these defects
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annealed out with time, when the samples stored for few weeks at room tem ­

p era tu re . The drop  in the value of S - p a ra m e te r  in the  oxide layer suggests 

th a t  positrons are annihilating with defect sites created  during  irradiation 

and , together with the information tha t  stra ined Si —O bonds in the oxide 

are easily broken during the irradiation process, leads to the suggestion th a t  

this change in S -  param eter  could be due to these broken stra ined bonds. 

It is also observed th a t  S - p a ra m e te r  value at the interface increases in the 

irrad ia ted  samples. Usually the  interface states are passivated with hydrogen 

bu t when irrad iated , perhaps this hydrogen is activated out of these states, 

leaving a dangling bond a t  the interface. These changes in the  S -  param eter  

a t  the  interface are consistent with previous m easurem ents done on the hy­

drogen activation energy with PAS 1,1 and  the results discussed in the last 

section.

The series of S - E  curves in Fig. 5.5.2 correspond irrad ia ted  sam ­

ples annealed a t different tem pera tures . Fig. 5.5.3 shows the change in 

S - p a r a m e te r  a t  a fixed energy of 2 keV, which corresponds to ~  50 nm 

inside th.e oxide layer of the  S i Oj / S ’^ l s a m p l e .  It is evident from the 

S - p a r a m e te r  t>3 annealing tem pera tu re  curves at 2 keV th a t  the S --para­

m eter  value recovers to  the  value corresponding to  the  unirrad ia ted  sample 

a round  250 C (± 2 5  C). Isochronal annealing for these m easurem ents was 

carried  out for 30 min. at each tem pera tu re .

Annealing of defects created due to the  i rrad ia tion  of the sample w’ith 

7 - r a y s  a t this tem pera tu re  suggests th a t  these defects are E ' centers. These

80
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carried out in steps of 50 C. The sample for this m easurem ent had a cum u­
lative dose of 1 x 1 0 * Rad, at a dose rate  o f  1.8 x 10* R ad /m in .

centers are known to  s ta r t  annealing out rapidly around these annealing
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Fitting of the d a ta  in Fig. 5.5.1 was carried out with a program  called 

YEP F IT  ,l,s. A three layer model was used to fit the experimental da ta . The 

diffusion length, electric field, and the S — param eter of each layer was varied 

to obtain the best fit to the da ta . The diffusion length of the positrons in
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F i g u r e  5 .5 .3  S -p a ra m e te r  vs annealing tem pera tu re  for 7 - ra y s  
irrad ia ted  SiO j/S i(100). The plotted  S - p a ra m e te r  is m easured at 2 keV 
im plan ta tion  energy (which corresponds to ~  50 nm  deep inside the oxide 
layer) and is ex tracted  from the S - p a ra m e te r  vs energy curves a t  different 
tem pera tu res  in Fig. 5.5.4.

the irrad ia ted  and unirrad ia ted  samples was found to  be within the errors 

associated with the fitting model. T he  fitted normalized S - pa ram ete r  for the 

oxide on a  n —type substra te  changes on irrad iation  with 7 - r a y s  from 0.9800 

(11) to 0.9701 (11), whereas the  S —param eter  for the interface changes from

0.9276 ( 1 1 ) to  0.9365 (11). The S -p a ra m e te r  values ob tained  for the oxide 

grown on a p —type substra te  also changes in a  similar m anner  from 0.9200 

(11) to 0.9325 (11) for the interface, while from 0.9804 (11) to  0.9709 (11) 

for the  oxide layer.

n-type
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In related work with ion im planta tion  (B and  Si) on Si()2/Si s truc ­

tures, m uch larger changes in S -  param eter  of the oxide layer were produced 

as com pared to the present experiment. The annealing behavior observed 

in irrad ia ted  sample was clearly different from th a t  of the ion im planted ox 

ides. T he  different isochronal annealing behavior and the correlation with 

ESR m easurem ents has indicated the dominance of o ther  kinds of defects 

such as nonbridging—oxygen hole center (NBO HC), peroxy radicals ( PR) ,  

and others 122 ,23. The changes in S - p a ra m e te r  and  the correlation with 

the annealing behavior of the irrad ia ted  samples, suggests th a t  there  is indi 

cation of the  presence of E ' centers and these are observed for the  first time 

using Doppler broadening annihilation spectroscopy I24.



C hap ter  0.

S u m m a ry

This chap ter  summarizes the results of the work performed for this 

thesis as described in the previous chapters. The work performed can be 

broadly divided into three sections. The first is mainly related to the  rare gas 

solid m odera tor .  The second is the  design and  construction of the tim e pulsed 

positronim n beam , used to carry out investigations of the pulsed positron- 

ium  beam. The last section is based on the experiments performed on the 

SiO 2 /S i ( 1 0 0 ) system, using Positron Annihilation Spectroscopy (PAS). The 

experim ents  on the S i 0 2 /S!^_ ) systems were mainly concentrated  on m ea ­

surem ent of the  activation energy of hydrogen a t the  interface of oxide and 

silicon, an d  studies of the  creation of defects in S i 0 2 /Si(100) on irrad ia tion  

with A '—rays and  7 - ra y s .

