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ABSTRACT

Methane, butane, Õyclohexane and benzene are used as the

media Ín which a study of positron ann'ihilation takes place. The decay

process'is stud'ied over a range of temperatures and wjth the three

standard techniques normally employed.

in previous experiments w'ith pos'itrons annihi'lating ìn

liquid organic materials the measurements of IN (intensity of the

low momentum component from angular correlation data)and I, (intens'ity

of the 'long lived component from lifetime measurements) have resulted

in I* = I2/3 within experimental error.

For samples of methane, butane, cyclohexane and benzene

measurements in the ìiquìd state yie'ld the expected equality between

I* and IZ/3, However, in the sol'id state for these substances there

is marked disagreement between I, and I2/3. The value of I*, ìn al1

cases, ìS essentially zero Suggest'ing that no pos'itronjum is formed,

but the value of I, remains large.

In add'ition, the experimental high momentum distributjons

compare well with a modified Chuang calculated distribution and the

lifet'ime versus temperature results are consistent with the Free

Vol ume Model .



CHAPTER I

I NTRODUCTI ON

In the subiect of annihilation of pos'itrons in matter, the

anni h'i I at'ion process i tsel f can be cons idered to be rvel I understood

on the basis of quantum electrodynamics. The predictjons of quantum

electrodynamics in regard to the properties of posìtronium have been

strjkjngiy verified in dilute gases, where the posìtronium atom can

be treated as an isolated tr^ro body system w'ith little'interference

from the other atoms of the gas. Such jnformation has gìven one con-

siderable confjdence in the use of the annihilatjon process as a tool

for the investigat'ion of the jnteraction of pos'itrons rvjth matter

under varying cìrcumstances. Recently posìtron ann'ih'ilation techniques

have been used r¡ridely in chemical and solid state investigatìons.

The physical behaviour of positrons after slotoring down and

before annihilation in condensed matter is of interest for obtaìn'ing

j nf ormati on about the dynamì ca'l propertí es of the ann j h'i I ati ng partner

which is the electron. The h'igh energ! "¡-rals rvhjch emerge from the

annihilation process escape w'ithout apprecìable attenuation or

scattering, from reasonably smal'l samples. Moreover, the positron

annihilatjon takes place deep 'insjde the material. Thus the ann'ihj-

lation y-rals can give information about the structure of matterin

the condensed state. In practice, however, a theoret'ical analysis of

these processes'is only possible wjth the help of models which are used

to understand the matter in condensed state.

l.l Annihilation Characteristics of Positrons

The positron 'is an elementary particle belongìng to the

class known as leptons. The positron is the antiparticle of the

-l
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electron and the two particles can be annihilated as a pair with the

em'ission of gamma quanta. Both particles have the same mass and have

equal charge, although opposìte jn sign. The sp'in of the posìtron ìs

such that S = i and like the electron it obeys Fermi-Dirac stat'ist'ics.

Annìhilation of positrons upon ìnteraction wjth electrons

occurs rv'ith the emission of photons. The most probab'ls modes of decay

I ead to tlvo and three photons beì ng emj tted . In sol 'ids the ann j h'i -

latjon could take place without the emjssion of a photon, provided the

total energy could be transferred to the lattice in the form of

phonons. However, the probabilìty of such a process occurring is

extremely smaì1. Annihilatjon accompanìed by the emission of a sìng1e

photon requires the presence of a third body to absorb the recoìl

momentum but at thermal energies the probabi'l'ity of this process is

also neglìgìble. In condensed material, about 98 per cent of fast

positrons are slowed down to nearly thermal energies and, therefore,

the si ng'l e quantum anni hi I ati on mode 'is of I i ttl e ì mportance.

To understand 2y and 3y annjh'ilation we consider the inter-

action of slow positrons and electrons when orbital momentum'is ø = 0.

