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* ABSTRACT

The thesis introduces positrons, their creation
~ and annihilation, and describes how they can be used to
‘demonstrate channelling. = The design and construction
‘of the electronic system used to investigate channelling
ii'is described and the system is also used in an experiment
- to find the stopping power of positrons in aiuminium.
) Details are then given of various methods previously used fq
. to obtain the monbvacancy formation energies in metals
~ together with a new method based on the phenomenon of
k Doppler Broadening of the positron annihilation radiation“»
frequency. The relative merits of the different methods

are discussed and values for the monovacancy. formation

 energy in Copper, Aluminium and Zinc obtained from °$P°ri-ﬁelv}§
'i mental data are presented and compared with previous S
;“values. A brief description is then given of an exten-

‘? sion of the Doppler Broadening technique into the field ;'

- of meutron irradiation damage together with some tentative

. conclusions.
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" the presence of positive energy electrons which could
" Conservation of momentum requires that the energy be

,'3'uvliberated by emission of at least two quanta- in oppositeﬁzﬁ

vlvaation of tracks in a cloud chamber exposed to cosmic

;5?i7radiation at Pasadena, California (Anderson, 1933). ,:ﬂf“

. masses but opposite charges. -

‘""?;identiried as an electron.;fﬁ

CHAPTER 1 '
POSITRONS AND POSITRON ANNIHILATION

l.1 INTRODUCTION

Positrons were first predicted by Dirac. It
- all the neggtive energy states for eiectrons are filled
then the 'sea' of occupied states is not detectable Co
‘because all transitions are forbidden by Pauli's Principle.‘.tj;
‘An electron could make a transition to a vacant positive
- energy state 1f it obtained at least 2moc2 eneiéy when
1t would be observable as would the 'hole' or positron
.lert in the negative energy statés (Fige 1.1). The hole -
.would behave as an electron except that it would appear .

to move in the opposite direction to an electron in an ’_'
-electromagnetic field, i.e. the hole has opposite charge T
- to an electrons The hole would also be unstable in |

- easily féll into the hole thereby liberating 2moc2 energy.f"

‘;'directions having minimum energy m, c2.

In 1932 positrons were discovered by the obser-  i

“‘mhe curvature of the tracks showed that two particles
”w}:had been created simnltaneously and that they had equal

One or the particles was

1_.




3 .
positron electron annihilation (Fige. l.2) was first

measured to be 510.96 KeV (Klemperer, 1934). It was
later shown that one in every 370 annihilations occure‘_f
" with the emission of 3 quanta (Ore and Powell, 1949).

The energy of the two vy rays produced by a

Measurement of tfiple coincidences (Rich, 1951) led %o
~ the theory that the ratio of 3y 32y annihilatione
would decrease. if the positron and electron formed a -
- quasi-stable positronium atom before annihilating.

O‘lo-eec)

~ Binglet positronium would decay promptly (1 :

emitting 2 quanta whilst the triplet state would have a . .~ *

- longer 1ifetime (10~7 sec) before annihilating and
] ) ! - o

_ emitting 3 quanta. -

1.2 POSITRON THEORY

A quanta of energy E creates 2 oppositely

- charged particles of mass m_and m_. At the instent of

f:creation the particles are ejected with energiea;E¥‘andv :
‘ E.. To éreate a mass m requires energy equa; to ch h

‘80 if the quanta is completely used up then
E = (m +m )02 +E + E_

ffneaeurement of all the other quantities allowe m, %o be
Efcalculated and from experiments P | :

, - (1,02 + 0.10)m_
‘(m ‘# m )c2- 1;02 MeV

_ﬁ;;The poeitron 1e 1dentica1 %o the electron excqpt that it
- !fhas the oppoeite charge. ;*
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Pair creation is forbidden in free epace:my

~conservation of energy and momentum and usually occurs

in the field of an atomic nucleus which recoile with the
excess momentum imparted by the pheton. 'Ioss of kinetic
energy to the nucleus is small because of the relative

‘naseee. Small differences in the energies of the positron

~ and the electron are due to potential energy differences

) in the field of the positive nucleus.,

o - In the Compton effect photons transfer only a

proportion of their energy to the target electron and

pass on as degraded ra@iation: Pair production requires

- the ﬁbtal absorption of the photon by the electron whichl_

48 1ifted out of the negative energy state to a positiye -

energy state leaving a positren behind. Since (m.+ + ni)ca"f
& 1.02 MeV this is the minimum threshold energy for

i - pair production and the cross section increases with

ﬂ ffj’”the atomic number of the element concerned. In lead

" the photons.

Hnlﬂflation must take away the threshold energy, i.e. mass Of

"5.‘;¥h11at1n8 Pair E and E

‘“f,increasins photon energy above 1.02 MeV (Fig. 1.3) and "1th

the photon absorption is apprecidble above S5MeV when it
accounts for the greater part of the total attenuation or

: The positron is entirely stable in vacuo but
- annihilates with an approaching electron, the exact’ reverse
'f;ot pair production. The two quanta released at annihi- < -

»ﬁﬁthe electron and positron, end the energies or the anni-:f.

N T

'“*iigNZhipﬁq.ﬁfl;pa H°Vrf.3.f+.3;?if;e
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Usually slow positrons and slow electrons annihilate so
that E, and E_ are negligible. = Conservation of momentum
end energy shows that the two quanta must be emitted with
the: same energy, 510KeV, in eiactly opposite directions. UL
.’Two photon annihilation occurs if the spins of the poeitron_j;:f
‘and electron are antiparallel. If they are parallel con=- R
servation of spin parity implies that at least'three'quanta iﬁgf
' must be emitted. The rate of annihilation of slow posi- X
trons in matter is given by L

-1 ' 2 2 .
. - - A = ce"e"’ctwt where
y . 72 . density of electrons with antiparallel .
'spin direction at the average positron position, i.e. o
- forms singlet state and annihilates with two quanta R
“emitted. S . T

4

| ‘1’% = the same for parallel spin direction, R
j i.e, forms triplet state and annihilates with three quanta "ﬂfé
,e‘emitted.f ' - e

Ca and C, are fundemental interaction rates i.n o
~ the singlet and triplet states respectively. -
0 T

0’ sec .~
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i electrons of the annihilation medium.

- lation quanta indicated that the posifron lifetime inj

?itive.intensity was not temperature dependent although the'fﬂ
%i actual lifetimes did vary with temperature. -If triplet
”;positronium was formed in amorphous solids as well as .

fﬁ;the 8inglet form found in metals then the triplet positro-

! 1

‘;fnium could decay directly or via the singlet state giving }j

If the effects of coulomb forces are neglected then
vl . e and “Panane where n_ is the
s 5 t o e ™
number of electrons per cc. of matter, i.e. the electron -

density. If coulomb forces are taken into account but

>;the positrons are still assumed to move freely through

the medipm then ny becomes the effective number of"

electrons per cc. of matter.

" 1.3 ANNIHILATION LIFETIMES

Neither the positron nor the electron are at :»*71

 5rest when they annihilate but usually have energies of
~ about 13eV. The annihilation quanta are therefore not

emitted at exactly 180° to each other but have an angular . L
spread sbout the 180° line. (De Beneditti et al., 1950). =

' The positrons reach these low energies, i.e. are thef-,

-~ malised, by inelastic collisons with the outer atomic

- Coincidence resolution curves for the annjhi-‘“"‘

metals was surprisingly consistent7(Bell and Graham,

. 1953),  Amorphous solids gave two lifetimes whose rela-_'ififi

rise to two 1ifetimes. .

"'ne

o Alternatively. positrons rapidly slowed down to 'tn;,




energies where the probability of positronium formation
was large céuld exist in two excited states. In métals ,
the upper éxcited state 28 would be rapidly de-excited to
the lower 1S state by collisions with conduction band i
'Velectrons so that only one lifetime would be observed.
' In non-metals with few free electroﬁs the excited staté ‘if,{f
would be relatively stable producing a éecond-lifetime" |
(Dixon and Trainor, 1955)., The relative intensities
of the two lifetimes would be determined by gross para-
- meters, e.g. the binding energy difference between the
‘A2S and 1S}states, 80 they‘would.be insensitive to environ-
‘ment. Both states are weakly bound so the lifetime would ”,#ff
, be temperature dependent. | , |

fA third theory (Berko -and Hereford, 1956) sug-
" gested that the longer lifetime in amorphous substances

~was due to the conversion rate from triplet to singlet

 states. Thus, ennihilation from the triplet state would -

_ ‘result in 3 quanta being emitted so that there would be a', r}'§i
 *U re1ation'between'the 3 quanta annihilation rate and the
competing process of conversion shown by the intensity °f.,1;
".the long lifetime component. A bound state in metals
'f:was also discounted and it was suggested that a proper‘- |
;;theory of the electron density in metals would explain the .
}fsimilarity between lifetiﬁes iﬁ metals. I1f positrons "
;_reached very low energies before annihiléting then the X

' shape of the angular distribution about 180° ‘would be dic-f;:

?f'tated by;the annihilating electrons, The expected shape o

,ffcould berbtainedfrroﬁ'ﬁhe area under a slice through the

PRI
P R AT Y

kgéjﬁbrmi sphere at g height’proportional_to;the!component_of :




electron momentuh'corresponding to the relative angle.
The distribution should be an inverted parabola capable of
giving information about the electron distribution with
respect to momentum. 4
| The parabola should havé a sharp cut off which
- became smeared out at higher temperatures with increasing -
. electron and positron motion. Assuming a Boltzmann dis-
tribution of positron energy the effectivé positron tem-
perature could be obtained and was found to be linear
- with specimen temperature except at very low temperatures
(Kim et al., 1967). Therefore, positrons are probably
A‘thermaiized except below about 160°K when the thermali- -
zatibn time becomes longer than the annihilation time.{ |
An angﬁlar correlation curve technique was used
%o find the mechanism which produced three lifetimes in
" some materials like Teflon (McGervey and Walters, 1970).
. Bach lifetime should produce a different curve and so the
kliretimea were measured by a coincidence method but with
 ;the detectors at different angles to obtaih an angular
<4corre1ation effect. Tao‘and Green had suggested that .
Ty the shortest lifetime, was due to free annihilgtion, -’€
E T was due to positronium pick off, i.e. the positron
-"ennihilating with an electron other than its partner in
 the positronium atom and T3 was due to positronium |
' -decay. An alternative suggested by Brandt and Spirn was ‘!
‘;'that V'Tl was due to positronium decay in crystalliné
;?regions, | T, Was due to free annihilation and T3 wWas ";h
N ,;;due to positronium decay. McGervey and walters‘ results }fiﬁ
;‘j;showed that - 12 was. probably due to rree annihilation or  ?




- lifetime could be>produced by heating a sample to create

" tails should be due to annihilation with core electrons. - i

to annihilation whilst ‘the positron was in a bound state |

with the teflon molecule. | :

| However, it was also shown that the pick off rate -

from positronium was important in the decay of pssitronium

although not necessarily the cause of T, (Brandt and .

Fahs, 1970). Work on alhaline earth fluorides, metal

| oxides and ionic'Crystals indicated that the longer life-

times were due to annihilation from complexes formed either

with electrons or with some part of the atomic structure.

- Patro and Sen .(1971). suggested that in cbndensed matter the

. shortest 1ifetimé was due to parapositroniumvdécay,,‘ To

~ was due to free annihilation and T3 was due to the pick .
off decay of orthopositronium (which would also explain

- Berho and Hereford's results). -

The angular correlation curve for a deformed

- metal was found to be narrower than that for an annealed

- sample. A similar'effect on the curve and a change in

vacancies (Connors and West, 1969). Positrons may tend

"Ato annihilate in low electron density regions around dis- |

__locations or vécancies. In order to verify this a specia1 ff
-ﬂ e1ectrdnic system which measured_the'angulgrvcorrelation i
line width directly was used (MacKenzie et al., 1970).

~ The middle parabolic part of the curve should be due to |
’fl_annihilation with free electrons'whilst the higher momentum i€

' Positrons trapped at a vacancy or dislocation would be

~°¥subaect to a spurious electron distribution df'free:eie§-

::ft:ons so that the curve would become narrower and the =~ . 3
" 1ifetimes would change. . The line width was shown to be '

A et




related to the nnﬁber of trapped positrons which is R
itself proportional to the number of vacancles or dig-“
locations. | | |
The effect on the line width of deforming samples
lof previously gnnegled metals, thereby producing lattice
defects, showed that there was a large difference in the
~ electron distribution seen by positrons anﬁihilating at a
lattice defect (Takagi ot al., 1971). Positrons become
. thermalised on entering a metal within 10~12 sec. by -
~ .1osing energy in inelastic collisions with elect:ons and
the lattice. The positron annihilates after 10710 sec.
~at a rate, | Ay which depends on the total electron
~.density.at'the positron:
A o= A & A

valence core

A yalence = Tate’ ' due to. valence gleqtrons whose:
momentum distribution P_ has the form of an inverted
- parabola '

A core * “rate - due to core_electrons whose

- momentum distribution P, has a gaussian form. -

" Increases in megﬂ lifetimes on heating or deforming the
 metal are due to annihilation in lower electron densities

' found at vacancies and dislocations and depend on the

 defect concentration (Connors et al., 1971). A statis-

f  tical curve, taking rates of annihilation, escapé rates

‘{'from vacancieé, and the activation energy for vacanéy for-
- mation into account, of the increase in the mean lifetime a

~-with temperature showed .good correlation with experiment.

':’gr Over'a;no:malbtemperatnre spread, increasing the tem@eraturefj
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V_f band, each one giving an area, 4, proportionel to its

“;partial annihilation rate, under the correlation curve..

';core electrons a much broader curve.

If the total annihilation rete ' Qiﬁllv fdlfg;gﬁ

decreases the likelihood of annihilation with core elec-
trons. However, low concentrations of impurities or elec-~

trostatically different components in an alloy will "

~ obscure the effect.

In a metal with a uniform 'gas' of valence

electrons the positron electron pair can be considered to

be repeatedly scattered via a suitably screened inter—.‘
;'action before annihilation. S0 the response of the

electronic system is to screen the direct positron electron

interaction and to produce an enhanced electron.density

- around the positron. The annihilation rate can thus be
. expressed in terms of the rate for a non-interacting system -
iof‘the same density multiplied by ah enhancement facto? '_
: which is almost independent of the electron momentum, h
d If a contribution to the total rate from the core electrons
'is included this can be another enhancement factor since
'}thedtightly bound co?e electrons aie excited to unoccu;‘
" pled states above the fermi level and underéo repeated
 scattering with the positron before annihilation in the

same way as the valence electrons (West, 1971). These

enhancement factors are small compared to the screening-
 effect of the valence electrons and can be neglected.

. The displaced charge density around the positron, i.e. the

'7_mhe valence electrone will give a parabolic curve and the - -

.y

h ;IH\;I

.ftghielding is made up from contributions from each electron f}‘f“;




I

80 called 'free' electron gas density of valencerelectrons;- -

~ core annihilation rate and by the effect of a lower

;,#alenco electron density.

- thens

Uy is found to be smaller than expected so ﬁhe
screening between the positron and the valence electrons

is enhanced probably because the core electrons affectrthe.

At defects in the lattice the core electron

screening would be much less but any effect this has on

the annihilation rate would be masked by both the drop in




v"} ]ivabOth‘ngma'raya,had the correct energy'agd occurred

CHAPTER 2
DESIGNS AND CONSTRUCTION OF THE ELECTRONICS AND
INSTRUMENTATION |

‘2.1 THE GAMMA-RAY COINCIDENCE SYSTEM

The system used to detect the annihilation radi-
ation from the positron electron interaction was a étandard
triplg coincidence system based on the design by Bell and’
Petch. The gamma-ray detectors used were acin#illation
counters which produced two types of pulse, One pulse.

'was fast and was used to detect the coincidence of the
incoming gamma-rays gnd the other pulse was slow but
linear and was used to detect the gaﬁma-:ay energy. If
a gamma-ray of 511KeV hits each of’the scintillation
counters within 20nSecs. the system should register them
. as being due to a positron annihilating. A block diagram
L of the system is given in Fig. 2.1l. |
- The fast line pulses are led to a time pickoff
device which produces a very fast rise time pulse. This“fuf
pulse is not linear but occurs after a very aﬁort delay -
from the time when the anode pulse is input. These |
.¥ pu1ses'are ;uitable for the fast coincidence unit which |
 tests whether pulses in the two arms come within say
' 20nSecs. of each other. |

The slow line pulses are fed via. pre-amplifier

- and amplifier to a puise height analyser. These pulses ,- fE?

| are linear with respect to gamma-rey-energy and the analyser %

¥ teaté to see’if‘the incoming gamma-ray had 511 KeV ene:gy.-iﬂ

.



- .M4 m;.ﬂml ﬁ Bere

v

anDd ﬁminlu

- c——_— ————

Fr— e
s e e

i Siow |- PULSE HEIGHT
DPETECTOR > PRE-ANP ¥—1 AHPLIFIER >
. ‘ ANALISER -
FAST
R TIiME
' 4 ¥
PICKOFR .
- T i 4
FAST N CTRIPLE
s COINCIDENCE . leoincrDeEncE
A
) . TidE A
’ PICKOEF
FasT
SLowW : . PULSE HEIGHT
DETECTOR > PRE-BHP > AMPLIFIER > .
. . AMALISER

:

b 4

SCALER




T

I

within 20nSecs. then three pulses will arrive at the
triple coincidence unit at the same time. If fhis dccurq

the triple coincidence unit outputs an information pulse

"ﬁhich is counted by a scaler. The ‘number counted by the.
-scaler within a set period of time is the numbef of posit-
ron annihilations detected by thé ayétem in that~time.

o ' The pre-amplifiers used were HarwellviaooO Series'

type 1660A modified so that the H.T. for the photo-multi-

| plier tubes did not go through the unit. Inpﬁt was from
- the eighth dynode and output was to the amplifier.

The amplifiers used were Harwell '2000 Series'

_1low level amplifier type 2070A. The differentiation time
~ of the amplifier was modified to 15u Secs. the same as

the rise time of the input pulses. The amplifier ori-

‘ginally had a differentiation timevof-150u Secs. which |
'would result in a very long output pulse which would cause
 pulse pile up. The output was to the pulse height:

w ana1yser.

' 2.2 SCINTILLATION COUNTERS

These counters consisted of 2 inéh diameter,

2 inch thick NaI(T1) crystals'mounted on E.M.I. type 9813

' KB fast photo-multiplier tubes. The dynode chain

- (Pige 2.2) was bﬁsed on one recommended by E.M.I. for use

;.with this tube. The anode load resistor was chosen as

:}100 ohms to match the cable to prevent rihging'and to -
"  produce»current pulses rather than a voltage signal. |
“.f;The E,H.I;giappliedawas 1.8KV when: SR
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-a) typical anode pulse rise time = 70nSecs;
amplitude = .01l Volts
duration = 22U Sec.

'b) typical dynode pulse rise time = 10. Secs.

| amplitude = 2,0 Volts
duration = 200u Sec.

. The anode pulsés were vefy noisy because of the low load"
-~ resistor but this was takén info account by the time pick-
. off unit. The dynode pulse was taken from the eightﬁ'dynode o
_ and this was decoupled to the seventh and all higher number
. dynodes in order to prevent the H.T. on any of the dynodes

" being affected. In order to produce a fast anode pulse

- the potential difference between dynodes increased rapidly  ‘
near the anode. Calibration graphs were obtained fdr'Q i
 137_ ana % to £ind the efficiencies of the counters
3fﬁhich were 8.5% and 9.0%.

243 TIME PICKOFF UNIT

\ The fast ocincidence resolution time should be -
~ es short as possible, say 20nSecs. Sodium Iodide (T1)
'iﬁcrystals havé a'scintillationvtime of aBout'EBQnSecs.j
'ff(Fig.‘2.3) and the photo-multiplier tube requires a finite a
;_timé to produce an anode pulse which is not consistent =
‘because of drift,'and:the anode pulse was typically .2u Sec.,f”i
" long (Fig. 2.4). In order to produce a short fast pulse |
f'isuit&ble for the coincidenceAwork a tunnel diode is used |
_ and this will switch extremely fast very soon after the,
iﬁétart of_fhé énOdé;pulse.‘ mhiéfisqued to tniggegﬁan5 o i




avalanche transistor whi#h is non-~linear but wﬁich pro-

-duces large fast pulses suitable for input tb the coinci-

dence circuits, | -
The tunnel diode must trigger at an extremely

low input voltage which must be variable so that it can

discriminate against noise. The output from the avalanche

J'tpansistbr must occur after a set time from the input-of
 the anode pulse and it must be of variable short length
and have an smplitude of at least 2 Volts. '

Operation . .
' Aihe anode pulse from the photo-multiplier tube
'is'input to the cathode end of the bunnel diode which is
biased to operate in a‘mpnostable mode. The correct biss
| 'is obtained from the resistor chain composed of the load

~ resistor (5.6 ohm) and the variable bias resistor (1 Kohm)
~ such that the operating point is just within the first
stable region at A (Fig. 2.5). If the input current
: pulse is greater thanvip - I, the diode is forced into -
the negative conductance region and the voltage across

' the diode increases momentarily so that it reaches the - e
'»third stable region at B. The voltage pulse, whose aﬁp-f"i
| “litude and width are governed by thé 4.7w H inductance, '

" the diode's junction capacitance and other capacitances in

' the circuit, is taken to the base of the avalanche tran-

f;lsiator.l When the anode current pulse ends there is insuf- :}f}

. ficient current to maintain the diode at B and the voltage

j  drops.to.vv when it Jjumps to Vb which is below VA so the -
f§ diode climbs back{to’its operating point A.
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- The avalanche transistor is biased to a just
stable point on ;ts characteristic curves at C by the
current IBo,controlled by the base bias resistors (Fig.