T he  s tudy  of the rare  gas solid m odera to r  in this thesis was motivated 

by the necessity to know the positron m odera tion  efficiency for a bare  source 

in order to  ob ta in  a high flux positron beam  with an intense MCu radioactive 

source from High Flux Beam Reactor (H FB R ) at Brookhaven National Lab­

oratory  (BNL). These studies were carried out by constructing a beam  line 

at BNL, utilizing a sealed 350 /rCi 22Na radioactive source, with a m odera to r  

in different geometrical configurations. T he  neon m odera to r  in conical geo­

metrical configuration provided an  efficiency of (4 .6 ± 0 .1 )  x 10~ 3 for positron 

m odera tion , underestim ated  by a  factor of (3.1 ±  0.5) as com pared to the

115
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efficiency of a  bare radioactive source. Among different rare  gas solid mod 

era tors  investigated, neon in the conical geometry outperform ed other rare 

gas solid m odera to rs  by a factor of 6 . The  conical configuration m odera tor  

also performed b e tte r  by a factor of (2 .2  ± 0 .2 ) than  the cylindrical configura­

tion m oderator. The corrected efficiency for a neon m odera to r  in the conical 

configuration with a bare 22Na source was as high as (1.4 ±0 .2 )% . This m od­

e ra to r  when used with a fl4Cu radioactive source from HFBR could provide 

positron flux as high as 7.8 x 1 0 ® e + /sec. Presently, the neon m odera tor  is 

in use with a 1 0 0  mCi 22Na source in Bldg. 480 at BNL and prepara tion  are 

underway for its use with a 6,|Cu radioactive source from HFBR.

In order to  continue the previous experiments at BNL on positronium  

reflection from the surface of a solid, a  time pulsed positron beam  was built 

a t  BNL with the capability to carry out surface sensitive experiments in 

u l t ra  high vacuum. This beam  has the ability to  store low energy positrons 

in a magnetic  bo ttle ,  with a magnetic  m irror at one end and an  electrostatic 

m irror a t  the  o ther. These stored positrons can then be bunched with the use 

of a buncher, developed under the direction of Dr. Allen Mills, J r .  at AT&T 

Bell Laboratory. This buncher when pulsed at a ra te  of 1 kHz, provides pulses 

of positrons with a FW H M  of  17 nsec, which includes a contribution of 8  usee 

from the buncher alone. W ith  this beam  line, it is also possible to carry out 

time of flight m easurem ents and  hence energy distr ibution m easurements. 

Qualitatively it was es tim ated  tha t  the  pulses had at least one positron per 

pulse. In order to  obtain  a positronium  beam , these positron pulses were 

m ade  to hit a 50 A carbon foil. The present investigation led to the conclusion
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thnt with present positron flux, it is not possible to obtain  a good estimate 

of the efficiency of positronium  production and hence m ore information on 

the energy and  angvdar distr ibution of the positronium  beam. It is expected 

tha t  this work will continue with a higher positon flux in Bldg. 480 at BNL. 

This will be able to  provide information on positronium  form ation efficiency, 

angular d istr ibution, and  energy distr ibution. F u r the r  this positronium  beam 

will be used to carry out investigations on reflection and diffraction of the 

positronium  atom s from solid surfaces. Time of flight m easurem ents would 

be able to  provide useful information on the energy losses of the  positronium 

during their interaction with solid surfaces.

The sensitivity of positrons to defects has shown a great potential in 

providing useful information on technological im por tan t  SiC>2 /Si( 1 0 t>) sys­

tems. The variable energy positron bearn a t BNL was utilized to carry out 

experiments on this system. Positron Annihilation Spectroscopy (PAS) was 

used to  measure the activation energy of hydrogen at the  interface of oxide 

and a silicon ( 1 0 0 ) substra te . In addition  to  PAS the ESR technique is also 

frequently used to ex tract  this information. The sensitivity of ESR is due to 

the param agnetic  na tu re  of the defects, which is not so for positrons. The 

activation energy of hydrogen at the  interface of a SiO2 /S i ( 1 0 0 ) sample with 

a n -  and p — type subs tra te  was m easured to  be 2.60(6) eV and 2.47(6) 

eV respectively. The im portance  of rad ia tion  dam age in the device industry  

led us to carry out investigations on the irrad ia ted  samples of SiL)2 /S i ( 1 0 0 ). 

The irrad ia tion  was carried out w ith  X - r a y  an d  7 —ray sources at NSLS 

X - r a y  beaniline and  80Co gam m a pool facility a t BNL respectively. Using
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PAS, it. was observed t hat  the oxide layer of SiO2 /S i ( 1 0 0 ) suffered significant 

damage. T he  correlation of the observed change in the S param eter  with 

annealing behavior of the created defects due to irrad iation  of the sample 

led us to suggest tha t  these defects were E ' centers, which are trivalent sil­

icon atom s th a t  have an unpaired  electron in the dangling orbita l  and are 

back bonded to three oxygen atom s. It is expected th a t  in the future the 

high sensitivity of positrons to defects together with o ther  techniques using 

positrons such as 2D ACAR and lifetime m easurem ents, will be able to  p ro ­

vide defect specific information in S iO j/S i  based systems, which is presently 

very difficult to  ob tain  with o ther techniques.
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