H'igher orbital angu'lar momentum states are not of interest since in

these states the wave func'uions of the pos'itron and electron do not

overlap sufficientìy for apprecjable annihilation to occur. l,lle need

to consider only two states, the singlet state 
tso *ith positron and

electron spìns antiparal'le1 and total momentum J = 0, and the triplet

state 35, wìth J = I and spìns parallel" According to Yang ('I950) the

appearance of two photons upon ann'ihilatjon'is only oossible from the

singlet state. Ann'ihjlation of a singlet state with the emìssion of

three y-quanta would mean that charge parity was not conserved,
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whereas 2y annìhilat'ion of a triplet state would be'impossible even

'if charge parity r^rere conserved because ìt would vjolate conservation

of anguìar momentum.

This feature of positron-electron annihìlatjon has led to a

search for charge non-conservatjon through the study of three photon

decay of the s'inglet state (4. P" it'lills and S. Berko 1967).

Ore and Pou¡ell (.1949) have shown that the ratjo of cross-

sect'ions for 3y and 2y annihilat'ion is Jo- an¿ Goldanskii (1968) has5/ ¿

shown that the one photon rate will be more than two orders of magni-

tude less than the three photon rate. These are calculated values.

1.2 Bound State Formation - Positronium

The poss'i bi I 'it¡i of bound el ectron-posi tron states was f i rst

postu'lated by lt{ohorov'icic (1934), but the name positron'ium (Pr) for the

electron-pos'itron atom was first suggested by Ruark (1945)" Experi-

mental evidence for the existence of the atom of posìtronium was not

found until the work of Deutsch (.l951), on the slowing down of posìtrons

'in gases. Hjs experìments showed the bound state to be a rea'lity.

Since positron'ium'is a complete structural analogue of the

hydrogen atom many of its characteristics, such as binding energy,

radius, quasi-class'ical veloc'ity of the atomic electron and so forth,

are urelj described by the sìmp'le Bohr theory - the reduced mass be'ing

one-half of the electron mass. One thus obta'ins a "Bohr radius" of a

positronium.atom ur= $ ='+ -- ?ao = 1.06 Â, r^¡'ith a ground state
me'

ã2 ã2
energy E = };; = fu; = 6.77 ev.

¡

There are two ground (n = 1, lS) states of positronium: the

triplet state, or orthopositronium, (35r) wìth para11e1 spins of elec-
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tron and positron, and the sinqlet state, or parapositronìum, (1So)

i n r.^¡hi ch the el ectron and pos i tron have anti paral 1 el spj n . The ¿¡gul ¿ì"

momentum of orthopositron'ium is J = l, and here three sub-states can

occur wl'th different magnet'ic quantum numbers: m = +l , C, l. For

parapos'itronium J = 0 and m = 0. Therefore, the statistjcal we'ight

of the tri pl et state i s three ti mes as I arge as that of the s'ing]et

state, with format'ion of orthopositronjum jn 75% of cases and para-

positronjum in 25%. Follow'ing the argument presented before,ortho-

posìtronium undergoes 3y annihilation and paraposìtronium 2y annihj-

lation. The lifetimes of trìp1et and singlet pos'itronium annih'ilatìng

jn vacuum have been calculated as 'l.4 * l0-7 seconds and 1.25 " l0-10

seconds (Ore and Polvell 1949).

In the format'ion of posìtronium, high energy posìtrons are

degraded'in energy by various processes such as ionizing and excjtatìon

colljsions until they reach an energy at whjch positronium formatjon

becomes favourable. This lies ìn a very narrovJ kinet'ic energy interval

of positrons, called the "Ore gap", first proposed by A. Qre jn .|949.

The w'idth of the gap is controlìed by the propert'ies of the medium

under investigat'ion. This will be discussed more ful'ly later utith

some emphasis placed on the effect of phase changes.