2.6)s The pulse from the tunnel diode increases the base

ecurrent to Iy which means that the transistor is8 no

longer in a stable region and it breaks down until the
voltage across it is equal to the latching voltage Vi.
Thus a large current pulse is applied to the delay line,

. due to this voltage step, which is reflected at the open

: _en& with inversion. A When the inverted reflection reaches"

2,4 PULSE HEIGHT ANALYSER

~the collector the current i, is brought,td zero and the

transistor;goes off., Thus VCE'must return to its pre- -

vious stable poin£ corresponding to C,Aending the output

'pulse which is taken from the emitter. . The pulse length

is proportional to the length of the delay cable.

‘»Fig.. «7 shows the circuit diagram and Fig. 2.8 shows the’
_'printed circuit layout. To.prevént r.f. interference

the power lines were decoupled and the unit was placed in

8 mu-~-metal box.

T

The height of the photo-multiplier dynode pulse

~ is a linear function of the energy released in the scintil-

lator by the impinging particle. When positrons annihilate

. they release two 511 KeV gamma-rays and these must be
- . isolated from the background radiation which also affects | w
;jthe scintiliation counters. This.is done by discriminating~.
cf against all pulsea except those whose height is equivalent -
‘7?‘,to 511 xev.h “The spectrum of pulses obtained from the
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amplifiers has a range of O to 4.5 Vblts with the 511 KeV
line at about 3.5 Volts. The pulse height analyser must
determine whether the maximum amplitude of an input pulse
lies between two set limits normally either side of about
 3.5 Volts for this experiment. . If the pulse has the
correct height the analyser must output a standard infor-
mation pulse after a fixed interval from the start of the
input pulse., To make the analyser generallyAuseful‘the
f upper and lower limits must be variable between O and 1 Volt
and O and 5 Volts respectively. The gap between uﬁper
and lower limits must remain constant if the lower limit
- 18 changed. The input must accept pulses between O and
5 Volts and output information pulses of about 3.5 Volts
and 500nSecs duration. ' -

'1w0peration' | .

, Fig. 2.9 sho#s a block diagram of one analyser.

»Z'Since ﬁhe system has two slow lines the unit built con-

;\ﬁained two pulse height'analysers which_were'completely
independent. - '

», The input pulses are fed to two voltage com-

-QAparators which are both arranged 80 that if the input

"prulse goes more positive than a given reference voltage

w,;then the comparator output changes from logic 0 (% 0.2 Vbits)

.i;to logic 1 ( & 3.4 Volts). The two reference voltages are'v
; fcontrolled by helipots via the voltage reference circuit

. (Fig. 2.10) which meimtains the voltage levels and the

.fg»gap between them. A small amount of hysteresis is pro-"-'
f{;vided on the comparators by feedback resistors. If the
,ﬂfiinput pulge:excqéds §oth Vrow and‘vHIGH then both compa:hﬁqps_

\ .
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_output positive pulses which are fed to schmidt triggers
which ensure that the time delay through the,uhit is .
consistent. The trigger outputs are fed to monostable
circuits which provide set length output pulses. The
monostable My &lves a pulse of length greater than the
rise time of the photomultiplier pulse. The trailing
edge of the My, pulse triggers the monostable Mp, whose
output is fed to a nand gate. The other input to this

- gate 18 r:om the monostable MH which if fired produces a
ﬁfpulse of length greater than those of Mpq and Mp o combined
- (Fig. 2.11). ‘Provided My has not been fired the pulse

. from nLZ can get through the gate and is output from the
unit via a current buffer so that it can be driven down a
cable. This pulse from HiZ is also output via anothe;
buffer before it goes through the gate so that the ana--

" lyser can be used as a simple discriminator if needed.;.

 Fig. 2.12 shows the printed circuit board layout. -

2.5 FAST COINCIDENCE UNIT

To determine whether two pulses, one from éach

* detector, are due to two gamma-rays resulting from one

 °_annihi1ation the unit must discover whether the rays were

’ v given off simultaneously, i.e.‘ﬁhether the pulses aré~

,‘icoincident." Since the response of the detector is very
5aslow, and ﬁay‘vary depending on conditions, the time pick-’
\i_otf device is used to produce a very fast pulse as near to

. the start of the detector pulse as is possible. There

‘ 3gfwiilrs€ill be some non-linear time lag through the system_,A;

. due to the limitations of the electronics so that it is
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‘only necessary to detect whether the two pulseé from the

detectors occurred within a few nanoseconds of each other.,f

. This test is performed by the fast coincidence unit.

In order to make the unit adaptable to other

‘uses it was designed to accept positive or negative pulses

of about 3 Volts and of duration greater than 2 nano-

- seconds from up to four sources. The unit can determine

whether 2, 3 or 4 pulses are coincident (or ant1-comncident)
with a presettable coincidence resolution time of 3 to ‘

14 nanoseconds. = The output pulse occurs after. a fixed

 time from the start of the input pulse although it .can be
'~ inhibited by a special .input signal. There are several
| output pulsee which can be chosen depending on what it is

needed for. Fig. 2.13 shows a block diagram of the unit.

f Qpeiation

The unit has four input 1ines any of which can-

" be switched out, when the input is earthed and that 1ine
e is switched off as far as the coincidence testing is con=-
jf.cerned. The input impedence of each line is matched to '
.’100 ohms and protected by fast diodes and each line can '
- be,biased via a switch to accept positive or'negative
.g pulses. Negative pulses are fed direct to the clock
i;:input of a J.K. flip-flop whereas positive pulses are
' inverted first. Since both the J and K inputs of the

. flip-flop are tied to logic 1 the outputs Q snd § both

veoon

'cjchange. - Q goes from logic 0 to logic 1l and Q'does the
"jfopposite. One of these outputs may be selected by the
;f?coincidence/anti-coincidence switch for input to the nand e'7-

fogate hich performs the coincidence test. The nand gata



.requires all its inputs to be at logic 1 to change its
output from logic 1 to logic O which is only possible if
there is a pulse present at all the coincident lines but

Dot at the anti—boincident lines. The output from the ;
nand gate is fed via an inverter to the J and K inputs of
another flip-~flop.

Another nand gate is arranged so that it is
connected to the § outputs of all the input JK flip-fiops.
Since § changes from logic 1 to O then any input pulse
will cause this nand gate to change from logic O to'i,and

’ this output is fed to an inverter. So far the propé—

gation time of any pulse from input to the output of the

'l'inverters in both test lines should be identical. But

the pulse in the coincidence line is fed to the J and K
~ inputs of a flip-flop which has a minimum setup time of
. 3 nSecs. If the information on the J and K inputs has
" not been there for at least 3 nSecs. before the clock
. pulse starts then that information is not recognised.

' Bo, if the pulse along the second test line is to be used
'ﬁ.':as the cloék pulse it must be delayed by at least 3 nSécs.

" longer than the pulse in the coincidence test line. Let
‘E‘t' be the propagation delay through the unit to the oub-

| ;kput of the inverters in both test lines and led 'd' be
| ~ the delay put in between the second test line inverter .

" and the clock input of the. second stage flip-flop. .
;ZBupposeloﬂe pulse is input at time zero thep this infor- -
.  mation will be conveyed to the clock input after time
’fﬁ't + d'. If there has been a coincidence then this infof—v
- /Feach the J and K inputs at time 't + d - 3 nSecs.'

291 ;for it to be recognised.  But thia méans other input pulSes:if

. mation must

ISV

DU TR e



must'haveAbeen present between time zero and tiﬁe 'd-ﬁ'nSecs.
for a coincidence to be recognised and so d-3 nSecs. is
the coincidence resolution time,

The delay in the second line is produced by

- feeding the inverter output to 3 and gates in series.

Each and gate has a propagation delay time of 5 nSecs. so

. that the resolution may be changed by feeding the output
- from a different and gate to the clock input of the second
Astage flip-flop. The output from the and gate is also fed

to the clear inputs of all the input stage flip;flops to

' reset them. Since the delay 'd' cam be selected to be

5, 10 or 15 nSecs. then, taking the pulse rise times into-

_ consideration, the resolution time may be (d-3 nSecs. )

"3, 8 or 13 nSecs.
~ If the second stage flip-flop recognises a co-

;incidencc and changes; the Q output is fed to a nand
 buffer and hence output from the unit (A fast pulse){
“The Q output is also fed to another nand gate whose output

is fed to the clear input of the second stage flip-flop

v°7.to reset it. This nand gate output is also taken to the

Bl

!.clock input of the third stage flip-flop whose J and K
- inputs are also connected to the second stage flip-flop's

fﬁQ output. Thus every time a coincidence is detected a

very fast aigncl is'output and the second stage flip;flop'
15 quickly :r:eset:.,~ The third stage flip-flop can however

be used to produce a much slower output suitable for’ most'

scalers, etc.

. When the third stage flip-flop changes the Q
output is fed to a standard T.T.L. monostdble which produces

{; a set 1ength pulse of about 500 nSecs. WhICh ia output via a -

"U 36_'_ ;



_ amt} 260

NV L
ITu J crote

&.n =1

e

CRELAT 2R

h..v .

. iN

DO »:_,.1;»; 65_;41& JRUSPI

S | O PN AL NS LSO, MR SR IO ST S .
\ e ; .
. .. ey M S—— PN —7 - - et T e '.owlclr.r‘: i lwwrl TR LTS
ﬂ:wu ~w aran_n ‘Uixnml — ﬂbmi ﬂ?lo:&. Zom CZ iT. Cimmimo
- .t, e }...r.n..i1:,. . O . B S - e - -

IQ

SV~
nz.:_;.ﬂv Oc.

1\ . .
LT LInIiTReLm p_m ; | EEEREEEIREE e -
v T304 . I -
NAND| 1
9 . A I S S
RELAT 4
switer

P

: -
Fa

0

.

s+ o] - L it b st b

i

T S L

b f



nand buffer and which is also fed back to the clear input
of the third stage flip-flop to reset it. There is a
fifth input line to the unit which can be used for an
inhibit signal or can be switched out. When the negative
inhibit signal ‘is present it inhibits all the output

- buffers and hence there are no output signals.

Unless otherwise stated all the integrated cir-
cuits used are Schottky T.T.L. devices which are high
speed and haye a typlcal propagation deley time of 3 nSecs.
The propagation delay time through the unit is approx.

20 nSecs. for the fastest pulse. Fig. 2.14 is the printed
circuit diagram and Fig. 2.15 shows the switching arrange-
~ ments. ‘The actual switching is done by remote relays
mounted on the printed circuit board. .

2.6 TRIPLE COINCIDENCE UNIT

The final stage of the triple coincidence system
is to test whether the pulseg from the pulse height ana-
lysers and from the fast coincidence unit are all in
| coincidence, The unit must accept pulses from three
‘sources and determine whether they occur within a specific
'vperiod of time. - The count rate will not be very high
" and the inpﬁt pulses will be '‘slow'. Provision must be
 ‘made to delay pulse;Ain"individual lines by varying amounts
- to compensate for électronic lags in the amplifiers, etq.-
,:~Ir the pulses are coiné;dent the unit must output a puise
 suitable rbr counting!by'a scaler. The typical delay
ﬂ requ1red in each chamnnel is 1 to 10y Secs. and the co-
fAincidence reablution time shoﬁld‘be variable over the range’
4
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.1 to 1y Secs The unit must accept negative input sige

nals of 3 to 10 Volts and of 200 to 600 nSecs. duration.

The output should be a pulse of about =7 Volts>and of
about 400 nSecs. duration. To help set up the system the

| various delay and resolution pulses are output at test

. points so that they can be displayed on a 'scope.

Fig. 2.16 shows a block diagram of the system.

Operation
Input pulses are fed via fast protective diodes

to an emitter fblloﬁer circuit which provides a'high input
“impedence and also limits'the bulses to not more than-

5 Volts. This protects the integrated circuits whicﬁ are
fery vulnerable to large pulses. The pulse from the ’
emitter follower is used to trigger a monostable whose _
.output pulse iﬁ variablé between 1 and 10y Sec. in duration,
~ controlled by a varisble timing resistor mounted on the
front panel of the unit. This pulse is fed to a second
monostable which triggers on the trailing edge'so that
the first monostable effectively produces a 1 to 10u Sec.
“.delay. The output of the second monostable has a pre- |

 setteble length between .05 and .5u Sec. which determines
" the resolution timefor a coiﬁEidence.j. The coincidence
‘iitest is performed by an and saté and since the output of
;JJthis gate will be dependent on the overlap of the input
- pulses it is used to trigger another monostablé which
 gives a suitable length pulse for output to a scaler, ete.
A current bufrer is employed 80 that the final shaped pulse

. can be driven down cables.
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The'coincidence resolution time is 2T where
.t 1s the preset length of the pulses produced by the
second stage monostables. . Fig. 2.17 is the printed
circuit diagrag; | | |

. 2.7 TIMER UNIT FOR '2000' SERIES SCALER

The scglers used to count thé slow lipé pulses
- for test purposes were Harwell '2000Series' scalers ﬁhich
. had no-internél'timing provision. ‘Theréfpre the séalers
must be controlled by an exterﬁal timer using the remote '
' gating facilities supplied on the scaler. The’scaler
 gating logic was: ‘ >.

+ 15 Volts implies count ‘ , . o

0 Volts implies stop coﬁnting ' |

" = 30 Volts implies reset counters to zeré;

_ To make the external timer adaptable it must not |
| - only produce these logic signals for use with a scaler but
.1t must also respond to similar logic signals itself so
? §that'a master controllér can be used if necessary.l The
,? timing period should be variable from abéut‘l Second to
iigay 50,000 Secoﬁas (15 hours) and during fhis period the
© timer must output + 15 Volts. The timing period must
- be accurately repeatable and started either menually or by
- & remote signal, Similarly the timer must output a
'f;-,BO Volts signal in response to a similar remote signal
;?:or a manual signal in order to reset'the scaler. It
'f~mnsf reset itself at the same time. Visible indication
i<that the timer is working is necessary.~ fig, 2,18 is a
iﬁﬁblock diagram of the unit.;;a',ﬁg o | ‘ o
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[

Operation
A small mains transformer produces a 4.5 Volt

peak to peak signal which is full wave rectified by

diodes 1 which lead: to a schmidt trigger which outputs

square waves at 100 Hz. When relay 1 is on these
pulses are fed to six decade counters in series which
are arranged in divide by ten mode. The output from
one of the last 5 is selected by a panel switch for

- input to a seventh decade counter. These outputs occur

after 1, 10, 100, 1000, or 104 Seconds from the start

"~ pulse. The seventh decade counter's mode can be changed

by a second panel switch so that the output follows 1, 2,
5 or 10 input pulses. The timing period can thus be ,

- 10°, 10%, 10%, 10%, 10" Seconds multiplied by 1, 2, 5 or

10.

The seventh counter's output is fed to a bistable

';‘circuit (Fig. 2.19) ' which then turns a buffer to an"ofrf 

kstate. This’ buffer controls relay 4 which is in the

_ output line. When the timer is activated either by -
' switch 4 or a remote signal (providing switch 4 is in the
' mid position when the remote input line is connected) a

‘;.+ 15 Volts signal is fed via diode 3 to relay 1 and the

f‘timins begins. The 15 Volts signal is also output from

" to zero.

4rif¥the timer via’relay 4, when,this is activated by‘the‘start
» T?for'timing period signal, and is used to illuminate a bulb
: f?to indicate tﬁat‘phe,ﬁimer is functioning. At the end of
B ai;ths timing period relé&_#-ie opened and the output falls

A'-fBOZVbltqpsignaljeithet selected-manually‘by j;‘f
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switch 4 or from a remote controller'wiil be fed via
 diode 4 to relays 2 and 3 which reset the decade counters
- and the bistable circuit which in turn closes relay 4 (via
the buffer) so that the - 30 Volts signal is output from
the timer. A decoupled output is provided so that -
information about the timer can be sent back to the
master controller. Fig. 2.20 is the printed circuit
 layout and Fig. 2.21 shows the switching arrangements.

2.8 TIPIERfSCA'LER

Almost all information about numbers of ﬁositrons;

fast coincidences, etc. is conveyed by pulses which come
. from various points in the system and need to be counted.
Usually the pulses are counted for a set period of time.'
A timer-écaler‘must accept pulses‘of either polarity of
magnitude‘between‘2 and 30 Volts. It must count the pulses
for é pre-determined time which should be variable between
1 second and 24 hbuis and which must be repeatable to |
within a few wSecs. There must be a variable threshold
- on the input so thgt the unit can discriminate against

noise and pulses below.a certain height. The number of
' pulses counted must be visibly displayed aﬁd if the count
 -capacity of thé unit is exceeded it must both give a |
4} vwarning to this'érfect.and output pulses which could be
'}éounted bj another scaler. The timing period sigﬁal

~ should be output so that it can control other units whilst
lyrthe scaler-time: itself must be contiolldble by another

" remote unit. Visible indication should be given of both
K:thhe timingiperiéd and when tﬁe’input gate is.open enablipé

‘,\‘!..‘
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the scaler to.count. The unit must be capable of timing

- the length of an external operation to within 1 mSec.

All functions of the timer-scaler must respond to the

logic: ‘
+ 3.5 Volts

logic 1 = on or start

'0 Volts = logic O = off or stope.

Operation of Powef Supply
A mains transformer produces 12 Volts a.c. which |
is full wave rectified by a bridge rectifier. This signal
' is then smoothed by a 10,000 uF capacitor and then input
%o two 5 Volt regulators type LMBO9K (National Semicon-
ductor) which are capable of delivering up to 1.5 amps
of ripple free output. One regulaﬁor powers the scaler
section and the other powers the console and timer sec-

~tions. Fig. 2.22 is a‘'block diagram of the power supply.

Operation of Scaler Section
Input pulses are fed through a 10KQ potentio-
meter which taps off a fraction of the pulse to provide

- the adjustable threshold in conjunction with the schmidt
trigger which follows. The signal is fed to an emitter
~+follower which also acts as a limiter, and the line is

" protected by fast diodes on both sides of the emitter

" follower. The signal is then fed to a schmidt trigger

}{'whose input d.c. bias is selected by a switch 80 that

:'positive or negative pulses can be accepted. Fige 2.23
~ shows the input circuit.
a The schmidt trigger is also a nand gate and S0 -
ﬁ  inverts the pulses which go thrbugh the gate to another
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inverter. The polarity switch selocts either the schmidb
.nand gate output.or the inverter output or the intérnal
timing signal for input to a gate which is controlled by
the console. The console allows‘the gate to open and
shut in responselto a eignal from the timer or from an
- external manual switch or from a remote source. Whee
open .the gate passes the pulses through to the decade
counters which count the pulses and give a binary coded
output. This is fed to the decoders/buffers whose out-
put is compatible with the seven segment readout devices .
used to dieplay the count in denary. If the sixth decade
counter reaches the count of 10 a eignal is sent po a
moﬁosteble which produces a set 1éngth pulse which is fed
back to the console where it is output_frem fhe unit via
a buffer fer eountihg by another scaler. The mondstable
pulse is also used to trigger a bistable circuit which
11luminates a bulb to- indicate that overflow has cccurred..
Fig. 2.24 shows a block diagram of'#he scaler section and
. Fig. .2.25 is the printed circuit. ’

} Qﬁeration of Timer Section , : -

, ‘The 12 Volt a.c. signal from the mains trans-
former is full wave rectified by a .second bridge rectifier

~ and the amplitude reduced by a potentlal divider. This

' »:signal is fed to a schmidt trigger which produces a square

f'wave at 100-H§. which is fed to a nand gate controlled by

'; the console. L When open the gate allows the square wave

| to gd;through'to the main timing circuit which consists'
.:‘of 7 decade countera. The first six produce Jdivide by 10'
Eioutpute in sequence, one of which is selected by a switch

uj&  $2f'?~'



for input to the seventh counter which is arranged to give
a separate output for 1, 2, 4 or 8 pulses in. One of
these outputs is selected by another switch for returning‘
to the console section as the stop signal. The fi?st_ |
| decade counter p;oduces a special pulse thch is also

sent back to thé console as the start/stoﬁ signal. The
use of two pulses in this way ensures that the fiming
period isAaccurately repeatable. Timing periods are

109, 101, 102, 107, 10" seconds multiplied by 1, 2, 4 or
8. By disconnecting the timer the scaler will. count '
indefinitely. Figs. 2.26 and 2.27 show the block diagranm

and printed circuit of the timer section.