Apart from the pos'itronìum atom there are several other

poss'ible bound states of positrons, each of r,vh'ich gives a different

lìfetime against ann'ihilatjon. In this connection it is useful to

investjgate theoretjcally alì possible bound states to whjch the

positron may g'ive rjse, with the aim of comparìng the results vu'ith

experimental data. Experìmental data from Bell ('I960), Steurart ('|961 ),

and Bisi (.l963) could be interpreted on the basis of the assumption
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that pos'itron bound states besides the well -known positron'ium are

formed, such as H-e+, cî-e+, Lìe+, a-a*a-, and so on. A number of

theoretical papers by Neamtan (1962, 1964), Goldansk'ii (1964), and

Brandt (1900) have been devoted to thjs topic.

I .3 Exgerimental_ l\4ethods

Among the basic experimental techniques are (1 ) measurements

of posjtron lifetime; (2) 'investigations of the angular correlation of

annihilation y-quanta; and (3) determjnat'ion of the probabilìty of 3y

anni hi I ati on .

In positron lifetime experìments,measurements are made on

the delayed coincidences between the emiss'ion of a positron and its

subsequent anni h'i I ati on . Th'is method was used by Deutsch i n I 95.l

when he f jrst shol^ied the exjstence of positronium in gases. Th'is

experimental method measures the decay rates of the various modes of

pos'itron ann'ihilat'ion and also determines the pereentage of positrons

decaying by each process. Much experimental data have indicated that

the long'lifetime component in condensed med'ia is a dìrect measure of

the amount of positronium formed. Thus by use of the lifet'ime method

one'is able to study the effect changes in a g'iven system have on both

decay rates and the relative abundance of pos'itrons decaying by the

different decay modes.

The second experimental method js the measurement of the

angular correlatjon of the two photon annihilatjon radiatjon. The 2y

annihilatjon of a pos'itron-electron pair at rest in a laboratory

system results in tvro photons of energy m6c2 at a relatìve emjssjon

anqle of I radìans. If the ann'ihilating paìr has a fjnite momentum

and energy, then the trvo photons must carry away thjs add'itjonal
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momentum and energy. In the case of a random distribution of the

momentum direction, momentum conservation leads to photon pa'ir

emission at relat1ve angles d'iffering from n, âfld energy conservat'ion

to a broadening of the m¡c2 gamma line. The observatjon of either of

these two nhenomena y'ields information about the state of the electron

just prior to annihilation. The angular distrjbut'ion has been studied

extensively by a number of workers.

The third experjmental method of posjtron annihilation

stud'ies js the measunement of the triplet annjhilation rate by a

triple coincidence experiment. Since theory predicts that the ratio

of 3y to 2y annihìlation for free pos'itrons wìl'l Oe $, whenever a

rate larger than this is found we have proof of posìtronium:formai'ion.

However, a reduction in the number of triple coincjdences coulcl be due

both to a decrease'in posjtronium formation and to quench'ing of ortho-

positronium. This experjment cannot'isolate the separate contri-

but'ions of these two processes .

1 .4 Quench j ng of þsi troni um

Processes wh'ich alter the lifetime of singlet and triplet

positronium can be classified as fol lows:

(l) Pick-off ann'ihilat'ion, i.ê. ann'ihilatjon with electrons of other

mol ecul es duri ng co1 1 i s i ons ;

(2) Ortho-para conversi on resul tì ng f rom the i nteract'ion v¡'ith para-

magnetic particles;

(3) Chemical quenchìng r,^rhich involves varjous chem'ical react'ions of

positronìum, such as oxìdation, addition, and substitution.

Foremost among the quenching processes is the "pick-off"

process s'ince i n condensed med'ia th'is governs the tri pl et posi troni um
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I if et jme. Due to the cont'inual scatter j ng of pos'itron'ium by the

surrounding molecules, the posìtron'in orthopositron'ium may ann'ihilate

with an electron from a molecule whose spin relative to the posìtron

'in posì tron'ium 'i s ant'i -paral I el . Thi s process accounts f or the 1 ong

l'ived lifetime of posìtronium of about l0-e seconds jn condensed medja

rather than the lifetime of 1.4 " l0-7 seconds pred'icted for posi-

tronium in free space.