0perationvof Console Section . -

- This consists of the controlling logic circuits
mostly made up from gates and tﬁe buffers which are re-
quired in connection with output signals and warning
- indicators. :The spe&ial timer bistable circuit (Fig. 2.28)
controls the timed counting period oﬁ'the scaler and indi-
- cates wheﬁ it is on by illuminating a bdbulb. | It responds
to start and stop signals from‘the timer section and can
only be reset manually. A start signal affects the lower
- three gates and the outputs A and B cause:

(1) a logic 1 signal to be sent to the scaler input
"_gate opening it; ,
(2) an indicator bulb to glow via a buffer;
(3) the remote timing output to go to logic 1.
| A stop signal affects the upper three gates so that they
- turn the lower fhree gates off, i.e. outputs A and B off.
' The bistable will not respond to any more signals until it
‘has been reset.4¥j:c~ '
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‘The scaler overflow bistable circuit>(Fig. 2.29)
is turned on by a pulse from the scaler section when it
causes an cverflow warning indicator to giow. It is‘
reset manually.

The console section contains all the switching
for the wvarious modes of operation and in sone cases COn—‘
tains interface devices between both the unit and external
links and between sections where a current boost is nec-
essary, €.g. reset lines. Figs. 2.30 and 2.31 show
the block diagram and printed circuit of the console

section. Fig. 2.32 shows the switching arrangements.
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CHAPTER 3%
CHANNELLING

5.1 INTRODUCTION

Stark predicted in 1912 that protons would‘shOW‘
anomalous penetration in an ordered crystal providing
that the crystal lattice was in such a direction that it
'presented open 'channels' to the proton beém. A éom—
puter was used to simuiate the channelling effect
(Robinson and Oen, 1963) before the first direcf evidence
was published (Nelson and Thompson, 1963).  The experiment
described consisted of projecting an ion beam on to a gold’

*ngie crystal foil 3000 4° thick and then colleéting the

transmitted ions. The current due to the collected ions .
was found to be dependent on the relativé angle bet&een
the beam and one of the mejor axes .of the crystal. The '
conclusion drawn was that the ibn trajectory ﬁigbt be led
into the open channels in the crystal structure by a
series of small angle collisions provided that the ioq~
energy was such that the mean free path between wide angle
collisions was much larger than the 1attioe5pécing.
Channelling woqu only ocecur 1f the cross sectlon for small
angle co¢lls1ons was large enough to make the process
effective.

The résulfs were confirmed by showing that the‘
feflected ion yield decreased when the iﬁcident beam was
| parallel to a cr&stal axis and that both éffects ceased

'1f the crystal latticestructure was damaged. The
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channelling ion had its trajectory deflected by glancing
collisions with lattice atoms giving a zig-zag motion

down the channel, At the ion energies. used energy loss
was due to lon-electron collisions which would‘decreése

in low electron,density channels so that the range would
increasé. However, distortions of the lattice periodicity
caused by radiatvion damage or thermal vibrations would
interfere with the effect.

An analytical range-energy relationship ior‘a
copper ion channelling in a copper lattice was obtained
by assuming that the channels were bordered by close-
packed atomic chains (Lehmann and Liebfried, 1963). The’
zig-zag nmotion was based on colllslon forces which were
either Coulomb interations for hlgh ion energies and small
interaction distances or Born—ﬂayer interactions for low
ion energles and large 1nteracc10n distances.

The idea of an atomic chain was extended in the
first comprehensive.treatment of channelling (Lindhard,
1965). It was suggested that if the lattice interatomic
distence was small enough, and 1f the angle between the
parciicle's trajectéry and fhe string of atoms, i.e.‘the
channel wall, was less than a‘critical valte, then the
potential associated with the atoms could be regarded as
a continuum. If the particle had insuffiéient trahs-
verse ener gy to break through the potential barrier chan-
relling would occur. This would mean that the.cross—
sections for inelastic collisions with both nucleil and

electrons would be reduced resulting in increased range.
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The particle would remain in the channel provided it did
not gain enough transverse energy from a collision to

break outb. The critical angle Y _ was given as

c
5 1/2
§.2le2e }
| Tz
lMeny experiments were conducted on proton chan-
nelling using different target materials, e.g. mica |
(Hamilton and Quintorn, 1966). One method of demon-
strating proton channelling was to measure the gamma ray
yield due to the p, Y 'reaction. The incident proton
bean energy was Jjust abové the resonant reaction enefgy
so that some enerzy had to be lost before the reaction took
place. The target crystal thickness was of the order
necessary for the correct loss of energy so that when
channelling occurred thée gamma ray yield decreased (Bggh
et al., 1964). |
Lindhard had suggested that there would be two
v,pes of che zelling, axial and planar, depending on
whether the channel was two or one dimensional. Later
results showed that ions may wander across from one planar
channel to another quite freely and there might be a-
relationship as well as compe%ition befween the two types
of channelling (Dearnaley et al., 1968). It was also
apparent that for high particle energies quantum-mechanical.
corrections to the classical theory would be necessary.
The first demonstration of positron channelling
wes achieved by injecting 64Cu atoms into a copper single
crystal along the < 100 » axis. The yield of posibrons é.s

a function of emission angle with respect to the < lQO 7
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axis was measured to Show that particles emitted from the
centers of atomic strings would have their motion steered
by the rows of atoms. (Uggerhdj, 1966). A later method
was to observe the drop in back-scattering yield when the
{110 ? plane of a KCl crystal was parallel to a positron

beam (Didenko et al., 1970). Since channelling implies
increased penetration it must also imply less positron

back-scattering and a 4096 drop in yield was obtained.

This experiment also showed that channelling
efficiency increased with the targets atomic number and
that the critical angle increased with both the 1attice
parameter, d, and the effective atomic nuﬁber, all of which
agreed with Lindhard‘s theory. Kumakhov showed thét the
back-scattered channelling yield was dependent on impurities
in the channels so that the method could be used to find
the exact 1ocation of an impurity.

Channelling of relativistic (16 - 28 MeV)
positrons was found to be correlated with the forward
Brehmstrahlung intensity (Walker eb al., 1970). Both
the intensities of Transmitved positrons and photons shoﬁed
a marked variation when the < 1117 or <1107 1lattice
planes of the target crystal were parallel to the incident
beam. The F.W.H.M. of the positron peak was however 40%
émaller.than predicted by Lindhard's theory due to rela-
tivistic effects. A dip was obtained in the forward
Breﬁmstrahlung intensity which was ascribed to the in-
creased probability of small impact parameter events
during channelling. Shoulders were observed on the dip :
due to low energy gamma rays which were attributed to

coherent radiation produced by channelling positrons.
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This radiation would be produced by any charged particle
waich moved in a stréight line in a medium having‘a
periodic varying dislectric if its energy loss was minimal.
The radiation is similar to Cerenkov radiation and consisfs
of a few fundamental frequencies and their integer har-
monies which are‘less intense (Belyakov, 1971). These
frequencies and‘their respective magnitudes weré calcu~
lated by Nip and Kelly.

4 geieral condition for charged pafticle channel-
ling applicable to feirly complicated crystals has been
obtained (Martynenko, 1971). This assumed that the motion
vas one of small oscillations along the trajectory when
the transverse energy remained fairly constant. Another
attenpt to improve Lindhard's theory used the Debye model
for lattice vibrations (Pathnek and Yussouff, 1971). The
theory assumed that guantum-mechanical effects for light
fast particles were not negligible and also attempted to

explain the thickness dependence of channelling. The

)

Detye approach showed that channelling is dependent on
terperature and a thickness dependence was obtained by
regarding chennelling as the formation of standing waves
in a periodic crystal,

Investigation of the'temperature dependence of
the channelling back-scattering yield of a proton beam
showed that this was probably due to the effect of lattic
vibrations (Komaki et al., 1971). However, the results
also showed that the minimum yield from clean surfaces was
independent of the type and energy of the particles.

Channelling of a mono-energetic beam of positrons

in thin gold crystals was observed by measuring the intensity
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of single Compton scattered positrons as a funétion of the
. angle between the positron beam and the crystal axis
(inderson et al., 1971). The thin crystal defined a
reaction depth.which’dec:eases when channelling occurs
resulting in a'dgcreasg in the measured intensity. }
Strong dips were found along the < 1102 and < 1117
axes. The critical angle was about half that predicted
by Lindhard and this was assumed to be due to lattice
therma; vibrations..
A positron beam with, a divergencé of only

x 107 radians enabled the observation of channelling:
with positron energles up to 1 GéV (ﬁorokhovskii.et al.,
1972).  Channelling was detected by measuring the forward
Eremstranlung radiation as a function of fhe beam to

crysval axis angle.

3.2 THEORY OF CHANNEILING

Channelling is the anomalous absorption of
particles by single crystals because the particles bounce

£7 the sides of a potential tunnel formed by the atoms of

e

the lattice. The range increases because the cross-
sections for inelastic collisions decrease under these
conditions. Tﬁe opposite to channelling is blocking when
the trajectory of a particie is blocked by an atom in the
lattice structure thus completely prohibiting forward
motion. Channelling particles may be dechannelled, i.e.
knocked out of a channel by collision with impurities iﬁ

the lattice, lattice atoms or electrons.
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Study of the energy loss of protons channelled
in silicon and germanium suggested that the loss mechanism
could be divided into two types. One due to valence
electrons and the other due to core electrons (Appleton
et al., 1967). A% low energies, ions channelled in silicon
bave an energy loss wkich can be described by a logarithmic
veloclity function siniler to the Bethe formula although |
there is no constant ratio between the stopping power fof
chennelled particles and random particles (Della Mea, 1972).
Energy loss due o core electrons is important'only when
the bhan:éls &re Narrow. |

Yyperchannelling is defined for channelling par;
ticles which lose evern less energy than in normal channel-
_ling processes. The critical angle is very small and is
crocably due té the axially chaennelled particle remaining
in only one channel Gharoughout flight (Appieton et al.,
1872). This ﬁould only occur if the critical angle,'

1.8 t;ansverse'eﬁergytis very small. . '

Axial channelling (two dimension), due‘tb nmutually
perpendicular striﬁgs of atoms, results in the particles
taking up a ring like intensity distribution on emerging
foom thé target crystal. On -entering the crystal tbe
'particle assumes a transverse energy ET which is the sum ;

2

of the transverse kinetic energy (E sin“ ¥ ) and the value

of the continuum potential at the point of entry(U(g)).

2

.Channelling implies Ep, £ E sin ?c and there will be a

distribution of transverse energies for a beam whose inci-

dent angle ¥ is between E sin2

¥y and E sin2 ¥, A
sharp peak around the lower value is the result of the

entrance geometry and the decrease in continuum potential

66



gradient with increaéing distance from the string.

If the energy is near B sin® v then the
scattering by the string only rotates the transverse
zomentunm vector Pn. Providing it undergoes many col-

vill become random and the

)
[0}
.
HdJ

=

isions the direction o

Giel distributicn in the energetically allowed regions

n
I
£
Ci

f the transverse plane fcr 2 given ET is uniform. For

(e

the same reason that most particles enter the crystal with

ET X E sin2 14 » most particles will emerge with
angle ¥  Dbut with random PT' ‘A ring shaped intensity
distribution results vaich is centred around the axial

irection and with a maximum at angle ¥ . Experiments

o~

zave shown that The intensity is higher in the original
Ttean direction, i.s. PT ié not randomised, which may be
due to either the pariticles being SCattered into low index
planes in the transverse direction, i.e. dechannelling, or
Just insufficient collisions.

The riﬁgs nave a finite width becéuse the incident
face of the crystal governs the distribution of transverse
engrgies and hehce the largest exit angle. The back sur-
Tace of the crystal determines the smallest angle of exit
tecause it is a function of the distance from the string,
~i.e. of U(x), at which the particle escapes. So there is
& surface film whose thickness dictates the lower 1limit
exit angle. All this neglects the effects due to multiple
scattering and the divergence of the incident beam.

Similar results have been obtained as a by-

product of Rutherford scattering experiments using 1.2 MeV

positrons channelled through silicon crystals. The yield
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cof sing ;le Rutherford scattered positrons shows a pro-
nounced dip when the particles are channelled but the dip
has high shoulders due to correlated collisions with the
strings (Pedersen et al., 1972). There was some sug-

gestion in the experimental data that the planar channel-
1izg dip might zave Iine structure due to wave. inter-
ference . |

It has been shown that substitutional impurity

ateoms should show thne same interaction yield attenuation
nost atoms for a channelled beam. If the impurity is
 lnTersvitial th Tie effect on the channelling yield can
te guite marked and if. the impurity is sited near the
niddle of a channel the yield actﬁally increases rather

tzin decreases (Alexander sznd Poate), This is attri-

ct

S
[N

( D

Jopbiet o) 'f;ux'pe ;ag; when the impurity atitracts fhé

cnannelling particles towards the center of the chénnel

To a much greater éxtent then its blocking effect.
Experiments on flux peaking using Yb atoms in

a silidﬁn crystal with helium ions being channelled have

snown that alfhough the chaﬁnelling yield depends on the |

dentn of the impurity, as indicated by computer simu-

lations, the usual depths used are not big enough'to allow

the channelling particles to obtain a statistical spread

across the channel (Eisen and Uggerhdj, 1972).° The effect"

of the particles energy on flux peaking was inconclusive
because it is very dependént on the exact position of the
impurity atom in the channel even when there is no statis-

tical spread of. partlcles across the channel.
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it was postulated that the effect of a sub-
stitutional impurity atom would only be the same as a host
atom if the two thermal vibration amplitudes were similar,
E.8. Au imiurity in a Cu lattice, If the amplitudes were
different then the location of the impurity in the lattice
strucoure could be determined féirly accurately from its
effect on the channelling wicld (Andersog et al., 1972).
Eowever this>requires compiete eangular scans for several
channeliing axes and even then the technique can only

g=ve Tae usual lattice site occupied by the impurity atom.

3

Meny chanrnsllied jzrficles gain enough transverse
CLCrgy to overcome the continuum potvential of the strings
I zre dechannelled. Dechannelling may be due to the
Thernal vibration of bovh lattice and electrons which may
either change the particle's transverse energy due to a
collision or distort the continuum potential. Dechannel-
ling can also be caused by crystal defects (the surface
¢ the crystal can be considered as a defect) as well as
irpurities, stacking faults, dislocations, etc. Thus
lecharnelling may be caused by collisions with inter-
stitial impurities (elthough this may also cause flux

aking), encountering lattice distortions and displace-

o]
M

ments and by disintegration of the lattice periodicity at
grain boundaries, etc. In some cases the particle may
not be completely dechaﬁnelled at an obstruction but may
have its channelling direction changed. (Mory and Quéfé).
Opacity has been defined as the number of such dechannel-

ling faults in a sample.
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2.5 DE._VATION CF THE CRITICAL ANGLE

Q

Chennelling is defined}as particle propagation
throtsh a'crystal such that the particle's path is near
ne centre of a channcl slong a major axié of the crystal
giving the path a certain stebility.  Such particles are
susject o perlodic harmoric forces of which a focussiﬁg
~ce mey predomineate. fransverse motlon“is roughly a
long wave oscillalticn combined with snort wave vibrations
ong wave oscillgtidn has
cozitant amplitude exd wavele:gtﬁ V/W, where V is the

parvicle velocity and \V is the pericd of transverse oscil-

|._J
0O
(6)]
\n
N/
(3

lasion (Lindhard
If a varticle moves along and oscillates about
vhe centre line of & clhexnnel then the particle can only

hanrel if the energy o scillation exceeds

+5

escape from the ¢

9
1)
it
]
m
o]

povential barriecr To a neighbouring channel. v is

o
v

oy

ngle bevween particle motiorn and channel direction

[ N
[
s\
(09

{

wasn the pa *"1c¢e is at the channel axis. The particle
can therefore escape if the transverse energy E sin2‘¥
ics greater than the bLarrier energy say Ec‘ - The critical

angle

1/2

This shows that the channelling angle increases with



barrier energy, i.e. the packing of the atoms in the
stvrings, but decreases with higher particle energies.

It appears Lo be independent of the particle's mass and
cherge although E, 1s in fact dependent on the particle's
avomic number.

= .

This is a =implified picture suitable onrly for
Lyoerchannelling because channelling in general does not
icle must stey within one channel.
Suopose That only particle — atom collisions govern the

path of the particie (True for heavy parbticles) 'then we

les are small since the atom can
be comsidered as infinitely keavy compared to the particle

Fermi votentizl V(R) can be used and the

o - e ], =,
gcattering anzgle @ ¢
-8

( /Z2 + P2 )

where Ml = particle mass
V = particle velocity
r = impact parameter
27 L collision means that the particle must come.

close to an atém and if the par tlcle trajectory makes a-
sm*ll angle with a row of atoms uhen passing close to one
aton must imply passing close toAseveral nelghbourlng
atoms, i.e. the particle collides with-'a string of atoums
inte vspaced in a straight line called a perfect string.

Thus the particle's path is governed by independent
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coliisions with a number of strings.
3) Excent for véfy high particle velocitieé, quantum-
mechanical corrections %o the classical orbital picture
are negligible,
(&) Deviations from nerfect latbtices and strings
cce to thermal vibraticns ere nezligible in the ideal
cryzoale | |

If many consecutive atoms contribute to the def-
~cction of the particles trajectory, i.e. maay small.col-
_isiocns, then there 1s a string or coantinuum approxi-
mabtlorn whick is equivaient to this, Sunpose the average

votential at distance o from the string is given by:

<}
~
(29
~
i
U]
1]
=
ct
=
Q
1
Q)
]
[V
Ci
o)
£
O
O
ct
0]
I3
<k
e
o
]

fol)
]
[

nteratcmic distance in the string.
Tae screening length of The particle-atom interaction is
given by:

-1/2

a = a x 0.8853 (212/5 + 222/9) but 2, << 2,

]

L] 2/5
oe a &, ¥ 0.8853 Z2

The Ferni function belonging to one atom iz @ O(g). if
R is not very much larger than a, the potential V(R) is of
the Thomas-Fermi type given by:

2
2428 R
172" o, (F)
' R

V(R) =

substitute in (1) gives:
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' 2
s ZnTZae
o) = f L e o B
. =, a R
212262 (%>
= == ¢ (& (2
d [
R . ' :
Tor I <4 1 Yhern “,% 1 eand equation (2) shows that
G and therefore U(r) must irncrease logarithmically as r

screases if r 1is small.

. Ce. . '
. G{=) = 2 log == (2) for r £ Ca.
2 Loz € is a constans ¢f integration determined by the

enoening. The ceniiovunm model implies that scatbering

<o Cistvences around the mirzimum distance of approach must

be due to Tae string noT o a single aton. Thus the
velocity peralliel to vhe string V cos v multiplied by
the collisicn time A5 must be larger than the inter-
atomic spacing d. )
rmin_(l)»
The ision time iz of ¢ rd e
 The collision tTime is of the orxder s7i5v

wacre 1 is the impact parameter and rmin(l) is the winimum
distence of approache

v

r_. (1)
o — o ~ “min
v o .‘A‘JLJ x V cos W (‘C‘I’ '\}’Sinly > d (4)
For small v ~, sin v v and the minimum dis-
vance of approach is obtained from:
2
M, V-
- — l 4 2 7 E 11’ 2
U(fmin) = = sin® ¢ & . . (5)
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s, 1EDLiEs 1 = 0 and Thin increases rapidly as sinv (v ) —
decreases, il.e, T.in vends to zero for a fixed y if
Tas energy lncreazses so at high energies the average
povestial is given oy
. Zq%,s" .
Ulz) = —=5 . 2 lozg =5 (6) from (2) and (3)
, a 4
sut (5) = (6) at high energies so:
: z
ny 2 BBt N . Ca
2w = « 2 log =3 or
o
27 %ye”
‘i"”‘ C?A‘ al 2C ) By
L0OE =T = - > CcI
- L w Ta
- 509
H — et 5
A Y da
r_.oo=  exp ;- ——=——5 | or
Ca i Z.Zne" |
X ;- 'Z‘; vl 25_ —g
- = Caexp & - 5 §
L 221Z28 ]
But from (#) » » & . Vsin ¥ =4 .VV
T 2
& 5w T
oo vag < Ca exp i - EX % or
272 %
' 2,
Ca v 5w —d
1 < S ey |- ZEE )
| 22,2,
& 172
- > . T A% - Ca < .
Iz ¥ increases from zerc then, providing <% d remains

arge, equation (7) becomes

untrue if the exponential

Gecreases rapidly so the condition necessary for (7) to be

correct is given by:
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Ca ..

Preovided Thas is larger than unity this formula

@ < Ca

ives Tne critical engle, i.c. c = —jg or

= > 2Z- 25 d/a v, obtained thus is usually
lerzmer Than a, cblarned previously for what is now
celled hyperchaanelling, iny particle moving through a

crysvel such that its trajectory makes an angle < oy

c
Vit & crystal lattice direction is subject to the con-
Tizmuunm theory and will zuffer separate repulsive collisions

“ving & sort of nmirror reflection.

Tas zorticles do not approach near enough ¢ undergo nor-
4 particle beam incident parallel to en atomic

a) <Toose particles entering the crystal at a distance

from the 2Tring less Tnan »_._ so that they will move like

b) +those particles entering at a distance from the

string Lzrger Than Trin which can be channelled.

-

Trhe frection of 'random' particles is given by:

[(wa3~t

B
®
H
®
(43]
f

w = critical angle
N = atomic densivy
G = interatomic distance
‘The fraction is dependent on particle energy via the

critical angle. Cor—cebions to the theory will probably
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eguired to teke account of the four original assumptions.

S5 ZIERGY LOSS MECEANISHS IW CHANNELLING

Tined as the anomalous absorption
¢l ¢n eligned partvicls beam by en orientated crystal which
implies that The perticles pernetrate deeper into. the

ower, i.e., average loss of

O
13
El
3
n
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l,_J
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ot
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g
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' 1
]
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Lo]

gners,” per unit distance, for a cheaanelled particle is
Lucn less. Znergy lccses zre probably due to both
collisions with latvice nuclieii (anuclear stopping) and

ccllisiors with electrons (electronic stopping).

H
3
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¥
ct
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¥

88}
H
93
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ass oné nucleus at
& disbterce r where the averagze poteatial is U(x) and suffer

a Geflection through a small angle @ . The formula

7 o

M. 0 = =% / 2 6 v (\f22+~p2 )

{Symbols previously defined)
®p

o [ 4 72y
LY & = -- :—-—Té-j dz — V( 2 +p) (10)

The average potential &t distance r from the string is

given by:
u(z) = ! =3V (Jz°+ 2 ) (11)
Substitute (11) in QO)
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P .’ -— Rad ——e i e
.\.'I-’ ‘Jd ™
Since the ccllision is elastic the energy transfer is:
A 2
-~
et [ Ut ()]
T o= g . (12) M, = atomic mass
oM, 7 2 -

LLle averege energy 1osSs can de obtained by integrating T
cver the unitd cell, which is composed of strings, and
cver all vossible values of ro Howevef, (12) indicates
TLAT She cnergy 1683 te The nucleus will increase as r

CIEESES, But a ccnadition for channelling is that

N ’ —_ . . . V
U\ZJ) =z En, The traznsverss snergy of the particle, so

toere o3t be a ninizunm distance of approach Toin for
cLennellcd narticles. This egzows implicitly that conm-

oized to a rarndom bezn ¢f particles a chennelled bean's
e 1

contribubtion of. nucleer stopping to the stopping pows:

will be small anyway.

Electronic Stovping

Decreasing transverse energy means that the
¢_zctronic stopping d;creasestbut at a slower rate than
nuclear stopping so the ratio between electronic and
nuclear stopping is higher for a channelled particle beam

than for . a random beam, For reasonably high velocities

the Bethe - Block formula can be used:

L 7 2 o

ax o . - “1 -
ey = 0 ° .’.\T ° QD = ZZ o N e JAd
CR e 2 mV2 e

1. Except at low energiess the



waers . = znunber of atoms/unit volume

S = ztopping crciz section / electron
At

- Y 23?72

A log - Sae— -
< ~ e 4

Cio ena can be dividid Into resocnance collisions, which

wionlly ococur outside the slectronic orbit, and close

O
[}
13
ci
f
ci
i3
G
I3
6]
2
[G]
3
O
O
-4
|
1!
N
1=

2r5e mon

S)

ions which usually occur

l.!.

nside the orblt anld cr: governed by the Rutherford scat-

wizing lawe The two types contribute asymptobtically

")

cgually To the Total =topping power so that alt reasonable |

tu;;tr&ulOQ denths:

ZEY = 5, T - a)mg, s @, P @] (14)

wzzme p {(R) = electron density at the point through

~ . -

waich the particle is moving

o /2, & approaches 1/2 as the pene-
tration depth increases. For a very thin foil this shows

2/2 ia the nost ;avou: ole conditions. For a given trans-
verse canergy E, there is an effective charge or atomic

muiber %5 (ET) such that if Ej = U(Tmln) then Zgz (En)

iz The number of electrons per a+om of the otrlnv outside

T . . Given a large numbsr of particles with a large

0
Lo
K
@
2
o
e

T Eq, equa tion (14) can be averaged-

% af (®y = se' [(1-a ) NZ, + o 237 (Ep) 1\1]‘ and
hsuce we can define the average electronic stopping power
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> (Ep) 7 (15)

. e S (16) and

Ly 2 s o= ..._..:_....:/:___ . '
77 = — (17)
picyal combining'(l6) and (17) in (15):
. . —2 Eq
2 (Zes = B, [~ « emp ( R
e —/ k/”_ g B g 2 )

caking smaell anzles of incicence with the strings although
The maxzimum engle is siightly smaller than'the critical
cozle Tor chennelling, For o single collision with a
sIring with impact parameter 1 and éngle‘ ¥  the reéonance

sconpling is indeperdent of the string and can . be neglected.

S
P(r) = = .d&. o_(r) - vwhere e () is the
e 2 , 5 ‘ s

eiectron dexsity of the svrings. The penetration of

haneelled particles will be enhanced because the average

Ol

enerzgy loss due To both nuclaar and eleotronlc stopping will
be less than for randon particles. However, the decrease
in electronic stopping is much less than the decrease in

ruclear svopping.
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The experinent to observe channe711n" consisted
¢l allowing a narrow bezm of positrons to be incident on
che face of o vhin silicon slice. Providing tﬁat the
coystal al;ﬁwed gbout nali cf the positrons through under
i tions then 1f chaannelling occurred many more

The bean must have an

vrlulcal channeliling angle

o The number of p051trons
eonirilating in the crystel was To be measured, using the

iy i f the crystal
Tthe beam b°cum° parallel To a crystal

cxis then channelling would occur and a fall in the counting .

Thne first source veed was 2“Na whose positron
sPeCGfum, e geaussian distribdbution, has an end point at
545 XeV, whilst‘the ziziimun zumber of positrons with one
energy occuré at 225 XeV, 4% this energy the maximum
range ¢l positrons in silicoz is 194 um. A silicon
single crystal of high purity (58, i.e. 1 part in 106)
measuring 2 cm in diameter and 30 Hm. thick was suppiied
¥ G.E.C. Semiconductors Litce. The critical angle Tor
Dositrons of 225 KeV. is zbout 14 mrads so vh t the positron
‘beam should have an anguler deviation of about 5 mrads.
Phe 'l nCi., source supplied by the Radiochemical Centre at

imersham had an active area of 1 cm. in diameter.
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2 ore silicon slices were mede at Metals

- L. . -

¢ who provided the silicon and the facilities.

trnet 1T cculd be oriantated, The crystél
L3 STtucxk on a wooden suppcnt and completely covered with
e minoure end greynite to keep the crystal
Irziy in place, a-r2y photos Taken of the crystal on
Che geniometer were analyseld using a Greninger chart so.
rstal exes could be plotted. The goniometer
no%o showed that the orien-
taticn was exactly perpeandicular to the < 100 7 face.
Silicon nas e sizmple cubic structure so that a ( 100
L8 one of Tie silez of The cube,
was put on a 'Microslice'
rocxire (Fige 3.1) which consists of a thin diamond edged'
circular saw which 1s held under tension. The blade is
robtated Dy an elecvric mobtor end Tthe crystal is fed té the-
tlade on & counterbvelanced arm which has two functions:

(1) it provides the correct pressurevbetween blade
ard crystal - usually about 50 gm per cm. of cutj |

(2) it zllows the crysta}l bto. back away from the blade

in order To rmininise the effects of irregularities in the

-

Each cud Took approx. %ﬁo hours using the standard oil as
lubricant. Ten élices were ovtained and These were prb
iz their positions by the glue untli denounted by aissolv1ng
the gilue in methanol. The slices of'aboﬁt.EOO Ule WETE -

clezned with methanol.
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To meikze The slices thinner they were etched in

an aci’ Zolubions
ZC cts. of Hyduolluoric Leild + )
00 ¢cz. of Mitric icid «+ -% concentrated.
200 ccz, of Hydrochlicric ifcid %

s mixture is pobtent azd dznierous being liable to
the There was no available
icZorzevion on the etehing rate to be expected so this had

Te s& discovered by ezpirzical zetheds. The only subs*”nce

in waich The slices coulld be rounted which was not attacked

o’
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e
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ct
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small square of glass
wal conpletely covereld oy moliucn peeswax and the silicon
vae nlaced on Ton. Zeeswax was poured round The
efzes of The crystal walch was cleaned with ether when the

wax was 4ry. The slice could be demounted by dissolving

To find the elch rate one slice was etched for
five minutbte periods at the end of which the slice was

dexnounted ead its thickresz ncasured with a micrometer

gtcut 200 um., an etch rate of ten microns per minute.
Tre :emaiiing slices were etched for %0 minutes plus &
rultiple of two minutes (later 1 minute) so that a razage
of thicknesses bebtween 220 and 50 um. were obtained. To
ensure an even etch the solution was continuously stirred
electrically. The etch rate was not partvicularly stable
eznecially if the temperature was allowed to vary even
over a small range.

On demounting the slices were far too brittle

to touch and had to be supported over & large area or they
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wouLl treck uvnder thelil owr wsight. Since the center of

t.r zlice rusesv be frce Zor chorzelling the slices were

mowrioed cevween Two larze wetal washers stuck together
(3= A d Tt o eam R A et : -
with beeswaxz. Tihiz made the mounting simple since the

sllces could be ficev:il off the glass plate base onto one
ol The washers when the secoznd washer could be gently

lcowrzed To secure the zlice. The sardwich was removed

PR,

3.0, Cecnstruction of thz Zruoss Collimetor

1. .teld beem of positrons which cen orly be produced by a

21its tyne erranzgenent 1f an accelerator is not

. Ny fea ) e T~ - S . - S -, ~ . - 2 pOs
usel. The angular deviaticn oi the beam is restricied

te 5 mrads., anl Te m=iue The number of positrons in the beam
as higa as possiltle Tnere were Two reguirenents:

fol
(a) that the tarzet crystal be as near to the source

he collimator should contain nmultiple siits
becatse of the finite size ¢f the source. |
Mebvals Research Ltd had a larger version of the

tZicroslice' machine (used on the silicon) which had a
blade which was approximately 8/1600 of an inch thick.
‘4 test cub with the meachine showed that due to blade wobble
the cut produced was 10/1000 inch thick.  This machine
could only be uéed with cerftain maferials, one of which
was brass, which althcush 'soft! will not clog the cuvving
edge. The arrangement shown in Fig. %.2 was produced and

ten cuts were put in, each being 10/1000 inch thick spaced
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The cellimetor lenglbh was calculated

GC W 2 LClis Jor en inzuior loviation of 5 mrads.

- Vel e 2 o

LIver vae cuviing the Too scuvions of the collimator were

e s A e 3
sScoevwell Ttozgetaer,
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Urizz the brzzs collizcotor the minimum length of
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wrere o = number of alr zclecules / ce.
r = redius of egir mclecule siace positron

Mt e s
radius iz nezliigible,
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cannot be preduced.

Considexr . —
o= o BTG
S R -
- 2
-
1 0.707 =c
2 T A

.
ST -%— The mean free path iz inversely pro-

porticnal. To the pressure. Using a two inch diffusion
. o . . o -0 s -8

purp we can easily obltain préssures oI 10 Torrs = 10

atimosphersi. A% this pressure the mean free palti wi-l

o - ) -

Y lerger, i.e. A % 20 metres which 1s much larger

toocn retuired. The experiment must be conducted in a

voouns ead a aiagranr of the arrangement is shown in Fig. 3¢5

i
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and did not annihilate as was expected. However, it was
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Tre only wey To dininish the singles rates and
hence the chance rate withoubt decreasing the resolutiocn
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detectivn geometry for those positrons annihilating in the
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5.6.,1 Introduction

It had been decided that the gamma-gamma scin-
Tillation counting systca might not be good enough because
drifts in the anm lifiérs in conjunction with the very low
counting rates would make the channellirg effect very cif-

ficult to see. If the positrons were debtected directly
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present or not. Thelthenmistor is sélf-heating and will
lose heat at a rate dependent upon the state of the vacuum.
Heace, its temperéture and therefore its resistance depend
upon the vacuﬁm. At high vacuum little heat will be lost
and its resistance will be low. If the vacuum fails the
thernistor will rapidly cool down causing its resistance
to increase, The change in p.d. across the thermistor is
detected by a voltage comparator and if the p.d. rises
above a set value the comparator output éhanges state from
logic O to logic 1. - The reference voltage, current throﬁgh
the thermistor and the vacuum gauge zero level are all
variable.

When' the comparator output changes it triggers
a bistable circuit which in turn cuts off the.felayS’
carrying the power supplies from the N.I.M.S. rack to the
H.T. supply unit whose output must fall to zero. The
bias will fall slowly to earth because of‘residual charge
on its capacitors - a sudden drop would damage the
detector.  The bistable also illuminates a warning bulb
to indicate that the vacuum hés failed. When the vacuum
is restored a green light shows that the bias can be
restored bj pressing the reset” button. The bias will,
of course, have té be slowly wound up to the correct level.
The controller can be bypassed by connecting the comparator
input directly to the 5 Volt supply instead of to the
thermistor. 4 block diagram of the unit is given in

Fig. 3.6 and Fig. 3.7 is the printed circuit.
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3.6.% Discussion

No data was obtained from this experiment so a

graph of the sort of behaviour expected from the first

experiment - detecting the number of positrons annihilating

Anthe silicon crystal - is shown in Fig. 3.8. The
saoulders are postulated as being due to correlated-col%
lizions with the strings (Pederson et al., 1972). The

bottom of the dip would depend on the target crystal thick-
ness, i.e. the fraction of the positron beam which is

absorbed by the crystal. The critical angle is-given by:

1/2

2
2Zq 2,0
v (—EE)
c Ed
~where‘Z2 = 14 ;
. -8 for silicon
d = 5.428 x 107" cm. )
= 4,802 x 10~%0 ergl/2 cnl”/2 A .
E = 1.602 x 10 x 250 x 10”7 erg :
. A : ' positrons
Z = 1 _
1 . | (22Na)
oy .(2xlxlix 4,802% x 10~2°
* 8 c —

'1.602'x 1032 x 2.5 x 107 x 5.428 x 107°

o

vt  17 mrads.
The observed critical angle would be less than thiS'becausg

of the large angular divergence of the positron beam.
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CHAPTER 4

ABSORPTION OF LOW ENERGY POSITRONS AND ELECTRONS

4.1 IXTRCDUCTION

Although the zbsorption of electrons had been
shown to be dependent on the atomic number (Z) of the
aonsorber (Husain and Putman, 1957),‘there were few attempts
to lnvestigate the difference in absorption of positrons
and electrons until 1966 (Takhar). These differences had
bezen discussed by Rohrlich and Carlson in 1954, ’ Takhar
cocxzpared the absorption of 1.88 MeV positrons with that of

1.77 eV electrons. The positrons from a 68

Ge source
which nad passed through the absorber were annihilated in
a Thick aluminium slab and the gamma rays detected by a
triple coincidence system. The same absorbers were used
for the electrons from a 86Rb source which were~detected
~directly by a géiger-muller counter, Positron and
electron absorption curves for various'materials were found
to be exponential, I = Ioe—‘*X, where I = intensity,
I0 = initial intensity, ‘w= absorption coefficient,
X = penetration depth, and an gbsorption coefficient was
calculated for each material, one for each particle.
The relative ranges showed that the positrons went approxi-
mately 2036 farther than the electrons.

The results were explained in a later paper
(1967) in terms of the atomic number of the absorber and
its thickness. The equivalent thickness (t) was defined
as the thiclmess in mg/cm-2 multiplied by Z/A, where A was

the mass number. The equivalent thickness was therefore
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proportioqal to tﬁe numnber of electrons per unit area.

A plot of the percentage transmission (T) for either -
positrons or electrons showed an exponential form for all
gosorbers., A plot of the log of the equivalent thick-
nesses, which gave ecual transmission (1) values, as a
function of the atomic number raised to the power 1/3

gave a family of straight lines cohfirming the relationship

given by:

1t (r) = otz Lty Q)

vahere m and ¢ are constaﬁts. The increased range of
positrons with respect to electrons ééreed_with the fheory
of Rohrlich and Carlson and the.relationship between
absorption and the atomic number‘was ascribed'to nuclear
scattering, since if the positrons lose energy mainly by
collisions with electrons the thiékness % should be the
same for all materials for a given transmission intensity
. -
Nuclear scattering would result in the following

conditions: -

(a) the probability of a giveﬁ angle .of scatter is
proportional to Z?; : ’ |

(b) the number of nucleii encountered is proportional
to % for absorbefs with thé same number of electrons per
uilit volume ’

(¢) the energy loss per unit path length is propor-
tional to the electron density only. The effect of

‘nuclear scattering, therefore, was to increase the mean

free path length for a given‘penetration depth and the

increase would bear a simple relationship to Z and hence

{00



the equation (1).
Similar results for B particles with energies
about 320 KeV were obtained for lead, copper and tin

for=To)

[\
B

bers although the positrons did not penetrate as far

\h)

13

5 predicted by the multiple scattering theory of Rohrlich
and Carlson. Furthermore, the positrons at this energy
pecetrated less far in aluminium than the electrons
2upaal exnd Patrick, 1872). These results agreed with
those of Seliger (1955) and it was concluded that low
gnergy positrons have a lover transmission than electrons
in low avtomic number materials.

Takhar had concluded that the ratio of pene-
tration depths increased with increasing atomic number of

"

the absorber in agreement with the multiple scattering

0

theory. Thontardarya and Unakantha (1971) questioned his
results and showed that the difference in the rangeslobserved
was Que to the different end point energiesvof the sources
used, This suggestion had been put forward first by
Cook (19695 who also suggested that the decay spectra of
the sources used by Takhar were complex and not suitable
f- comparison. Thontadarya also explained that the
absorption coefficients would be influenced by geometrical
factors and therefore repeated the experiments with severél
su.table sources using a constant geometrical arrangement
for aetecfion. -

| The ‘absorption curves obtained for all the sources
and all the absorbers showed an exponential character butb
only over finite ranges of absorption, e.g. 80% to 99% for

aluminium and 90% - 99.5% for tin. The mass absorption .

coefficients W /p for these ranges showed that for
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electrons the coefficients followed a law given by:

u/p = AE , where 4 and B are constants

'J-f

E, is the spectrum '

end point energy.

The positron absorption coefficients followed a similar

-

law although they were less tThan the electron coefficients,

4
—

O

@ o

‘ o)

ositrone had a greater range. The difference bet-

veen the electron and positron coefficients was much less

than that observed by Takhar,

4.2 POSITRON ELECTRON DIFFERENCES IN STOPPING POWER

The range of a particle is determined by the

rarnzes between electrons and positrons can be

terms of different scattering cross sections.

the quantitative differences in energy losses in an

absorber allows an estimate of the respective

positrons and electrons to be given.

wttering undergone in the absorber. Differences in

explained in

. Estimating

ranges of

a) Consider Inelastic Collisions where the Bethe-Block

formula assumes that above a certain fractional energy
transier € 1 the atomic electrons can be considered

free so that in a collision Mdller's cross section for

scattering of free electrons by free electrons is applicable:

] 2
L O N— X 1 1 vy =1 2 v -1 1
{—)" = L + + ( ) - . -
\d € T2 (1- ¢ )2 Y y ° ge(l-¢)
where X =21 eq'/mv2 (L)

i

(v —l)mc2 the kinetic energy

3
[
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ymc2 the total incident energy
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€

1!

energy transferred in units of T

Z atomic number.

The higher energy outgoing electron is by definition the
primary electron so that the maximum possible energy trans-
fexr e, = 1/2. Consider an atom of Z electrons then

the average energy loss due to such hard collisions is

given by:
1/2
: € \Te € =4X 4e 4 L= v 2 T BVTY
vel . . (2)

7.2 the Iractional energy transfer is less than €, SO that
the avtom has only becn excited then the average. energy loss

is given by a summation over all the probable excitations

given by:
°1
%'{. ln7m2€l(y +1) 24
2z (  eo, Yae = zy [=== > -B“] (3)
J I
o ) .
where o = the cross section for a given excitation (&, Y )
I = average ionization energy
v
8 =<

c

For all possiblé energy transfers the two are combined to
obtain the average energy lostdue %o collisions per unit
path length x in a medium with N atoms per unit volume
given by;

-

T \— - p2 - ' ,
(@7 = mx Dy Xy 427 ()] ()

| _ L2
vmere £(¥) = 1o Bz_gi_; 1n2'v 5 D (5)

- (O3



For positrqns the process is the same but because
positrons are distinguishable from electrons the upper
limit for energy trarnsfer becomes 1. Similarly, when the
energy tvransfer is large the appropriate cross-section is

Daabba's givea by:

L, 1 2 .. 2 2
do N7 _ % - vE-l L l,y-1 -1 -1
@)~ - T3 - Epe s G R

’ (&)

2 2 ST

.~ +2 1 -1 -

e R R . (7
L1 .13 y =1.2 |
2Y "~ Y '

Assuning that the averaze cnergy loss due to atom excitation

lJ.

is The same since it is prirarily a function of the atom
and not the exciting particle, the average energy lostdue

tc collisions per unit path length x as above is given by:

1+ - me 1 +
- () =wx L‘Ln(-i—é o L)+ £ ()] (9
waere $¥(y) = 21n2 - £ Y EOR - S | BT S o1
| 12 VLT (ya1)2 T (1)

v

ATv energies around Elé XKeV the rate of loss of energy is
initially the same but this does not last long. - In general,
the difference in collision loss is dependent only on the |
incident energy through the factors ﬂffy ) and iﬁ is" not .
really dependent on the étomic number of the absérber.