Ortho-para conversion can occur when pos'itronium

ìnteracts wìth any paramagnet'ic particle having a total electron spìn
1

of J :7. Here v,re are not dealing with the mixing of triplet and

singlet states, produced by a magnetìc field set uÐ near the para-

magnetìc particìes (tl'ris effect is quite weak), but wjth djrect jnter-

action between the spins of these part'icles and positronium. The

simplest form whjch this interaction can take is direct spìn exchange,

vuhen ortho-para conversion is accompanied by reversal of spin of the

paramagnetic partì cl e.

Temperature and pressure changes have pronounced effects on

the lifetjme of quenched positronium since these changes alter the

electron densities in the media under consjderation. The degree of

crysta'11ìn'ity in molecular substances, phase changes in materials, and

changes in crystalline structure can all affect the long lifetime to

a considerable degree.

'I.5 Applicat'ion of Pos'itron Technjqqes

Obsenvations of the formatjon and ann'ihilation of positron'ium

are of partjcular interest for many problems in contemporary phys'ics.

The probability of positronium format'ion is related to several factors

such as the mode of thermalìzing positrons in varìous media, the com-
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peting processes of ionization, eiectron exc'itatjon and capture of

electrons by positrons, and the ratio of cross-sectjons for elastjc

scattering, exc'itation of vibrational and rotational molecular levels,

and attachment of slow positrons. A knowledqe of these relatjonsh'ips

could provìde a nev¡ method for study'ing many elemeniary processes jn

hìgh energy chemistry - processes whjch have scarcely been touched on

in condensed media.

Positronium is a unique labelled atom whose properties,

lifetime and annihilatl'on mechan'ism depend to a great extent on the

nature of the surround jng medium. The short 'intrinsic I r'fetime of

positronìum could provide a useful standard for investjgations of

rapid chemical reactjons"

The appljcat'ion of positrons in solid state physics has

become a fruitful area of research. In metallic solids much infor-

mation has been gained on Ferm'i surfaces and electron structure of

solids. In ferromagnet'ic solids the momentum distrjbutjons of spjn

aligned electrons has been stud'ied, yìelding important information jn

the study of ferromagnetism. A large variety of non-metall'ic samples

have also been investigated using angular correlatjon and lifet'ime

measurements.

In this work studies are conducted to ascertain the effect

on posjtronium lifetjmes and intensitjes due to temperature variations

and phase changes in specif ic organ'ic material s. This provides 'infor-

matjon to test the valìdìty of models used to expla'in posjtron decay

processes. Angular correlat'ion measurements have also been carried

out on the same organ'ic substances. The anguìar distrìbution of the

photons y'ie1ds important information about the momentum distribut'ions
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of electrons involved in the chemical bindìng of molecular systems.

Therefore, one 'is al¡l e to use these data to check the cal cul ated atomi c

and molecular orbital wave functions.



CHAPTER I I

LI FETIME MEASUREþJTNTS

2.1 General Descri ption

The apparatus used'in measurìng positron lifeiimes has been

Cescrjbed in detajl prevìousiy by Cooper (.l969) and therefore only the

general descrjption w'i1l be discussed here.

A blocl< diagrarn of the t'ime sorting system used in this

work js shown in Fig. 2-1 . l'4ost of the actual cìrcuitry was desìgned

and bul'lt at the Un'ivers'ity of Manitoba. The system consjsts of three

separate parts; the fast side, the slow sìde, and the cal'ibration

section" A general descript'ion of each of these parts w'il1 be g'iven to

present an overall viev¡ of how the apparatus funct'ions.