Below wuout 345 KeV. positrons will lose énergy more rapidly
tﬁan electrons but less rapidly'above this levelf ThHis"

difference of several percent will only be detectable in’
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terms of ranges if the effect of multiple elastic scat-

tering is the same for both particles.

b) Consider Elastic Co7llSlOﬂS

The cross section for elastic scattering of‘
positrcons and electrons by the coulomb field of a charge Ze
wes given by Mottt ian the form of a series of Legendre

Polyncmiels which can be expanded in terms of T%7 to give:

1,504
o (e, v) = E(-ﬁ-—> ( 1 Y[1- Basina 8 — 21B

RG]
- By sin4<3/2 27 TIE Sln?f ’
s &
(1-sin ‘2)] (11)
g, —Oo_
The ratio ——————— 1is zero at scattering angles of 0° and
o v

180° and is otherwise negative with a minimum

_ 2 X 137 o " N
2 [%=— (Y:J_) +1] at sins- = —}(—_—;I

This means that the minimum goes from 60° to 180° as the
ENETEY increaées from O to & , i.e. o_ is alwa&é biggef
thao o + and may be as muph as three times bigéer depending
on The energy and the angle.

The difference in multiple scattering between
positrons and electrons is only important if it results in
a different average penetration depth at which the original
direction is completely lost, i.e. particle diréction is |

rendom,. The solution of Boltzmann's equation for an -
infinite medium is that the path length x is given by:

x ' B
X = j( dx' = j(
) o

%%l & (12)
A . .
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wnere E particle energy

b

o initial particle energy.

From the elastic cross sections we can determine the like-
linood of the particle undergoing & specific deflection
and by suitable integration discover the probable avérage
angle © througn which it has been deflected for a given
path length. If The loss of initial orientation is

= o

defined as < cos g } Average © 1/e, when the average

toval energy Ed = Ydmcza,9 then the average penetration
depth Z; is given by:
;fx o
Zi = L cos ey , ax' = dx!
¢t Av < cos 02, |f—| & (13)
© a
Euv <f cos o by i3 a function of the elastic cross

section per unit solid angle (for particles of total énergy

Z) as well as the path length X. But the elastic cross

1

S

(

:ctions for positrons and electrons are different so for
& _iven path length the energy lost must be dl;ferent,
which in turn must affect < cos @ ay Ca function of
tae energyy ). Therefore, {cos © )A; and

ffcos ey T,y must be different just as (%§~)+ and
( ) are different and:

dy - (14

AT the average penetration distance Zy the intensity dis-
tribution can be described by the diffusion theory. Using
Boltzmann's theory the intensity at distance S due to a

uniform plane source at x = Zy is given by:
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~r
-

I(x) = I(Zd) [1- erf(Ijg%ggz;)].. , (15)‘

wh 2 | - (e : as |
woere I Ay = l.ODf l ' '8:? d vy <l6)
o L cos © 7&V
Lo

which telkes the energy loss into account. The theoretical

frg = Zg t Tpy ‘ (17)

So on passing throuzgh matter the statistical behaviour of

pozitrons and eleciroans reflects their single scattering

2

iligrences through:
a) the cross secticn for inelastic scattering by
onic electrons;

b) the maxinmum possible energy loss in such a

&stic cross section.
Tne stopping power or average rate of energy loss is

affected by a) and b) althoush the effect may be masked in

surements because of ¢). Range differences would

H
F
G2
®
=}
®
&

be marked I1n heavy elements because the cross sections and
ru-siple scatter;ng differences are dependent on the atomic
NU2DET. .

This theory has been updated to give a better
explanation of experimental results especially in the
rezion below 100 KeV (Batra and Sehgal, 1970). Both
izelastic and elastic collisions were considered by using
an ampiricél relation for the totzal stopping power of.the

absrober and the results were corrected for the multiple
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scattering effect. The average range of a charged

particle energy E.1s given by:

E

o o [ -1 |
R(E) = | C—é—— & ) 1 dE (18)
75 TOTAL
where - p = density, and:
& - & NG Qa9
“-roTaL & GOLLISION Gx/RADIATION G

ais saows that positrons and electrons will lose energyv
by collision and excitation and by brems»rthung radlatlon.
In the z:ime way &s in the previous method the average

collision loss per unit jpath length is given by:

AT\ = . L p€ vl :
"(d}: = HZyx [J.;l(-—é- ) + f (Y ) -5 ] (20)
" COLLISION _ I 2 : .

where £ ( v)

fl
‘..J
o
w
i

o1 L2 ~
. 2 2_;.22 . 1n2 + %(l?_l) for electrons

h's
'

2
B < 14 10 4
S R e S CaES D Iy I

_for positrons.

27 y)

These reflect the difference bgtween the'Mﬁller and Bhabba
cross sections and 5 is a density effect correction,
vwhere N = number of atoms per unit volume

X = 211e4/mv2

average ionization energy

=

i

Y mc2 the total incident energy
T = (‘Y—l)mc2 the kinetic energy of the moving electron.
The energy loss due to radiation was derived by
Bethe and Heitler and was corrected by Koch and Motz to
give:

(08
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G RapTATION J, 70K (21)

where k = energy of the emitted photon in units mec2

o, = mass of electron (The equation is only strictly

H
ot
]
=y

or an electron.)
a op = dilferential form of the Bremstrahlung cross

secvion,

-
RN
}
1o

the reciprocal of (21) + (20) is the range then this is’
very complex so an empirical relation for the total

svepring power may be used given Dby:

e ()T = (nZwe) T (v) (22)
= “PCTAL ,
wnere p = densitvy oIl avsorver
,+ ‘ 20‘,';' o
Ff(y) = =7/ vP )
- - ) For T < 500 KeV-
F(y) = x5y 2 ) ‘

l
<
~
<

Tae factors m and ¢ cen be calculated and hence the stopping
pOwWeIrsS. Conparison of experimental data and tﬁeoretical
ata Justifies the empirical relation because the errors

are never ﬁ re than 496'and it’is possible to compute a
smooth error curve which allows corrections to be made.to
the‘fange as estimated by (22).

Pecause of the multiple scattering effect which
becomes important at very low energies the theoretical
range is always greater than the measured value.. At low
energies multiple scattering'angles méy become large and
tﬁe motion bec@mes randon so that the true iange is given .
by

R = R(E) - R(Er)
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theoretical range
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) is the theoretical range at the energy at

4o

',1 )
~
k=

wiich random motion can be said to start provided that

rooson notion streggling is smell,

TR ST R NTITL AT AT
4.% TUPIRINENTAT, METHOD

It wes intended to ¢

O

mpare the energy losses

\]

therefore the ranszes of positrons and electrons using
tne silicon cdetector and the Ge positron source. In
crier to eqgualise the encsrzies of the particles from the

22L.Tron source and The T XD electron source a thin

w3

coorber would be placeld in front of them until their 8

?,

rey spectra were identiczl &= seen by the silicon detector.

ther ebsorbers could therefore be investi-

K

T-c effect of
geoel to give quanvitetive information about the numbers of
parivicles absoroed and vthe cnergy lost.

A prelininary experiment was conducted to inves-
ate Tekhar's results wsing the 22ys positron source and
a rzage of eslumiaium absorber thicknesses. The poéitron

bezm was collimeted tc one cm. in diameter and angular

«t

eviation 40 mrads. by lead collimators. The beam then

v

pessed throuzh a thin mylar window into the absorber and

o8

the nunmber of positrons antnihilating in the absorber was
detected by the triple coincidence system. A diagram of
the apparatus is given in Fig. 4.1, The absorbers ranged
between O and 256 mg./cm.2 and the minimum count over 2

35 minute pericd was 180,000 giving a statistical error of
abouv .2596, ‘The results adjusted for background count
are shown in Tig. 4.2 where the errors in the points are

smaller than the size of the point.
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L4 DISCUSSION OF RESULTS

"Flg. 4.2 shows the relative intensity of the
szosnitted beeam as & fuaction of absorber thickness

reasured in mg./cn..  The curve appears fairly expo- -

1) TLaT uhe Jda sositron spectrum has a shape whose
ereg Increcses exponentlzlly so that if a given absorber

s up to a certain energy

B

rne transmission curve would have an exponential
2) or that the sbsorption follows a law of the form.
where I = the transmitted intensity at absorber thickness

=, = the initiel invensity of tﬁe positron beam‘

/o = Tthe mass abzorontion coefficient.
To wse Takhar's 't' thickness (5.%5) instead df x will
only change the X axis scale and will not affect the
rciztive positions of data points. -From this equation (l)
26 a piot of 1ln I versus thickness x
vitTo gradient equai to fhe,
gbzorpition coeffiéient v/ , Fig. 4.3. From the graph
the absorption appearé not o be strictly exponenﬁial
gxicept over the transmitted range 2096 to-096 which agrées
wi:h'Thontadafyé and Umskantha. However, they combared .
their results with those of Chang et al. én@ Baskova and
C.rhachev who useé monergéfic beams of parﬁicles which 1is
coizparsble with»considering}the last 2096 of positrons

transmitted which will be the most energetic and will all
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fall within a narrow energy band. Froﬁ the curve a mass

absorption coefficient for the last 2036 of 44.9 cm.zg'l

can be obtained which compares with 46.7 cm.ag } obtained.

by Thontadarya et al. - ‘ A ‘
Gleason et al. postulated that the value:fqr.

for beta particleé would follow a law of the type:

-B
o

kw7

u/p = AE

where A and B are constants and in this case Eo is the
end point energy. For negative beta particles the constants

are A = 17.6 and B = 1,39 which gives u/p = 40.92 -cmg~L.

Thontadarya et al. suggest that for positrons the constants

should be A = 22 and B = 1.33 which gives e = 49.32 cm2g

'lv-'

The error between the calculated absorption coefficient and

the experimentél'value increases with end‘point energy which

o b

may be because as the end point-energy increases the energy

. band comprising the top 2036 ené:getig positrops widens and.

SRS e T T

o T
== g

deviates more and more from the ideal monoenergetic source.

- "‘:‘.‘::!u..:x:":n
T

The range of positrons in matter is given by the -

equation:

R

E.

| .
+ _ + . =1
R (E) = Jf' (-5 @ 1 @
' | 0o . POTAL

4
o e
1.

%":r‘i ST
B b
1

Batra and Sehgal have suggested the empiridal relation:

e @y, " @D T

where K = -0, 00595 gm om’ )

r

1 § - constants
L= f0.9280 gm cm 2 MoV~ . :

2 = 13 the atomic number of the absorber aluminium

t
!

s



where F'(y) = Y 2,4/ y1:9
E = 'rmca the total incident energy
T = ( 'v-l)m02 the kinetic energy
= 545 MeV max., for 22NA. ‘ S

. + EO ' + -1 1 EO 109 1 A i
e . R = g [ (KZ+I‘) F (* )] . dE - m —x;——z-:t odE

‘However, comparing the two sides of this equation shows

that it is dimensionally incorrect. We suggest that the

TTut

original empirical relation should have been

n

- %r.(%g)TOTAL - (k2+L)"! F*(v) and therefore: g
5 | :

o 1.9

R* = (EZ+L) L . aE =
. ,E

T

Now E = y mc® & dE =mc?dy and the integration limits
., are due to the most energetic positron losing all of its - ;Q
kinetic energy. Thus when E = Eo the end point energy ' 4F

2

Y= Y , and when the kinetic energy is zero E = mc”™ and ’ »j

vy=1. | : | o

Y C b
(o3 * i
' . 199 . ' 05 -1‘4'Y iy
& BR* = (EZ+I)me? [ _x__E:}I o dyY = (xmx.)mc?-_t*ms + Yl.ri‘;@?;
. . l . . : . ':_:

Y

But T = ( v -l)mo2 or T = ( ‘vo-—l)mc2 = 545 MeV

-28

"’where m= 9,109 x 10 g, the electron mass

c -'2.998 X 1019 cm.sec'1 the»velocity‘of light

'IeV = 1.602 x 10712

v, = T /me® 4 1 = 2.06647

erg.

16



4 Bt - £81.872 x 1078)(.85065) (y*7  _y<l-4 2.06647
an 6 [ + 14]
' 1.602 x 10~ +2 * 1.0 s

= 43.473 x 1072 x 419 = 182,22 mgn cm 2

|

This range will be overestimated because the multiple
scattering effect has been neglected. The concept of a

~definite range is anyway peculiar because the absorption

TTTUTT T AW nee

is considered to be exponential, To get round this
Armstrong quotes the range as being the distance at which

the transmitted intensity is less than 0.01% and has

|

measured the range of 545 KeV B particles to be'120vmgm.cm52.
2

LT

Our experiment would yield an 0.01% range of 136.72 mgm.cm™

which compares with the calculated range within 30.0%.

T

1

Our conclusion is that the exponential absorption

68

of the whole Ge positron source spectrum reported by

Takhar was an accident caused by the shape of the spectrum

T TR T

and/or thé geometry of his apparatus. This would be par-

e
=

L
var rmay

. ticularly true for an ordinary'-‘ﬂ source since the shape

of the spectrum is bound to have a major effect on the

j

|

transmission curve. Furthermore, Takhar's conclusion that
the transmission is Z dependent follows from conventional
- energy loss considerations which, in general, seem to explain

 his results better than he does himself,

wro



CHAPTER
. VACANCIES IN METALS

5.1 INTRODUCTION - POSITRONS IN METALS AND TEMPERATURE EFFECTS

RN

The first account of the effect of temperature on

positron motion in metals was published in 1966 (Stewart
and.Shand). ﬁhe contemporary theory was that pqsitrdns
were therma;ised ﬁy scaftering with electrohs at a faté - T
much faster than they were annihilated.  The avgrége |
positron energy at annihilation would be less than leV.
and this would result in the annihilation photons' angular’
' distribﬁtion having a sharp cut-off corresponding to the

Fermi momentum, It was now shown that at high temper- .u

Fronfan e 1

atures this cut-off became smeared out because the positron
energy at annihilation was much greater. Howevef, analysis ';
of,the.data obtained by a standafd ahgular correlatioh- ,%
" technique showed that there was an efféctive positren "~&é§
temperature 1.9 times the real temperature, i.e. the ' . «TEE
. posit:ons were not completely thermalised befére annihi- ~'”it

lation. An alternative suggestion was that in an electron ;'m
sea the positron s effective mass was 1.9 ‘times the.rest ) , ‘ﬁ}
| The same technique was used on several metals ‘,f?

by Kim et al, (1967) who concluded that the optical reso-

lution of the apparatus would causeé the cut-off to appear
smeared out equivalent to a positron thermalisation energy
,60°K above the true temperature. Furtﬁermore, the effec-
tive positron temperature was linear with specimen tem-

perature at high temperatures suggesting that the posmt;on




probably thermalised. At low temperatures this linearity
was lost, i.e. no thermalisétion, and the calculated low -
temperatu;e thermalisation time was found to be longer than
the annihilation time., |
Apparatus with much better resolution was used

to investigate the suggestion that positrons might tend to
annihilate in lowvelectron density regions around dis-
locations and vacancies (Connors and West, 1969). The
angular distribution curve of photons resulting from anni-
hilation in deformed.aluminium had been found to be
narrower than that due to annihilation in annealed aluminium.
A similar effec§ was expected, along with a change in the
' lifetime, if vacancies produced by heating the sample |
attracted the positrons. . Assuming a very short thermali-
sation time then a positron could either annihilate.fréely
or be trépped and annihilate with a different lifetime.
The measured lifetime would be a combination and would depend
on the number of positrqhs annihilating at vacancies.

This would mean that the measured lifetime would depend on
the temperature via the activation energy for vacancyA
formation. The effect of temperature on the lifetime was
plotted theoretically. assuming a Maxwell-Boltzmahn dis-
tribution of positron energies and a screened potgntial
interaction between positrons and vacancies and showed good
'correlation with experimental results. - |

A very aimilar effect was demonstrated by

Bartenev et al. (1970) who showed that the lifetime and
‘ anninhilation photon angular distribution depended on thé
state of aggregation of # substance. In non-metals annia.-b

hiiation'usually'occurs from a state of positronium and

o

e




the main two methods are‘orthopositronium pick-off (annig
hilation with an electron other than the one in the
positronium 'atom{) and orthopositronium decay to para-
_posi#ronium quickly followed by annihilation. If q'
positronium 'atom' can only exist stably in a certain-.
minimum 'free’ voiume which is greater than the inter-
atomic spacing then the positronium.must usually be con-.
tracted resulting in a smaller lifetime., ‘Also, the
angular correlation F.W.H.M. will be‘large: because of

the increased kinetic'energy. If defects bigger than the
minimum ' free’ vo}ume are introduced, e.g. vacancies oi
pores, then,the‘positroﬁium will be favouraﬁly captﬂred |
there. Not only is the positronium able to exist‘stably
in sﬁch a defect buﬁ the electron density will be lower |
80 that’the annihilation rate due to-orthopositronium
pick-off falls. The percentage of parapositronium annigA
hilation will'increase and overall the lifetime will be "‘
' longer and the angular correlation éurve narrowers Experi;
mehts on samples in various states of aggregatibn‘showed.
that annihilation depended on the number and type of |
defects in the sample. |

A special electronic system was developed to

measure the F.W.H.M. of the angular correlation curve
directly in order to show that the width was related to. the
number of trapped positrons (Mackenzie et al., 1970).
Using pure copper and an aluminium alloy the line width
was fouﬁd to be proportional to the number of dislocations
i.e. sample hardness measured with a special meter. Pro-
viding that the trapping did not become saturated the width

of the angular correlation curve was a good measure of»thg
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sample hardness.

Positrons are attracted to vacancies etc.
because of the difference between the bottom of the positron
energy band in a solid and the potential felt by a positron
inside a vacancy, i.e. a vacancy is a positron potential
well (Hodges, 1970). The capture process is sufficiently
fast to cause saturation even af low vacancy concen-
trations c. 1072,

Working backwards Tagaki et al. (1971) showed
_that the electron distribution at a lattice defect is
anomalous by comparing the. angular correlation curves
obtained from two samples of copper, one of which had been
plasticaily deformed.

Dekhtyar and Cizek attempted to show that the

/
/

____fraction of positrons trapped is proportional to the root

of the temperature by éomparing angular correlation~éurves
obtained at 77°K‘and 300°K. . The fraction of positrons
" trapped should depend on the annihilation rates at dis-
locations and at perfect regions, the number of dislo-
cations, and the rate of trapping which is dependent on .
the trapping cross-section. However, measurement of the
angular correlation curves obtained from an initially‘
. annealed sample over a range of temperatures from 100°K to
520°K showed that the main cause of the temperature depen-
vdence of positron lifetimes is fhe trapping of positrons
in vacancies. Any differences in the curves must have
beeh due to the temperature and structural differences via
the activation energy for vacancies (Connora et al., 1971).
The experimental results correlated well with a theoretical

curve obtained from a more rigorcus statistical treatment
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than that employed by Dekhtyar and allowed a vaiue for the
‘vacancy activation-energy to be obtained. | It was Sug—
gested that the effects due to vacancies could easily be
confused with either Ehanges in non—loéal electronic pro-
perties, i.e. impurities, or the possible preference of .
positrons for one component in an alloy.

The lifetimes of positrons iﬁ'various alkali
metals over a very largé range in températures did‘not
vary, implying that there was no trapping (Mackenzie et
al., 1971). Since the theory of poSitron'annihilatiOn' ;
had been based on the free electron gas assumed in alkali
metals it would no longer have been viable if vacancy
trapping had been important in thése.metals. .'ﬁo trapping
was probably a result of the #acancies-being too small‘or
not attractive to positrons. . |

Working at very low temperatures Dekhtyar found
_ that the total area under the 2 y angular'correlétion
curve increased with temperature. . He suggested that at
low temperatures théfe-was an increased probability of
diffractional reflegtion from internal faces of the crystal
long before therﬁalisatioﬁ. Subsequent dhénnelling would
enable some of the ?ositrons to escape from the crystal
resulting in feﬁér annihilations énd a smaller area under
the curve. Another suggestion was that there was increased
annihilation in flight at low temperatures as well as chan-
nelling in single crystals (Faraci et al., 1972).  Both |
effects would be déstroyed at higher temperatures by lattice -
vibrations. However Campbell et al. (1972) concluded that
Dekhtjar and Faracivweré nistaken since they could find no .

change in the intensity_of the 511 Kev gamma ray peak with

22



temperature.

Thermally generated lattice defects or vacancies
have a large effect on positron lifetimes in Al, Cd, Zn,
In, etc. At low temperatures the vacancy concentration
is too small to affect the lifetime, but at ordinary tem-
peratures the effect becomes more marked as the concen-
tration increases. Above a certain temperature saturation
occurs when all the positrons are trapped and annihilate
from vacancies. McKee.et al. (1972) were, however,
unsuccessful in proving the trapping model by studying
the annihilation rates at various temperatures because
their results-were inconclusive. Later workers,(McKenzie,
1973) have shown that the trapping model will successfully
explain their experimental results.

.‘5.2 METHODS OF MEASURING THE VACANCY FORMATION ENERGY

The vacancy concentration can be obtained from:
“1) direct measuremént under equilibrium conditions.
Such experiments éhow that the predominant thefmally
generated defect in metals are monovacancies and theoreti-~
cally aﬁy property affected by the preseneé of point
defects which can be measured gt high temperatures may be
used to study the concentration of defects;
2) quenched in‘high temperature defects whiqh'can'
then be studiéd at lower témperatures; '
‘3) the production and study of defects at lower tem-
peratﬁres by cold working the sample.-
Theoretical estimates of the vacancy formation

~energy have been.based on the model of a metal proposed By'

Huntingdon and Seitz (1942) which consists of ions repelling’

123 [
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their nearest ﬁeighbours according to a Born—Méyer or
Morse potential, The metal stays together because of an
elastic matrix or by springs outéide the imperfect crystal
unit. Zero-point and thermal motion of The ions is neg-
lected. HoWéVér, depending on the method of calculation
the vacancy formation energy for copper has been given in
the range’O.B to 1.8 eV. | |
The value of Eg may be obtained from the quenched

in resistivity as a function of the quenching temperature
TQ. The results are not very satisfactory because the
equilibrium vacancy concentration quenched in is very small
(e.g. < 1 part per million below 600°C) and is much less
than typical impurity concentrations. Airoldi et al.
- quenched 0,04 mm, diameter wires in gaseous argon at
5 x lO3 degree/second and the resistivity increments indi-
cated that Eg & 1.0 eV, However by isothermally
annealing out the extra resistivity they obtained another
value of Eg & 1.5 eV, In general the experiment does
not give'reproducible results.

| Monovacancies and interstitial atoms are the
main defects produced by bombarding metals with energetic
particles. These defeéts are- mainly annealed out at robm
temperature by mdnovacancy migration although this doés
depend on the samples history, e.g. irradiation dose.
Thermal annealing experiments show two peaks for'copper
near room temperature and their associated activation
energies are 0.65 eV and 1.2 eV. Since these aré mig-
‘ration energies which are simply related to the vacancy
. formation energies, but not similar, neither value seems -

*  to predict a good value'for Eg.
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The same sort of defects can be produced by cold
working and at low tYemperatures the annealing is again
expected to be a monovacancy process although tbe effect
would be impeded by the many dislocations produced. None
of the annealing peaks can be identified with a particular
migrating defect but the decrease in internal friction
and increase in elastic modulus found when annealing
slightly strained samples is attributed to defects mig-
rating to dislocations which are then unable to move.

The kinetics of this reaction gives a copper vacancy mig-
ration energy of 1.0 eV. which is nearer the expected value.

If self-diffusion in metals is a monovacancy
mechanism then the data should yield information on the
vacancies. The activation energy of self-diffusion is
defined in terms of the temperature dependence of the true

T

self-diffusion coefficient D™ by:

' '
+ EM

2 . a(in DP) / a(l/kT)  and @S0 ol

where E§ = migration energy of a monovacancy.

‘'The method is to inject a radiéactive tracer atom intoAa
large thernal gradient in the metal and observe its motion
as a function of the femperature. Seeger and Mehrer .
(1970) used this method and obtained a vacancy formation
energy for copper of 1.05 eV. |

According to statistical thermodynamics the con-
centration of vacancieslin thermal equilibrium in a cfysta}

is given by:

V= exp (-G§V7KT>
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Iv

where G . = the Gibbs free energy of monovacancy formation
- gLV Iv
HF '+-TSF
where H%Y = the enthalpy for formation which is usually
e '
given the symbol
E%v = the 'energy' of formation at atmosPheiic
pressure ‘
IV ' .
SF = the entropy of formation.
Strictly E%V is the work done at atmospheric pressure

and constant temperature in creating a single vacancy,
keeping the total number of atoms in the crystal constant.
This disregards the possibility that There is a binding
energy between near vacancies which could cause the for-
mation of divacancies so that the total vacancy concen-. -

tration is given by:

Cv = CIv + sz + CBV cos
In general the concentratione of di and higher order
vacancies is negligible with respect to the cohcenfration
of monovacancies and throughout this discussion vacancy
implies monovacancy. ' | ,

| Equilibrium experiments ﬁsually-produce the best
results which afe aecurately preatable but they maﬁ suf fer
from two major disadvantages. One is that the effect of
unit concentratien of defects is unknown and therefore so
is the proportionality factor between effect and defect
concentration and the other is that the true vacancy con-
tribution to an effect is hard to assess since it is
impossible to compare it with a defect free crystal.

Calorimetric measurements do not suffer from these dis-

advantages when the specific heat or heat cpntent is
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determined as a function of temperature. The heat
absorbed by vacancies formed afterva small temperature
change ié obtained from the difference between the
measured temperature change and the expected temper-

. ature change which would occur if no vacancies were
formed. The increase in vacancy concentration can. be -
calculated although the concentrations are usualiy very.
high, probably due to errors in estimating the'expected
temperature change.

Electrical resistivity of metal at high tem-
peratures shows é progressive increase above the expected
values for a defect free metal. Resistivity measure-
ments suffer fiom‘tbe disadvantages above but are easy to
accomplish and can give good results if the backgroﬁné'
defect.free.effect is small. The increase in resisQ
tivity is probably due to additional scattering.of the
electrons by the defects.
| Simulfanéous measﬁrement of the X-ray lattice
parameter (a) and the. specimen length (1) as a fuﬁction

of temperature was first suggested by Berry in 1956. If

' a vacancy is créated in' a rigid crystal by taking an atom

away from aﬁ internal site and- putting it on the'surface,
the dimensions of the unit cell measured by theAX—rays
will remaiﬁ unchanged whereas thé volume pf the cryétal
will increase. VAn.interstitial atom would have the
opposite effectvon the crystal volume. Similarly,‘elasfib
relaxation due to temperature increase will affect both
volume and X-ray parameter equally. Hence, the dif- |
ference between macroscopic voluﬁe aﬁ@ X-ray parameter is
proportional tb the number of vacancies - numbgr of
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interstitials. For a cubic crystal:
3( A L/L - aa/a) = & N/N

where AN/N = net added concentration of substitutional
sites - predominantly vacancies. If the left hand side
is measured to an accuracy of 10™2 and the.concentration
of vacancies at the melting point is a maximum iﬁ the

'4, then the best experimental error is

range 1072 - 10
of the order 1 - 10%. Impurities may also.affect the
‘results by producing lattice dilation or by causing a
binding energy between vacancy and impurity. The method
has been extensively used by Simmons and Balluffi and co=
workers. _

The equilibrium concentration of vacéncies can
be measured’direqtly from its effect on positron annihi-
lation. If the positrons are attracted to vacancies

where the electron density is anomalous then the annihi-

lation parameters will change.

5.5 POSITRON TRAPPING AT VACANCIES

The atomic nucleus will repel positrons and so
the positron's potential eneré& is smallest in the inter-
stices of the lattice because the core electrons partially
shield the nucleus from the positron. Therefore the
positron will probably spend most of its time between the
nucleii. In the noble metals the ion cores of neigh-
bouring atoms touch each other and so the strongly repulsive
potentials around the lattice sites extend far into thé
unit cell. The varying potentials seen by a positrbnvin

copper etc. whose path is parallel to the crystal axis is
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shown in Fig. 5.0 (a, b). The posifron path may be
through the atom sites or betweeh.them, when the potentiél
energy at the saddle point can be gquite high. |

The positron wave functions are Block waves in

a perieodic lattice:

v (x) = exp (1 k.z)u (z)

where uk(r) has the periodicity of the lattice. In
f.c.c. or b.c.c. Bravais lattices the wave function with

the lowest energy e , has wavevector k =0 and

¥ (@) - u @

This has the periodicity of the lattice and tunnels fhrough .
the saddle point from unit cell to unit cell,.i.e. €0
just less than saddle point energy.' The wider the core
.the higher the saddle point energy and consequently the
harder it is for the positron to tunnel through. The |
value of eo-has been calculated to be 4 eV for copper
(Hodges, 1970). |

Suppose that one of the ion cores is removed so
that a vacancy results then thé neighbouring cores will be
inwardly disPIaqed (relaxed) and the vacancy's effective
negative charge will be screened §omewhat by a redis-
tribution of the conduction electrons (Fig. 5;Od); The
additional poténtial well at the location of the missing
ion core is quite deep and will depend on the width of the

core. If'the positron falls into the vacancy the com-

bination of the potential well plus::the necessary tunnelling

e
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energy may be much greater than its energy and it cannot
escape, i.e.
U, + Ug > 4 eV (say)
where UO = depth of potential well
US = tunnelling energy.

. A vacancy will be attractive to positrons be-
cause of its net negative charge and a positron which falls
into the vacancy may become trapped because it has inéuf—
ficient energy to escape, i.e. Ae too large. Annihi-
lation can occur in the free state or in the trapped-state
where the positron experiences an anomalous electron den-
sity which will cause the annihilation parameters to
change. For example, the annihilation rate at zero angle‘

will be the weighted mean of the two methods given by:

I = I Py + I Py (1)

probability of annihilation at a vacancy

]

- where Py
PF = probability of annihilation in free state
Ivv= count rate from trapped state

IF = count rate from free state

I = total count rate from crystal.

Let ny be the number of positrons in the free state then:

- - g o

where AEL=‘frEe annihilation rate

CV

W = trapping rate

= vacancy concentration

N = number of positrons entering crystal/second.
Similarly n. is the number of positrons in the trapped

state énd:
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dny,

3T T MBy MOy ynere A , = vacancy annihilation

rate.

dn,

In the steady state = 0 and = = O giving:

o] B

pF = N/( A‘F + 'U-Cv)

n,=1np BC/ A, = N uC/Cap+ uC)ar

- AV
nC

v

-
nV

IF is the number of annihilations from the free state

=nF A.F
I, is the number of annihilations from the trapped state
. "oyt
e R T S
I; Wy Ay uCy
From equation (1):
n nvA. IFA'F I}\.vuc
I=1Iy ( ) + I, (—5— %) = T *Ta prt HC,) A

IF }\F + Iv p.Cv

AF + qu1

or - AL (I -Ip) = wC, (I, - I)
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— = z (3)

The concentration of vacancies at thermal equilibrium is

given by:

C, = C, exp (- Eg / kKT) where C, = constant
Eg = vacancy formation
energy .
Xk =

Boltzmann's constant

temperature [°K]

The trapping réte is given here as a constant although
possibly:

n o= aTl/2 (4) di.e. is a function of temperature.
From (2) we get:

v .
. AT, + I_ exp [~ EV / k1] |
I =i L where A = A p / arl/2 ¢

A+ exp [ - Ep / k]

o/

1/2

v
Bl + I, T/ ° exp [ - By / kI]

B + 1/ exp [ - Eg / kT]

F

~or I = where B = A F / aCo

From (3) we get:
F o Dexp [- v‘) kT] (5) where D = arl/2 ¢ / A
I - 1 XP EF o’ F

Errors are introduced into the results because of possible

temperature dependencies of IF’ Iv’ Eg

and a, i.e. trapping
may be harder at high temperatures.. Using s#andard angular

correlation apparatus set at zero angle lMcKee et al. <1972),
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were able to show that the peak height was a fuﬁction of
temperature. At room temperatures when there are few

- thermally'generated vacancies the value of I gpproxi-
mates to IF and at very high tempefatures when nearly all

the positrbns are trapped I approximates to Iv' A plot
of | |
I-1I
F 1
ln['f;—:—I] Vs T
gives a straight line whose slope yields the vacancy for-
mation energy.

An improvement to the theory takes account of

thermal detrapping (Doyama, 1972). If Agp is the rate

of detrapping then:
dnv . .

dnn,
I
~—<'1~5=-AFnF- IJ.CH.F+ A'RD.V+N

working through the same method as before we get:

A
I-1Ig - v HCy 6)
i - | . A A'V + A’F }“R'

v F

If the detrapping energy barrier is Eg (& 0.2 eV) then

'the detrapping rate is:

v .
AR = A exp (- Ep / kT) where‘lx o 1s a constant.
I - I A apl/2 ¢, exp (- By / kT)
I, -1 A g Ayt oAE X exp (- Ep/ kT)
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AD exp (- E] / kT) -
= 7 (7) Compare with (5).
Ayt Ko exp (- Ep / kT)

- The detrapping is only important at higher temperatures
especially at, or near, saturation when all the positrons
are being trapped. AR is negligible for positrons
trapped by dislocations at temperatures around 300°K
(Hautoj&rvi et al., 1970).

. In say aluminium the time spent by a vacancy at
one lattice site (14 psec) is much "shorter than the life-
time of a positron at a vacancy (246 psec). This may be
due to the positron following the vacancy's migration or
alternatively the presence of the positron may inhibit
the migration.

The effect of monovacancies is detectable at

concentrations dround 10“7, From equation (2): . -~

| | v ' v
AT+ uC I S -E
_ PF vV _ By F
LT = e where C_ = exp () exp (—gr)
Sg = vacancy formation entropy.

Suppose IF changes linearly with temperature and becomes
constant at high temperatures because it is sensitive to
the overlap of the positron and interstitial electron wave
functions which shows this sort of character. Then, if
AF ahd L are assumed independent of temperature, the
critical temperature Tc is the temperature at wﬁich the I
 parameter curve .deviates from the linear background. The
temperature\dependence of u will probably be cancelled

. out by thermal detrapﬁing and the increase in the positroms'

residual moﬁentumﬂ Therefore, if the concentration of
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" monovacancies at TC where their effect is barely noticeable

is a constant in all f.c.c. metals and alloys then Eg is .

proportional to Tc’ i.e. the formation entropy is a con-
stant (Karbayashi and Doyamna, 1972).l .In angular corre-
lation experiments the effect of vacancies does not depend .
upon the valency or size of the missing idn'and the éntropy

is characteristic of the close packed crystal structure. -

v

Hence in f.c.c. metals SF

crystals Sg is much larger around 2.2 k. H.c.p. crystals

is (1.6 + 0,1) k but in b.c.c.

are not really comparable because although they are close
packed they are nearly always distorted which increases

the vacancy formation entropy.

5.4 VACANCY FORMATION ENERGY BY POSITRON METHOﬁ

Both the mean lifetime of positfons and the
angular correlation of the annihilation quanta were found
" to be re&ersibly température dependent (MacKenzie et al.,
1564, 1967) in certain metals. If there is an equili-
brium concentration of mbnovacancies in these metals which
is a function of temperature then as the temperature in-
creases, i.e. more energy‘is g@ven to thé metal, the vacancy
COncentratioh increases. Positrons are attracted to and
may be trapped in vacancies where there is an anomalous
electron wavefunction due to the lack of core electrons.

Usually a positron may annihilate either with core elec-

. trons whose considerable potential energy is taken away

by the annihilation quanta, or with valence electrons which
have 1ittle potential energy. If the probability of a

trapped positfon annihilatihg with a core electron is
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reduced then the core electron annihilation rate will
decrease and it will continue to decrease as the concen-
tratioﬁ of vacancies, i.e. trapped positrons, increases
until saturation when nearly all the positrons ére trapped
before annihiiating; Any parameter which differs
depending on whether the positron annihilates with a core
electron or a valence‘electron may be used to study the
increase in vacancy concentration with temperature. .

For the trapping to be effective the binding
energy Ag (thé depthvof the positroh bound state energy
level in the vacancy poténtial well from the groﬁnd-Biock
* state in the crystal lattice) must be sufficiently large
that the probability of the positron'escapihg into the
conduction band (Block state) within its lifetimé is
extremely small. If the rate of escape is of the order
kT exp (—. Ae  /kT)/h  where k = Boltzmann's Constant

b = Plank's Constant
T = Temperature (°K)
then the condition for positron trapping ig vacancies is

given Dby:
Ae > kﬂ‘ In (kT t /h) where 't is the lifetime.

McKee ét al. measured the change in angular cor-
relation coincidence count.rate between annihilation gamma.
réys at zero angle,.i.e, zero component of momentum.  As
more positrons énnibilate with valence electrons so ‘the
high momentum core electron tails to the correlation curve
'diminish and the peak rate increases. The method used by

us was to measure the change in the width of the 511 KeV

amnihilation gemma ray energy spectrum peak with a high4
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resolution Ge(Ii) detector. The peak is broadened
because the gamma rays take away the total energy of the
annihilating pair. If the positron is thermalised, i.e.
has energies of a few eV, then the major contribution
must come from the electrons. Core electrons have more
potential energy than valence electrons so that a dec-
rease in the core electron annihilation rate narrows the
peak .considerably.

The doppler broadening technique is much less
sensitive to changes in the electron momentum distri-
bution than the angular correlation technique because of
The inherent resolution of the Ge(1i) detector. The -
method does however have the advantage that only one
detector and no coincidence circuitry is needed and the
data can be rapidly obtained so that the counting stafistics
are usually very good.

If the annihilation gamma ray peak at 511 KeV
is observed at various temperatures then the change in
the F.W.H.M. can be used to predict the vacancy concen-

tration. Consider the equation (5) from section 5.3:

I-1I

F T
-I—F'-I' = Dexp‘(- .E:F/fkT)

where IF is the F.W.H.Mf of the annihilation gamma ray
energy peak when all the positrons annihilate from the free
state, i.e. with both core and valence electrohs. Iv is
the F.W.H.M. when all the positrons are trapped before
annihilétion and therefore have a very low probability of

annihilating with a core electron. I is the F.W.H.M. at
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an intermediate temperature T°K and k is the Boltzmann

v

constant and Z, the vacancy formation energy.
e

Given a set of data for I versus T the computer

can be used to generate the best values for the para-

v
F .

to the experimental data. The programs used are des- -

neters IF’ IV, D and E; which give the best possible fit
cribed in -detail in the appendix. Included in the pro;
grem is provision for the intrinsic resolution of the
system 2.84 KeV, measured on the 569.6 KeV 'standard’
gamma ray line from Bi-209 source, to be deducted from
the measured peak widths.

" The sort of curves expected froﬁ the experiment
can be calculafed'given that the énergy distribution of
the annihilation quanta will be an inverted parabolé o
centred on E = mocz; This assumes that the positrons are
at rest in a Fermi sea of electrons, Fermi velocity VF’
before annihilation. The doppler shift due to the
electron motion.caﬁ be'calcﬁlated assuming that the anni-
hilation quanta emerge from the centre of mass of‘the
electron positron system which will have a maximum velocity °
of VF/2. . |

Consider a stationary source distance 4 from
an observer, then the time taken for the wave to;reach
the observer is given by: | . _ .,
t = d/b | (1) where ¢ = velocity of light.
Suppose the source emits a wave of length A  then the :f'
number of wavelengths in the distaﬁce d is given by:
| n=a/2 (2 |

Now consider a source moving towards the observer with,
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velocity v and suppose it emits the wave when distance 4
away from the observer. When the wave reaches the
observer the source will have moved a further distance
x towards the observer éiven by:

x =Vt (3) where t is given above.
This means that the n wavelengths now cover a distance of
d-x ;o there is a.new apparent wavelength seen by the

observer given by:

(d-x)/n

A =
or n A' = d-x
and if ¢ = wa ~ then substituting (2) and (3): -
%% = %ﬁ - vt " and substituting (1)
8L _ B2 _ Y pe
v! v ¢
o.o v =V""—'_y"
c
- R 'AVA
or Y vt = 3
The change in frequency v - v' = —‘za— and for small . .

changes when v & v' this change is given by Eé!‘,' From
chapter 1 we find that in two quénta.annihilation each
quanta‘takes half of the total eléctron positrdn rest mass
energy away. Since they have the same‘rést mass m, then’
the energy of the gamma ray is given by:

E = m.oc2 = hv

This energy will be changed by the dopplerbeffect'to:

E=hv ih.(5%)
where the + determines whether the motion is towards or
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away from the observer. The maximum doppler shift will
be caused by the maximum source velocity, i.e. Vo / 2.

The gamma ray spectrum is therefore given by:

™

E=hv +hl[ gL ]

\'E
2 B
= moc (1:1: é‘@)
If the Fermi energy is 5 eV then the Fermi velocity is
given by:

5 eV = % movg

or V. = /2 x5 eV J/E x5 x 1.602 x 10~%9
I m - _51
o 9.109 x 10

1

1.326 x 106 m sec

The maximum change in gamma ray energy is given by:

. 2%V 9,109 x 10721 x 2,998 x 10° x 1.326 x 10°
= - - M
CHANGE 2 2 x 1.602 x 10~1Y
= 1.13 KeV

The tails of the parabola will thus extend to E = m_c°
(1 + Vg / 2C) due to the higher velocity core electrons. ‘
~For a Fermi energy of 5 eV this will result in a maximum
shift of 1.13 KeV so that the peak should have & maximum
width of 2.26 KeV, This shows that changes in the energy
disfribution of the annihilating electrons will be effec-

tively amplified 500 times in the gamma ray energy spectrum.
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5.5 EXPERIMENTAL METHOD

"Pure copper (99.999%) wire with a diameter of
.25 mm. was wound into a .75 mm. diameter coil of about
ten turns. The coil was etched in concentrated nitric
acid for five minutes to reduce the diameter to less than
ol mm. The coil was rinsed and dried and then sent to
the London University reactor to be irradiated for seven

12 n/cmz/sec. When delivered the

hours in a flux of 10
next day it was a 64Cg ﬁositron source of approximately
1 nCi. The coil wasletched again to clean the surface
for about 10 seconds in-concentrated nitric-acid, rinsed.
and dried.:

| The prepared positron source was then placed
inside a small airtight metal Celorlmeter, 1 cm., hlgh

5

and 5 mm. in dlameter, with a 1 mm. cavity, Fig. 5.1.
The calorimeter was placed inside an electric furnace so
- that it rested on top of a therﬁocouple junction. The
power to the furnace, which was made from an electric
fire element, was controlled by & variac.  The furnace
was placed in a small chamber 2 m. x 1/2 m. x 1/2 m. wﬁose
walls were made of aluminium foil, the'top beiﬁg left
open, which was used to produce a stable temperature
enclosure for the furnace, Fig. 5. 2.