The funct'ion of the apparatus is to determine the relative

delay betreen the appearance of the pos'itron in the sample and the

subsequent apoearance of one of the gamma rays which anpears upon the

annihilatjon of the posìtron. Thìs js done by detecting in one photo-

tube the l.2B Mev gamma ray lvhich js emitted coinc'ident with the

positron's formation (coìncìdent in the sense that the time difference

is much smaller than the resolving time of the apparatus), and by

detecting ìn the second phototube one of the .5ll Mev gamma rays wh'ich

sign'if jes annihilation of the pos'itron. The two phototube signaì s tltus

produced are transformed to fast-rising flat topped pulses by their

respective l'imiters after v'rhich they are routed to the Time to Amp'lìtude

Converter (T.A.C.). In thìs c'ircujt the pu'lses are clipped to 40 nsec

ìn length and are then overlapped'in such a way that the T.A.C" circuit

output is prooortional to the amount of overlap, that is, proport'ional

to the time difference betv¡een the two events. Output pulses from the

- l0 -
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T.A.C. are then sent through a ljnear amplifier to the Pulse He'ight

Compensator (P.H.C.). The P.H.C. serves to correct T.A.C. s'igna'ìs for

errors r,vhi ch ar j se because of the var j ous pu1 se s i zes ori gì nati ng f rom

the phototubes. The output from the P.H.C. js fed jnto a mult'ichannel

analyzer where jt will be recorded'if the slow side has opened the gate.

The slornr s'ide of the system cons jsts of emitter fol lowers

whjch take l'inear signals from the tenth dynode of each phototube and

feed these through amplifìers to each of the single channel analyzers

and to the P.H.C. In the P.H.C. the ljnear amplifier signals are added

to the T.A.C. output to give corrected sjgnals. If the jnput signals

to the s'inqle channel analyzers are in the appropriate part of the

phototube spectrum then the s'i ng'l e cltannel anal yzers wi 1 1 send output

pulses to the slow coincjdence unit. If s'ignals from each of the single

channel analyzers arrive within the slow co'itrcidence un'it's resolving

tjme a gatìng signal is produced which activates the mu'ltichannel

analyzer and lets it accept a count.

calibration of the timjng apparatus js achieved by use of

an ajr-cored helical deìay line, fed by a mercury pulser, which

allov,rs one to place accurately known de'lays of different values between

the two I im'iters. Thjs allows an ìntegral l'inearjty curve to be pro-

duced on the mult'ichannel ana'lyzer and from this curve the sensitiv'ity

per cltannel of the apparatus can be deduced.

2.2 El ectron'ics

The type of phototube used was the R.C.A. 8575 wh'ich is a

12 stage, head on, flat faced photomultiplier conta'ining an extremely

hiqh photon conversion effjciency photocathode. The high cathode

quantum effjcìency and the very good t'iming characteristics of the
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phototube (anode pu'lse rjse time 2.1 nsec, electron transit time 3l

nsec) coupled rvith low dark current and h'igh amplification all combjne

to make thìs tube ideal for fast time work. The scintillators used

for the majority of this work consjsted of highly polished pìastic

crystals of NE 1024, I inch diameter by I 'inch long, whìch were coated

with white reflectìng paint. Some data uras also obtajned using NE 1'11

crystals but 'it was found that these deteriorated wjth time.

The limiter cjrcuit employed produced fast rìsìng (1 nsec

rise time) flat topped pulses of .5 lrsec duration. The fast rising

negatìve pulses from the photomultiplìer arriv'ing at the grìd of a

EBI0F pentode caused a sharp cutting off of lhe tube whjch produced

the f ast ri s ì ng pu'l se .

The T.A.C. cjrcujt used is s'imilar to that outl jned by

Beìl (1966) and is of the pulse overlap type. Fig. 2-2 1s a schemat'ic

diagram illustrating fhe principle of operation. Pulses arrt'ving

from the limiters are clipped to a length of 40 nsec by a cljpping

cable. A and B of Fig. 2-2 lllustrate cojncident pul ses amiving at

the T.A.C.'input. Both pulses are of equa'l amp'lìtude and length and

are offset from one another by l0 nsec due to different lengths of

limiter cable" Sectjon C shows the amount of overlap corresponding

to the coincident input pulses. The equÍpment 'is arranged so that

the pulses arriving from limiter #1 are the prompt pulses, as selected

by the s'ide channels, and those from ljmiter #2 are from the delayed

rad'iation. Thus cojnc'ident pulses gÍve maximum overlap and therefore

naxjmum T.A.C. output and as the delay tìme between the prompt

radiation and the delayed radiation increases, the T.A.C. output de-

creases.
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Figure 2-Z

T"A. C. Input Pul ses
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The slow cojncjdence system operates as follows. The