The maaorlty (90%) of the positrons would
escape from the coil and annihilate in the metal calorl-
meter whose temperature was recorded by the.thermocouple
;inked to a digifal.multimeter accurate to .l mV. The

source and calorimeter were annealed for several hours

et a temperature of 900°C. unless the melting point of
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the calorimeter dictated a lower temperature when the
anneallng period was extended. The annealing period was
intended to remove all point defects in the source and
calorimeter except vacancies.

After the annealing the annihilation gamma ray
spectra were obbained with a Ge(Li) detector with an
active volume of 40 cc. whioh had an integral low tem-

perature pre-asmplifier. Sigrels (bipolar) from the pre-
| amplifier were amplified by an Ortec 485 amplifier and then
fed to a Tracor 512 charnel multi-channel analyser, Fig. 5.5;
Digital biassing on the analyser allowed the 512 channels"
to be offéet to the top quarter of an apparent 2048 channels
spread across the fange O to 1C V. input. The‘annihi—
latién peak was thus expanded across some forty channels.
To lower the analyser dead time the lower level discrimi;
nator was set to l.4 volts, the zero level at O.14 volts
- and the high level discriminator to 10.0 volts.

Data Qas collected for one hour at various tem=-
peratures over the range O to lO50°C going.in both '
directions for tne copper (approx. 20°C lower than the
respective meltlng p01nt for other metal calorlmeters)
calor;meter ensuring that the peak channel count was always
in the range (40 fo'SO) x 10°. This was achieved by . .
stabilising the dead time at Jjust less than 1036 by moving
the detéctor proéressively nearer the calorimeter as ﬁhe
source strength dropped (64Cu half life is 12.8 hours).

, The multi—channel analyser spectra were analysed
on the London University C.D.C. 7600 computer using the .
Sampo pfogram devised by Routti (1969).A The FoW.H.M. .of

A
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the peak was given by the progrem as well as the error in
the value tTypiceally 0.2%6. Tests wére conducted to inves-
Tigate the effect of the dead time on the analyser and
these showed that for dead times % 10% any effect was
within the error in the peak width given by SAMPO. The
results are shown in Figs. 5.4, 5.5 and 5.6, the metals
used were copper, alumirium and zinc, the bars show

typical errors in the pointé. These cur?es were fitted

v

by the computer to give the best values of EF for the three

metals which were:

Copper EFV = (1.128+.012)eV (Melting Point = 1083°¢,
lattice f.c.c.)
Zine E.V = (0.464+.002)eV (Melting Point = 420°C,

r
lattice h.c.p.)

Aluminium E;' = (0.578£.010)eV (Melting Point = 660°C,
lattice b.c.c.)
It should be noted that the temperature range over which
aluminium and zinc effects were obtained ended below the
critical temperature for copper. Changes in the peak
width due to the very small number of positrons annihi-
lating in the copper scurce can therefore be discounted.
These reéults were obtained by fitting with the program
Vacency I. However this program gave slightly varying
answers depending on the initial guess values fed in and
this effect could not be completely removed. It was
decided, therefore, that the method of fitting used by
this program was not sufficiently sensitive and we could
ﬁot put sufficient confidence in the results %o accept
them as final answers. A new program Vacancy II

(described in the appendix) was used to reanalyse thg data

i
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using a maximuﬁ likelihood technique and this new progranm
proved to be much more powerful so that far more confidence
could be placed in the results given below. The errors
quoted were obtained from tbe Arrhenius p;ots using the
parameters given by Vacancy.II in a third program Vacancy
IITI. This technique was necessary in order to give the

errors direct in eV,

<

Copper B

(1.017 + .,022) eV
(0.510 + .033) eV

(0.612 + .035) eV

i
< <

Zinc

F
F
Alvminium E,

These are the final results and the programs used are des-
cribed in the appendix. The Arrhenius plots obtained are
shown in Figs. 5.10, 5.11, 5.1l2. It should be noted that
the Arrhenius Plot orly contains those points on the slope
above the critical temperature between ¥F and FV. These
points are subject to much less error because of the large
differences produced in them as the temperature changes.
Also, since points above FF or below FV cause unreal
logarithms some of the points on the plateau regionsvcould
not be plotted and using only the 'real' log points would
distort the form of the-graph.

5.6 DISCUSSICN OF RESULTS

The statistical spread of points in the Copper
experiment is much greater than in the Aluminium or Zinc
experiments, This is probably due to tpe temperéture of
' the Copper sample varying during the run and inaccurate
temperature measurement. The Copper results were obtained

without the use of the Aluminium foil temperature enclosure
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although the furnace was shielded by a brick well to prevent
drauzats. Also, the Coéper sample temperature was
rmeasured with a thermocoupie connected to a milliemeter
which could be read to + .25 of a division which on a less
sensitive range could produce an error of + 10°¢. In the
later‘experiments a digital voltmeter was used and this
was accurate to + .1 nV giving an error of + 2%.

The errors in the peak widths are shown in the
graphs. Figs. 5.7, 5.8, 5.9 show the widths corrected
Tfor the resolution of the system. The count in the peak
chanrel was always greatei Than 30,000 so that the statis-
tical counting errors were minimal. It should be noted
that the anaiyéis of the results was based on the éssﬁmp-i
tioné that none of the four varameters FF, Ev; A or Ev was
temperature dependent. In discussing the results we have
torne in mind that saturation trapping is likely to occur
at vacancy concentrations of 10"5 whereas deviation from’
the background FF, i.e. vacancy concentration begins to
affect results; starts at a concentration of about 10-7.
If this is constant then the critical temperature Td_at
which deviation begins must be proportional to the vacancy
formation energy.

Copper - the vacancy formation (enthalpy) energy
.has been measured by an angular correlation technique and
was found to be (0.98 + 0.07) eV by McGervey and Triftshaliser
(1973). This compares with our value of (1.017 + 0.22) eV..
They assumed whilst fitting their data that positron trapping
occurred at a constant rate independent of the temperature.

Nanaé et al. (1973), who performed the same anguiar cor-’

relation experiment, used a temperatpré dependent ﬁrappingi
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rate i analysing their results so that they oBtained a
value of (1.17 + 0.07) eV. This is similar to the result
obtained by Simmons and Balluffi (1963) who used a lattice
expansion method and obtained a value of (1.17 £ 0.11) eV.
43r0ldi et al. (1959) had obbtained a value of 1.0 eV and
Kraftmakher and Strelkov (1969) using a specific heat
method obtained E' = 1.05 eV, Seeger and Mehrer (1969)
alsc obtained this valus but used a self diffusion method.

Aluminium - Simmons and Balluffi (1960) using the
thermel expansion method obtained a value for the vacahcy
formation energy of 0.76 eV, whereas Bianchi et al. (1966)
found the value to be C.71 eV, Both these wvalues have
been criticised by Seeger (1S70) as being too big because
of Taulty data fitting. He re-analysed this data and

A

obtained E, = 0.66 eV which is in close agreement with.

McZee et &l. (1972) who used the angular correlation tech-

nigquer to obtaln EFV

= (0.66 + 0.04) eV. On the other
band, Doyama (1972) %ook positron detrapping into account
and using McKee's data obtained a value of 0.76 eV which
does not compare well with our value of (0.612 + 0.35‘) evV.
Kraftmakher and Strelkov used a specific heat method and
obtained 1.17 eV which they regarded as too high. -Seeger

id Mehrer (1970) used a self diffusion method and found
E,' = 0.65 eV.

Zinc - Our value for the vacancy'fonmation energy

of Zinc is (0.51 + 0.33) .eV. which compares with 0.55
quoted by Karbayashi et al. (1972). McKece et al. (1972)

used the same angular correlation method to get a value of

©(0.54 + 0.02) eV. although Doysma (1973) corrected this to

0.56 eV. taking detrapping into account. McEKee et al. (1972)
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found a value of (0.52 + 0.025) eV. by using lifetime
measureinents°

There seems Lo be considerable doubt about the
correct way of interpreting positron data and any cor-
rections obtained for detrapping, etc. would apply to our
data as well (e.g. Doyama, 1G72), The analysis is com-
plicated by lack of kunowledge about the possible temper-

ature dependence of the three parameters FF, FV and A

aivays assuming that EFV

()

is itself independent of temper-

acure.,

.

McGervey and nri* tiser (1973) noticed a tem-
perature dependence in Their angular correlation data for
copper delow 600°K, i.e. in the region where little trap-
ping is supposed to occur because the concentration of
vacencies is very low. Our data and that of Nanao et al.
(1973) are inconclusive in this respect since any such
dependence is'within the experimental errors although
this does imply that the effect is not as large as seen by
lMcGervey and Triftshalser. They suggest that this depen-
dence is due to a contraction of the Fermi sufface as the
temperature decreases which would have only a small effect
and/or a decrease in the rate of annihilation with core
electrons. Both of these are ascribed to'the'expansion
of fhe lattice as the temperature increasgs and will, of
course, affect the plateau region at high temperatures (Fv)
although to a lesser extent because the core eleccron
anrihilation contriﬁution is already reduced by trapping
at vacancies. The error in the value of EFV produced by

the temperature dependence of FF is very small and within

the statistical error in the values quoted. - Jackman et al.
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(1974) opine that the effect seen by McGervey and

Trifvshaliser is probably due to surface effects.

]

- Perheps more important is the temperature depen-

hrough its relationship with

ct

dence of the parameter, 4,
the trapping rate 1. We have already shown that

thermal detrapping mey bte important (page 134 ) which
irmnlies that the wvalue of FV at high temperatures may be
considerably underestirmzted (Doyama, 1972). This in turn
will cause the vacancy concentration to be underestimated

end nemnce the formation energy. Doyama has calculated

Z
s

corrections to the monovacancy formation energies taking
this intc account, €.3. Bwv for zinc is raised by 0.2 eV,
Seeger (1973) opines that copper vacancies may be fairly

inefficlent traps at high tTemperatures although divacancy
»spping may become important. This could explain why
values for EFV obtained oy positron methods are consis-
tently less than those obtained by other methods unless
detrapping is taken into account, e.g. Nanao et al., 1973.
Another temperature dependence introduced into
the parameter A is the possible relationship between the
trapping rate L and temperature. Seeger (1973) pos-

1/2 relationship at'temperatﬁfes above the

tulates a T
boilirng point of liguid nitrogen. - This is caused by the
efféctive capture radius of the vacancy increasing with
temperature and errors of 0.0l eV, 0.02 eV and 0.03 eV
respectively are quoted for metals with critical temper-
etures of 300°K, 600°K sad 900°K, e.g. Ey' for aluminium

is increased by”0.0E eV to.0.66 eV.  However, McKee et al.

(1973) constructed an experiment to find the temperature
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depencdence of the positron trapping rate in gold and con-
cluded thet in fact pn is inde?e dent of temperature and
or all metals.

£11 the results given by various workers for
the different metals seem to encompass each other within

thelir experimental. errors andé might give the same result

i1f cxalysed in the saxe way. There are considera bWe
Gifficulties in enalysing the expe rlmenual data at Dresent
especially if deltrapping, lattice expansion and sur¢ace

effects which~vary with positron sources need to-be con-
sicered to gilve consistent acceptable results. Better
experimental data would also help considerébly in sorting
out what parts c¢f the curve really are temperatufe depen—
dent. Jackmen et al. (1974) have recently reported'doppler

brcadening studies in wihich they use a parameter S defined

[ &)

as the ratioc of intensities in the central region and in a
vimetrically placed cuter region to describe the width of
the annihilation curve. This parameter is supposedly
very sensitive. to change in tbe peak widvh. However, they
have not reported any temperature data, only measurements
concerned with deformation produced traps obtained by cold
worikinz the sample and the subsequent rate of 'recovery'
annealing of these traps at various temperatures as a
function of the metals' melting point.
‘T feel that our method is superior to any of the

rositron methods both for the‘réasons given earlier when

I considered the various methods of obtaining the vacancy
formaticn énergy and because of its possible application in
a more mobile lorm. Positrons are sensitive to other defects

be31des vacancies, e.g. dislocations (McKen21e et al., 1970),
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CHADTER 6
PR NG ugl NS}
[ebetoistamndibun i A

VACANCY CONCENTRATION AND NEUTRON I?RJDIA”IOF

€.1 INTRODUCTICN

If the annihilation mechanism of positrons is
Tfeeted by 1mpur1tleo or ToLlav defects, however caused,
then it wi“l also be ﬂ”f@C*@d oy radiation daua ge to the
crystal. The anculq* correlation curves obTained from
pure samples and additively coloured samples shows‘that
F centres with theif ‘optical' electrons will affect the
anninilation mechanism (Berezin, 1970). .This, of course,
is not radiation damage dbut it is an analogous effect in
trat the crystal structure is distorted and the positron.
may form a bound state at vacancies preseant at an F centre.

‘An attenpt was made (Hadley and Hsu, 1970) to

correlate the intensity of the longei positron lifetiﬁe

?2 in ecetyl methione with the concentration of a charged
radical produced by irradiation.  Although the value of

T, was not significantly affected by the radiation dosage
or temperature, its intensity was dependent on Dboth.
Electron paramagnetic specira showed that‘irradiation
produced a negatively charged radical which disintegrated
into twd stable radicals if it was heated.. ~ Thus the
longer lifetime due to a pick-off process from triplet
positronium was'reducedAin intensity by the charged,radical
because either the unpaired electron exchanged spins with
the triplet positronium which became singlet with the
shorter lifétime, or the charged radical enhanced the

possibility of direct positron electron annihilation.
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4 similar experiment on Teflon/again showed
that the longer lifetime component was'reduced'in inten-
£y althouzh to a greater extent in air than in vacuum.
Tois could be reiated To an irradiation produced free
radical which was stable in air but not in a vacuuam.

To elucidate what bthe longer lifetime was reaily
dus to, a cample of 10M sodium hydroxide solution was
taken down to 85°K producing a transparent glass in which

Zcess electrons produced by gamma irradiafion would be
effectively frozen in position. These excess eiectrons
did not affect the longer lifetime component which was
extraordinary since this lifetime was supposédly due to
crivhnopositronium which would uadergo a strong interaction
with excess electrons. Eldrup et al. (1971) suggested
that the positrons must be trapped in a hole in the ice
structure by NatOH™ ions before annihilating. . Since the
excess electrons were frozen in position theleXcess elec-
tron density at a hole would be negligible. However,
angular correlation studies in pure ice had shown that
positronium was delocalized so in the NaOH glass the posit-
rons must have formed positroniunm aftgr they had been
trapped. - .

Further evidence against the idea that the longer
lifetime component was due to positronium was obtained
using near perfect alkali halide crystals in which posit-
roniun formation is forbidden (Tumoza et al., 1971).
Expériments'suégested that thé second lifetime was due to
the positron becoming attached to a crystal defect where
the electron density was much lower. Irradiation by both

gamma and X-rays increased the intensity of the second
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comporent (in the same way a5 doping the crystal with
Aluvrinium) uantil a liniting value was reached which could
be explained by assuming an intveraction between a positive
iom vacancy and the positron. The electron deﬁsity at
the vacancy would be lower znd hence the longer lifetime.
This conclusion from irradiation produced effects is, of
course, the same as that arrived at by Hodges (1970) using
texperature measurenments in metals,
Frog first order'kinetics the number of positrogs
posulating the two states can be obtained, Suppose:
a) thermalised positrons either annihilate at a rate
AO or are captured at a rate K which is proportional to -
the defect density;
b) trapped positrons either annihilate at a rate kEL
o escapé at a rate Y 3
c) ¥ = number of free positréns and Ni = number of

trapped positrons.

Then: AN ‘
—a-t—=-(xo+K)N+ y Ny
dNy

B . .

&and -5_*1;—-‘——(/\1+Y)1\.1+KN

-

These tTwo must.give the two observed lifetimes or annihi-
lation rates A A and A pe If AA = AO+Kvan§
explain the results. So alternatively, K and vy must

when Yy tends %o zero then this would not

be much less than A 1'or Ad when AA_= 'A.O + K

and Ag= A+ Y . These could explain the’
results as both A A and AB'are'now dependent on the

defect concentration, Ap because Y may depend on
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the defecvs lnteracting. - If capture and escape rates

ars sinmilar then there will be a saturation lifetime when
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T correlation technique to measure
The lifetimes 1n pure scniconductor crystals, Sen (1971)
rfound similar results and corcluded that the two com-
porexts in the lifetime, which were both sensitive to
rezdiation damage or lattice defects, were due to trapping
positroniun. A similar tech-
nigue was used to study the effect of radiation damage in
Culii singic crystals on positron annihilation (Tanigawé

- 4 .
el., 1971) A o4 "Cu source wzs produced in situ by

2

©
>

<t

c

. . s . - " . L R
cutron irradiation doses of up To 1017 n.cm .

"

I3
6}

After
each irradiation tThe angular correlation curve showed
that the hump and shoulders due to the < 110 » necks
iz the Fermi surface decreased in prominehce as the dosage
increased. This was due to the presence of vacancies
waich would trap the positrons in an electron density
primarily‘due to S electrons, since higher energy neck

electrons would be repelled. Similar results in solid

and 11qu1d copper have been demonstrated by Itoh et al.

(1972).

6.2 Neutron Irradiation and Damage

There are three basic defects in solids which
can be caused by neubtron irradiation:
1) Vacant lattice sites may be created by collislons

between the neutrons and lattice atoms. The energy'
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erred in these collizions is usually so large that

To displaced atom will recoll and create further lattice

raczncies by subsecuent coilisions, i.e. a cascade process,
2) Tor every vacaacy created there must be a dis-

placed atom in an interstitial position provided, of course,

B

Toi.7 1T does not f2ll into another vacancy.

‘-

3) Impurity atons ere created by neutron irradiation

by Transmutation and in our experiment one particular

ot ey O . - - ..
irpurivy Cu is actually used to produce the positrons

necded for the experiment.
There are three other important processes which
can occur: .

43y If aAmoving aton collides with a stationérj aﬁom
€0 that the stationary atom is knocked on leafing a vacancy
then the original moving stom may be left with so little
kinetic energy that it will fall into the vacancy itself.
In fact, the number of such replacement collislons may
exceed the number of displacement collisions.

5) 4 fest moving neutron or atom that has been hit
hard enough to cause it to vibrate with large ampliﬁude
will Trensfer energj to nearby atoms. The surrounding
erea will become locally heated and will expand and then
will repidly lose energy and be quenched. Thers may be‘
'melting and turbulent flow in such a displacement spike.

- 6) The neutrons may cause ionisation by knocking
electrons of atoms as they go past although this effect
will be much more effective for a charged particie.'

A'fastlneutron colliding with a nucleus imparts

momentum and the nucleus will recoil taking its electron’

cloud with it (except possibly an electron whose ofbital
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velocity is less then the recoil velocity of the nucleus),
if elestic collisions are the most probable interactions
enl Tag energy transferred cen De between 0 and a maximunm

T, thean the distribution of recoil energies is related to

=4

-t
1%

ne distribution of angular deflections of the neutron.
Similarly, i1f the neutrons are sbattered isotropically then.
&ll tne recoll energies between 0 and Tm are equally pro-
beble and thelmean energy transfer is Tm/E. Neutrons from
fission have a broad spectrum from zero to 15 MeV with an
averazge of gbout 2 MeV though the spectrum seén by a sample
will Cepend on the amouat of moderator betwesen it and the

feed elements (Watt, 1953). In fact, experiments have
gonown ‘that neutrons are nov scattered isotropically but
preferentially in a forward direction so the average energy
transfer:ed would be less than Tm/Z (Watt and Barschall, |
1954; Watt and Beyster, 1S855).

The production rate of defects is defined as the
increnent of the atomic concentration of defects produced
by one unit of integrated neutron flux densitye. To get a

ersible measurement of This rate the measurements must be
done at temperatures low enough to prevent thermally
activated nigration of the defects once formed.

A vacancy will only be formed if the energy
transferred is greater than the threshold energy for atom
displacement Td. This is related to the interatomic poten-
tial and is‘difficult to obtain without assuming that‘there
are no thermal vibrations and that the collision is essen-
tially between two bodies. Furthermore, because of the

lattice structure Ty will depend on the knock on direction

with respect to the crystal axes and there will be a’separate'
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tareshold energy for every direction. S0 1f a neutron

inperts energy greater or the
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nock on direction The atom will recoil and if sufficiently

ezxergetic collicde with and knock on further atoms. . In
I the defects are produced by

the secondary atoms in This way. Since a lot of inter-~

£Gcitials and vacancies rscoubine spontaneously due to the

hizn local defect density the threshold energy is effec-

4l
neutron which transfers say 10" eV and has an effective
threshold energy of ©5 eV To an electron which transfers
only 56 eV (no cascade) and has an effective threshold

energy of 46 eV (Wollezbergzer, 1969).

The number of primary knock-ons produced per

trnit volume in a bombardment, n_s is given by:

o
n = ¢ T n G . ‘
he) c o <
wahere Flux ® = nuzber of bombardiag particles traver~

sing unit areé/unit time
t = duration of bombardment
n_ = number of atoms per unit volume
g = the cross section.per atom for dis-
placement collisions.
If all recoil energies are equallyAprobable then the 4dif-
ferential cross section for a transfer of energy T to

T + dT is given by:
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T & 4/A VeV
vhcre L = avonmic mass of tzrmret.

Suppose now that. the average primary knock-on

oF vacancles per unit volume is:

TT., = N
'\G. v

This i1z a drastic simplificatiox based on the assumption
tzat moving particles iateract by screened Coulomb forces

witz individual lattice atoms (Harrison and Seitz, 1S55).

(U]

In order for the defects produced to remain the

temperature must be kept very low (10°K) for at higher

es and interstitials tend to re-
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combine, This is especially easy for neutron produced
(zfects because they tend to be in a small area, due ©To

3

.scade process, which has a very high defect concen-

ct
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m

travion. Interstitiels migrate freely below the boiling

int of liquid nitrogen but annealing appears to be slow

o)
O

below 223°K but quite fast at 283°K (for copper) and the
vacancy production rate at 253°K is about one Fifth of
that at 223°K. There does not seem to be any correspon-
dence between an irradiation produced‘defect,'actiVation
energy O.1 eV, and thermally produced defects with a for-
mation energy of 1.0 eV. It is only at 600°K that vacancies
become fairly mobile, when, as has been said, the greater

part of the vacancy-interstitial annealing has already
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taken place due ﬁo interstitial migration. However,
there will still be some‘residual defects. | |

| Annealing of these point defects involves their
diffusion in the lattice until fhey encounfer an immobi-
lising trap or an absorbing sinkf Thus vacancies and
interstitials can annihilate each other or they can be
absorbed ét grain boundaries, disiocations, etc. They
may be trapped in the local field of a substitutional
impurity or an interstitial may replace a subsfitutional
impurity atom or a vacancy may be filled by a substitutional
impurity atom. Also there is a very real possibility
that vacancies will congregate to form divacancies or
higher conglomerates. - A simple view of annealing at room
temperature would be that it was essentially a diffusion
process. Therefdfe, to éee whether vacancies or inter-
stitials are the prinoipal agents (given that they are not
already pro@uced by irradiation) we only need to compare
their self diffusion energies which are the sum of the

formation energy and the migration energy:

EBp = B + By
The migration energies are (for copper) about 0.13 eV
for interstitials and 0.9 eV fﬁr vacancies, ‘However, the
formation energy of an interstitial is 5.5 eV compared to
only 1.0 eV for a vacancy. Hence diffusion of vacancies
would appear to be the main mechanism for annealing
(Huntingdon, 1953) at room temperature. .

The process of vacancy diffusion is complicated

by the tendency of vacancies to either cluster together

or to be attracted to impurity sites either singly or in
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clusters, This would cause an effective migration energy
higher than that quoted depending on the impurity éoncen-
tration. Copper, in fact, shows four annealing stages

but since two of them are completed under room temperature
they can be discounted. The third étage which occurs over
the temperature range 240-320°K has been ascribed to the
movement of vacancies and positron measurements indicate
‘that vacancies are active over this stage. However the
concentration of vacancies does not increase substantially
until about 800°K which is in the last stage of annealing
which would explain an increase in vacancy annealing at
that temperature. Suggestions that the room temperature
annealing may be due to interstitial movement can be dis-
counted because of the very high diffusion energy of inter-
stitials. A feasible explanation of annealing at room
temperature WOuld appear to be due to the migration'6£
vacancy clusters or divacancies which would have a low dif-

fusion energy than monovacancies (Bartlett and Dienes,

1953).

6.5 EXPERIMENTAL METHOD

| A small ball with 1 mm. dismeter was made from
'pure copper (1 in 10° impurity), annealed at 900°C for 2
"hours, and then etched for five minutes in concentrated
nitric acid to clean and prepare the surface. The ball
was then irradiated in the University Reactor in a flux
of 1.3 x 1012 n/cma/sed. for timed periods so that its

total exposure time was known. A% the énd.of each
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irradiation period the sample was left for 48 hours at

- room temperaturé so that the first three stages of annealing
would be completed. The annihilation gamma ray spectra
(due to the °*Cu source produced in situ by the irradi-
ation) was then measured with a high resolution Ge(Li)

. detector and the peak obtained was analysed on the Univer-
sity Computer using the SAMPO program. The sample was
then returned to the reactor to continue the irradiation
procedure. The apparatus used is described in Chaptér 5.
The exposure times were 5, 15, 30 minutes then every hour
up to a total of 14. The results shown in Fig. 6.1 have

been corrected for the inherent detector system resolution.

6.4 CONCLUSIONS

" From the’graph 6.1 the F.W.H.M. of the gamma ray

energy peak narrows gradually with neutron dose until a
" minimum is reached. From the positron annihilation theory
previously used it would appear that increasing radiation
‘damage produces point defects which can trap positrons

and which have an anomalously low core electron density.
| One of the point defects_prodqced by neutron bombardment
- has been gi&en a8 vacancies and these may be the traps.
If stages 1 to 5 of the énnealing had been complefed
‘before the spectrum was taken and the narrowing of the
-peak is caused by incréased snnihilation at wvacancies we .
- can postulate:

| a) the concentratiﬁn of vacancies initially increases
‘with neutron dose; | |

| b) either the concentration of vacancies tends towards
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a meximum or bedomes so large that all the positrons tend
" to annihilate in vacancies, i.e. saturation occurs. From
our temperature experiments saturation annihilation in
vacancies produces a 11% narrowing of the F.W.H.M. and
can occur fairly easily ét a concentration of aboﬁt 102
‘because positrons are very sensitive to vacancy trapsQ
In this case the maximum amount of narrowing is

5.5% which would indicate that saturation trapping of
positrons has not occuried. If the greater part of the
'defects produced by irradiation are annealed after 48
bhours at room temperature then the narrowing of the line
width cannot be explained by normal vacancies trapping
the positrons. However, if vacancies and divacancies
were being trapped at impurity sites etc. (Cattaneo and
Germagnoli) then the reéults could be explained by:.
either a);thé narrowing of'the linewidth is causéd by
. posifrons being trapped in vacancies which aré them-
selves trapped (Seeger, 1972). The probability of a
vacancy being trapped increases with the number of defects .
produced, i.e. with the neutron dose. The plateau part
of the linewidth curve is due to saturation vacancy
trapping when all ‘the impurity'atdm sites have a trapped
vacancy or if an equilibrium is involved, the maximﬁm '
number of vacanciesnwhich can be trapped has been reached.

or b) the positrons are again trapped by vacancies which
are themselves trapped at other lattice defects such as
.dislocations, therﬁal gpikés, grain boundaries and either
the number of such defects fails to increase or the maximum

allowed number of positrons has been reached.
or ¢) the positfons afe trapped in vacanéy clustefs; é.g.
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divacancies which may be fairly stable at rooﬁ,temperature
whether associated with a lattice defect, e.g. impurity
or nqt. The plafeau of the curve could be due to the
maximum concentration of such clusters being reached for
room temperature..

Using the formula to calculate the number of
primary knock-ons produced in the reactor at a flux den-
sity of 1.3 x 1012 n/cm2/sec, we obtain a value of
gp &~ 2'x lolo/cc/sec. The number of Secondary knock- |
ons produced by oﬁe primary is about 380 in copper so that
the total number of vacancies and interstitials produced

is 7.6 x 1012/cm3/sec. If there are approximately 1022

3

atoms/cm” then the saturation positron trapping vacancy
concentration given as 10"5 would require 24 hours of
irradiation at a temperature at which none of the vacancies
produced were lost. Positrons are sensitive to vacancy
' concentrations of about 10"8 which would fequire an
irradiation time of only 20 seconds at such low temper-
atures., Our minimum irrediation time was five minutes
which would produce a vacancy concentration noticeable by
positrons except that most of the vacancies are annealed.
Therefore the mechanism of positrons annihilating from
vacancies which ére themselves trapped is a reasonable
explanation of our results.

| The picture of the process is therefore that the
irradiation will produce many defecfs, the majoritykof
which will be vacancies and interstitials. 48 hours

later the first three stages of annealing will have been

completed and these stages are ascribed to interstitial
ﬁigration, etc. But these interstitials were the ones
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prodﬁced by the irradiation and the concentration of such

" interstitials is now very low and will not be increased
substantially by the increase in temperature because of
the high diffusion energy. If any vacancies are left,
i.e. not annihilated with an interstitial, then they are
probably trapped so that it is diffictlt for interstitialé
to get at them. The measurements indicate that the
number'bf trapped vacancies increases with the neutron
dose, i.e. probably, the number of traps increases with
dosage, until a saturation number of such traps is reached.
The fourth stage of annealing may therefore encompass' the
detrapping of the'trapped vacancieé as well as or instead
of production of more vacancies as.the temperature

dncreases.
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APPENDIX
ANATYSIS OF DATA PROGRAMS [CHAPTER 5]

A.1 INTRODUCTION

The experiment from Chapter 5 produced data
‘concerning the positron annihilation gamma ray energy
peak width as a function of tempeiature (Figs. 5.4, 5.5,
5.6). The theory used suggests that the curves obtained

are giveh by the equation:

F - FF
FV - F

L = & exp [~ Ey / kT (1)

where F = Peak width at temperature oK
FF = Peak width when all the positrons are free
FV = Peak width when all the positrons are'trapped

b
([

constant

Vacancy formation energy

=
]

k = Boltzmann's constant

- From (1):
1n[§-;—f-‘%1 = InA-E /X0 © (@

The program is to find the best value of EV to fit the
experimental data.

A.2 PROGRAM VACANCY I

4 .This program allows the peak width parameter |
‘ geneiated by SAMPO to be readiﬁ:directly.' .Tﬁe corrected
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full width half maximum is calculated (and associated
error) taking the inherent detector system resolution’
into account. A library function on the University
computer F.M.F.P. (based on a method by Fletcher and

‘ Powell) is then called and this attempts to fit equation
(1) to the'data thereby generating the best values of
FF, FV, A and E. These values are then used by a CERN
library routine E200 (Escoubés and de Unamuno-Escoubés,
1964) which uses them to plot a straight line as in |
equation (2). From this line and the experimental data
points the routine generates the errors in the value of

E, and A.

v

Program Format

Total number of experimental

a) Reads in N, R, L, M where N
a points
R = detector resolution
L = code nﬁmber so E200 fits
a straight line
M = minimum number of points

fitted by E200.

]

b) Reads in Ti’ Fi’.DFi ﬁhere Ti data point temperature

. in %k
F = SAMPO CW parameter for
data point (peak width)
DFi = SAMPO CW parameter error

¢) Value of Boltzmann Constant k is given.
d) Calculates the true F.W.H.M. for each data point

using SAMPO CW parameter and detector resolution R.

2 2

True Width TF; = /F;° - R
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e) Caluulates the true error in the true width given:

_ 2 2
&TF. : -1/2 F,
. i 1. 2 2 _ i
oTE, 2T -R) X2 s g

i i i

g) Initial guesses for FF, FV, A and Ey are given.
h) The routine F.M.F.P. is called and this fits the cor-

rected data with equation (1). Chisquare is defined as:

: 2
x22 e 3T i[calculate@ F; —2exper1mental F,]
DTF;
So x2 is an indication of how near the calculated curve

the experimental points lie, i.e. goodness of fit. For

2 versus the

. each of the four parameters a graph of X
parameter value is of the form of an inverted parabola.
Starting with the initial guess value of the parameter

the gradient of the curve at that point is calculated and
this indicates in which direction the value of the parameter
should be adjusted. By succeésive calculations thé:minimum
value of x2 is obtained which corresponds to the best
value of the parameter. This value for each of the para-
‘meters and'the final minimum value of x_2 are returned to
the main program together with a code number which indi-
cates that a minimum has been found. ,
!i)‘Galculation of the'ﬁarabola gradients'is actually done

' by a subroutine called FUNCT. For each parameter the
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parabola gradient can be obtained by differentiating x
with respect to that parameter and substituting the para-
meter values under test in the resulting equation. The

gradient equations must be worked out and given in the

' subroutine.
' : F - F 2
- . Let x8 = ,cachF egpl
o -Ev/kT
where F FF + FV . Ae

_ cglc 144 eva/ kT

2

-E_/XT
X2 = [.FF + FV . Ae vj/ET . Feg_cg ]2
. ~ )
AF
A Fexp (1+Ae ) exp
: —E_ /kT
- FF '+Fv.Ae"/ _EF_;
-E_/kT -E. /KT AF
A F (l+de v/ )y AF (l+Ae v/ )
- -E_/xT '
-Let e V/ é EE
N _§?£._2.=22x_5_.§.. and—-ﬁ;-—z-=.- | i\
oW =5 TFF 5 FF S§FF - A F(I+A.EE)
- — 22 L3
.* AF(1+A.EE)
_5_’x._§ | | 7 . yA A.EE
. & % - | 8 o .
Now o gy = 22X 55y &l 5§y = T F(i+A.EE)
2Z.AOEE ) ‘ | - |
= A +8. . ’ (4‘)

2 o 3
Fow —F- - ZxFF
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-2 |
ang —8 % . ZEE(L+A.TE) *.5F , PV 7 [(1+h. EE)~L .EE-A.EE(1+4.EE)" 2
_ —FF.EE LBV _ [ EE _ AEEZ o,
AF(1+a.EE)2 | AF TLEEE) T (1.4 pp)2
. 8y 2 ,y [=EE.EE . BV A.EE®
* 54 AF(1+A.EE)Z O F ey - (1+4.EE)°
I\Iow—-é—xE = 27 x =&
6§ E, & Ey
v .
-2
6 2 _ +FP(1+A.EE)"2.A.EE , FV -1 A.EE
and 5 = AF.KT * 7 (A ER) S
+A.EE(1+A.EE\'2‘.A EE 1
_ FR.A.EE , BV _ [ -A.EE 42,552 ]
Ar.Kr(Loams)? T 8 F EECid: EE5 KT(1+4.EE)®
o 62 _ o (FE.A.EE LI __ [ -A.EE__ AS.EES
6 Ey " aP.ED(1+a.EE)S A FETTIHEEE) 7 () 5p)2

(6).

J) On returning to the main program with the best values of

the parameters the differences between the calculated and
experimental points are obtained (6 Fi).

k) If the FeM.F.P. routine did not reach a minimum value

of x2 then fhe‘program stops. Otherwise the calculated
datd is used by the E200 routine which fits a straight line
of the form y = mx+¢ to equation (2) and calculates D and-

¢ and their associated errors given that the epr&% in each

calculated data point has been worked out in jde In

thls part F=F ‘and:

cale
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. P,-FF : |
i .
Y4 = 1n [W—:-?; ]é In(fn Fi), X; = -1/T;

c = ln A . m = EV/ k
. 8% 1 _° (f2 7y) (FV—F)+(F—FF)
v TeF, ~ IE(E) 5T ﬁ‘(‘ﬂ

i i (FV-F)°

FV-F (FV—F)+ (F-—FF )

- (FV-F)2
. FV-F)+(FFF
< OVi = UFFFIQV-F 6F;

1) The values of m and ¢ are obtained from:

I . W, I WYs E 3373 A ]
i%i 5
o z::1.W:in iw X174 c = z 1W1X1y z iWi¥y
D D2
‘ 2 .W. T OLW.X, ‘
where D2 = 11 113 and Wy l/(Ay ) the
z 1Wixi z iwlxi :

'weight! of_the
i th point.
There is no internal error due to the statistical spread of
" the points since they have been calculated to be on the
line. | o
m) The external error due to the errors in the points are

calculated from:

. ) - 2
.w, 1/2 . T gWiXs 1/2
m = [ ——5§—£ ] ' and A ¢ = [ ——flﬁz——— ]
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n) The following information is‘prinfed outbt:

1) Data point temperature,'qorrected widﬁh and errof,
caléulate@ width and error;

2) initial guesses of the four parameters FF, FV,
A and Ev; | |

3) best values of the four parameters FF,.FV,'A and
Ey» minimum value of )(2 and F.M.F.P. error code;

4) calculated values of data point Xi’ Yi; é Yi used
by E200;

'5) calculated best values of A and E; and theii asso;

ciated errors.

This program was found to be not very effective because of
the search technique used in conjunction with the data
available. If the inverted X 2 versus parameter value
parabola has a sa@dle point then the program may indicate.
that this is the minimum value of X 2. It is especially

- vulnerable if two data points are close together. So,
although results were obtained which seemed fairly reasonable

it was decided that a better résult}could be obtained by
using another method of fitting the data. '

-

A.3 PROGRAM VACANCY IT

The SAMPO CW parameter are again fed straight in
and the program will calculate the~co£rected F.W.H.M. of
"~ the peak taking the detector system resolution into
account. To obtain the best fit to the data points,
~ given that the errors in the points are all approximately
the same, then the data points will lie on either side of

the best fit line such that the distances between the
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points and the curve have a gaussian distribution. The
probability of the fitted curve being the best oné is given
by the area under the associated gaussian distribution and
- the best fit curve will have the highest probability.
The program used is MALIK (F. Grard, 1962).

Assume that tﬁe probability function is repre-
sented by: | | |

f = f (ala2 ese & Y X )

s

- where a; - a, = parameters to be found

X = measured quantities, in this case the error

distance between a data point and the calculated curve.
The likelihood function is given by:

N .
: X

i=1
whefe N'= total number of points
f(ala2...an,Xi) = probability of a data point resulting
in the wvalue Xi
;// fax = the integral of the probability function
* extending over the whole range of
measurements made.

'The procedure used to find ‘the best fit is to determine

the maximum of the likélihood function (and the error matrix)

by a method'of‘steps by maximising the function F = 1n(L).
The initial values (guesses) of the 'a' parameters and an
appropriate step size are given and the first parameter is

increased or decreased by steps of the stated size to find
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a larger value of F. When successfully found the new
value of the first parameter is used and the operation is
repeated for the next parameter and so on. The cycle ‘is
repeated as long és F increases and when no improvement
can be made with the étep sizes given, the steps are all
reduced by a common factor and the next iteration is |
started. Tﬁis.confinues until a.satisfactory solution
ié found for each of the parameters.

The likelihood function approachés a multi-
éaussian distribution and at the end of each iteiation
the largest value of P is compared with that from tﬁe
previous iteration. When the difference is’0.00l or
less the two corresponding solutions differ by less than |
1/20 of a standarddeviation. Hence a solution very close
to the maiimum may be obtained.

The error matrix is‘gomputed by inversion of the

matrix built with all the second derivatives.of F at its

maximum calculated by differences. The width of the dis-

tribution is determined as being the + and - quantities
one has to add to each of the fitted parameters so as to
lower the likelihood function by e;l/? of its ﬁaximum
value. If L is multigaussian- with né correlation between
the parameters'then these quantities are the standard
errors. The steps used to compute the second derivative
are taken equal to a certain fraction B of the standard
errors. For a perfect multi-gaussian distribution the
results would ﬁe independent : of the size of the step.

" Since the errors are computed from F by changing

two parameters at a time a better value of the maximum may
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be generated than the value obtained originally. If this
happens then the values of the parameters are put back into
the start and the whole iteration procedure is restarted

to find a new maximum,

Program Format

a) Reads in the number of parameters, their initial values
and the corresponding assigned step. | |
D) Reads in factors a and B wused in the program.

c¢) Calls subroutine Input which itself reads in the data
poipts and produces fhe corrected values which teke the
detector resolution into account.

d) Calls suBroutine FUNCT to calculate the value of the
maximum likelihood function using the values of the para-
meters taken to it. The subroutine calculates the curve
'correspondlng to the parameter values and the corre5pond1ng
errors between the data points and thls curve. Because

* there are not many data points the subroutine generates an
overlapping histogram of the errors and integrates the
curve to obtain the probability of the calculated curve
being the best fit. Thus the likelihood function can be
obtained and the wvalue of this'is returned to the main -
program. | |
-e) When the llkellhood function only changes by a small
amount the values of the parameters are printed out as

beiné the most satisfactory and the errors are computed. -

A.4 PROGRAM VACANCY III

Program Vacancy IT which is based on the maximum
likelihood technique is far more efficient in fitting the

187

Vi




experimental data than Vacancy I. It was especially good
at producing the parametér values for FF and FV but it
had some difficulty with Ey and A because of the statis-
tical spread of points near the critical temperature.

To eliminate errors due to the inherent sensitivity of

the program the parametér values for FF and FV produced
by Malik were fed into the E200 library program whigh
used them to fit the corrected experimental data with

equatioﬁ (2):
yi

F-FF .
ln[m =lnA—EV/kT

The program fits the equation to the data between ﬁhe'fwo:
plateau régions (FF and FV) and produces the best values
of E; and A and their associated errors. In this program
- the F values used are the corrected eiperimental'values |
and the errors are similarly the corrected experimentai
errors; ~ The remainder of the program is identical to the

E200 section of Program Vacancy I.
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