discrim'inatorin the prompt side is set to pass pulses to the slow

coinc'idence unit corresponding to energìes greater than .75 Mev" The

puise he'ight analyzer jn the second slow channel'is set to pass puìses

corresponding to energies between .3 and .5 Mev. Thus, the s'ide

channels accept the Compton distributjons of the I.28 i4ev and .51I

Þlev gamma spectra. If the two events occur withjn the time resolution

of the slow coincidence unìt (200 nsec) a gating pulse is sent to the

mul ijchannel ana'lyzer.

The P.H.C" used in this apparatus is functionally the same

as the one first described by Bell and Jorgensen (1960) ìn which some

fractjon of the signals from each of the slow sjde ampfifjers'is added

to the T.A.C. pulse. F'i9.2-3'illustrates the time j'itter jntroduced

by varying pulse heìghts arrjving at the limiLers" Since on the

delayed side a iarger pulse gives a'larger T"A.C. pulse the signal

must be phase inverted so that the actual process in the P:H.C.'is a

subtracti on .

The method of cal'ibrat'ion used with the tjme sortìng system

'is based on thai descrjbed by Graham et al. (1962)" In this procedure

an air-cored helical delay l'ine is used to provide spaced markers of

constant tjme differences over the range to be studied. A schematic

showing the basic features of the caljbration c'ircuitry'is shown in

Fig. 2-4. Pulses from a mercury pulser arrjving at the delay line are

sp'lit and travel to opposjte ends of the drum. Thus by varying the

position of the carriage along the drum one clranges the relative time

of arrival of the two signals at the limjters. Cal'ibration of the

drum uras achieved by marl<ìng equally spaced reference points along the
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F'igure 2-3

Photomul t'ip1 i er Anode Pul ses
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Figure 2-4

Schematic of Cal ibrat'ion Circuìtry
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length of the delay ljne and then cal'ibrating these points by compari-

son wjth cables whose de'lay t'imes trlere accurately known.

2 "3 Cal i bratj on and System Performance

The sysiem parameters of prìme concern in a time sortìng

apparatus are the resolut'ion and the 'linearity. Fjg. 2.5 shows an

integraì l'inearjty curve obta jned by use of the hel'ical delay l'ine.

In this curve time zero occurs at channel 202 and the sensjt'iv'ity as

found from the curve is .175 nsec per channel. The total linear range

obtained was approximately 20 nsec whìch was quite sufficjent for the

experiments conducted. A second curve r¡¡hich plots the differential

linearjty of the system under the same condjtjons js shown in Fì9.

?-6. This curve was obtained by isolat'ing the two photomultjp'liers

and then actjvating them w'ith uncorrelated y-râV sources" Any de-

tailed non-linearjties which the system may possess u¡ill become

ev ident upon ana'lys'i s of the di ff erenti al I 'i neari ty curve. As can be

seenjn Fig.2-6, the curve is essential'ly flat over the usable region.

The resolution obtainable with the apparatus which has been

descrjbed was approximately 300 psec. Fig" ?-7 shows a Co60 spectrum

usìng fairly w'ide windows and emp'loying the P.H.C. As can be seen the

curve falls almost linearly on the night hand side but the left hand

sjde shor^rs some ta'i1ing. However, since I jfetimes and 'intens'it'ies

were measured on the rjght side of this curve this tajlìng had no

sign'ificant effects on our results. Fig. 2-8 shows the effect of

the P.H.C. on the resolution.

The stabi i 'ity agai nst dri f ts whi ch the apparatus exhi b'i ted

over periods of time was found to be very good if the ambient tempera-

ture was constant to three or four degrees. Under normal operat'ing
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Fi gure 2-5

Integral Linearity Curve
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Figure 2-6

Di fferent'ial L'ineari ty Curve
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Fi gure 2-7

Co6o Resolution Curve
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F'igure 2-B

Co60 Resolution Curve Showing Effect

of Pulse Height Compensation
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condr'tjons typical centroid sh'ifts during gìven runs were found to be

of the order of 50 Þsec or less.

2.4 Temperature Regul at'ion Apparatus

During the course of the experiments performed runs were

taken at temperatures rang'ing from approximately +50oC to -lg6oc. To

achieve temperature regulation over this range various methods were

used.

For temperatures above 20oc the samples used were immersed

in a water bath wh'ich vras kept at the desired temperature by warm

water passìng through heat exchange coils in the bath. Temperature

reguìation of within 2 or 3 degrees centigrade was easìly maintained.

The arrangement sholn schemat'icaily in Fig. 2-9 was used

to obtain sample temperatures between 20oC and -30oC. Two lFB-l2-0.ì5-Bl

frigistor coolìng modules b/ere used. These are sol id state thermo-

electric cooljng devices which cool us'ing the Peltier effect which is

the absorption or generation of heat at the junction of two dìssimilar

conductors. Electric current is passed through the frig'istor modules

in such a way that the s'ides touching the brass block enclosing the test

tube absorb energy and thus cool the brass block" At the outer sur-

face of the modules energy is generated and as a result the surrounding

brass jacket rises ìn temperature. Th'is outer jacket is kept at

approximately room temperature by passing a stream of water through ìi.
Sìnce the relative temperature difference between the surfaces of the

frigistor modules depends on the input current, sample temperatures

can be preset and ma'inta'ined very accurately.

For temperature regulation between -20oC and -l40oC the

liquid nitrogen system shown in Fl'9. 2-10 was used. Thjs cons'isted
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Fi gure
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F'igure 2-1 0

Temperature Regul ation Apparatus
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of a liquìd n'itrogen reservoir wh'ich cooled, through a series of

spacers, a spring clìp made of alumjnum. The glass sample cell fitted

t'ightly into the sprìng cìip and thus cooled to the desired temperature.

By alterìng the sjze of the spacers variations in temperature were

ach'ieved and fjne variations were obta'ined by heat'ing a resjstor jn the

spri ng cl i p . Usi ng thi s method temperature varj ati ons duri ng a run

were typìca1ly less than l0C. The filling device for the nìtrogen

reservojr consjsted of a level sensjng mechanism (Fìg. 2-ll), lvhjch

opened and closed a solenoid valVe on the transfer line, a11owìng

nitrogen to transfer from a 25 litre dewar whenever the level dropped

belolnr a predetermjned point. Nitrogen consumption varied with the

various configerations emp'loyed but was typically of the order of I

litre per hour.

The methocl used to achieve temperatures lower than -l50oC

consisted of inserting an alumjnum rod into the spring clip and then

immersing the rod into a dewar of liquid n'itrogen to the depth

necessary to obtain the requ'ired temperature. The nitrogen level was

then held constant by use of the level controller and filljng system.

l,rlith this arrangement temperatures down to 'liquid n'itrogen could be

achjeved. The temperature regulation vras good to only *4oC but this

was sufficient as the experìmental parameters being measured were

found to be fajrly ìnsensìtive at these temperatures.

In each of the temperature regulat'ion systems used temperature

readjngs were made from a thermocoup'le attached to the outside of the

g'lass cell. If a suff icient cooling period was allovred 'it was found

that the outs'ide and insjcle temperature of the sample cell were 'identical .
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Fi gure 2-1 1

Liquìd Nitrogen Control C'ircuit

Transi stors: PNP 2N3702
D'iodes : Ge 1 N3l 2l
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2.5 Sou rce and Sampl e Preparat'ion

The radioactive source used throughout these experiments

consisted of I'la22, wh'ich has a half-l'ife of 2.58 ys¿¡s and em'its

posi trons of maxi mum energy 0 .54 ivlev . Apart from ì ts comparati vely

1 ong ha'lf -l if e the greatest advantage of Na22 j s that i t gi ves a t'ime

indication markjng the instant of positron em'ission. This'indicatjon

is the em'iss'ion of a l.28 [ilev y quantum, separated by 'less than l0-ti

seconds from the moment of pos'itron formatjon'

The sources were prepared by evaporating aqueous Na22Cl

solutjon onto thin sheets of mica (2 mg/cmz) over an area of approx'i-

mately 1 cm2. Open sources Were used in alI cases as -the Na22Cl was

not soluble in the substances studied. The source material had a

sufficiently high spec'ifjc activity so that the problem of self-

absorpt.ion could be discounted. Mica was chosen for source backings

since jt does nct exhibjt any'long lifetime jn its time spectrum and

also sjnce ìf thin backings are used it absorbs only a small fraction

of the positrons emitted. Bertolaccini and Zappa (.l967) conducted

experiments to ascertain the fraction of positrons decaying ìn a

m-ica source and found that for a sandw'ich source employing mica of the

th.ickness rnrhjch we used, approximatel y 6% of the pos'itrons d'ecay .in

the source backings. Therefore in an open source of the type we em-

p'loyed probably not more than three or four percent of the pos'itrons

annih.ilated in the mica. Sjnce these events all register in the prompt

ireak the ljfetimes obtained are not affected but a smalì uncertainty

of the order of .5% is 'introduced 'into the intensity measurements

taken.

The major part of the experjmental work performed us'ing

the ljfetjme apparatus lvas on the organic material cyclohexane which
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ìs liquid at room temperature. In the experjments performed on these

samples, runs Were taken on degassed as well aS normal ajr-saturated

ones. The degassing utas achieved by use of the Vacuum freeze-thaw

technìque in which the samp'le was repeated'ly frozen and then pumped on.

By employing this technique a loti concentratjon of oxygen'in the

sample was achieved. After degass'ing some samples were analyzed mass

spectroscopically and were found to contain less than 1% of the oxygen

present in the air-saturated samp'les.

Information on lifetimes and intens'ities were also obtained

using'liquid and soljd methane samples. S'ince methane bo'ils at

-161.60C a djfferent technique rlras employed to obtain the samples'

tvlethane gas was'introduced to an evacuated system and condensed into

a sampl e cel I r¡rhi ch was cool ed to I i qui d n'i trogen temperature ' The

sample thus obtained was at all times contained in a closed vacuum

system and kePt cool.

?.6 Data Accumulat'ion and Analys'is

Durìng the course of the experiments performed, runs lastìng

anywhere from a few hours to a few days were recorded. During these

tjmes the peak channel of the spectrum accumulated from a few thousand

to one hundred thousand,couhts. After each run a background was

noted from a port'ion of the spectrum not affected by true coincidences'

Also after almost all runs a time calibration curve for the system was

recorded.

lrlhen anal yzing the data produced by ihe system the important

parameters are the lifet'imes and intensities of the various decay modes.

In cases where no posjtronium is formed general'ly only one mode of

decay -is exhibjted. Holvever, when positronium is formed at least
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three different modes of decay should be operative. These are decay

due to pick-off of trip'let positroniumo decay of free posìtrons and

decay of singlet pos'itronium. The problem jn analyzing the experìmental

spectra is then one of finding the parameters of the various exponentia'l

terms which make up the sPectra.

To analyze the data use was made of an I.8.M.360-65 computer

and a mult.i-exponent'ial curve f itting program developed by I^1. R. lJal I

(1968). The program assumes that the experimental spectra can be

represented by a sum of exponentjal terms such that

Y = rAre-t/tK
¡\

where k = 1....n and n is the number of components'in the spectra. The

program determines the lifetime r for each mode and also the amplitude

A from r^rhich the intensity is computed. Al so produced were least-

squares standard devìat'ions for each of the parameters and a chi-squared

varjance whjch was a test of the goodness of fjt of the data. The

errors quoted throughout the work are either standard deviatìons pro-

duced by the computer program or in cases where a number of runs were

taken for the same quantìty the standard deviatjons of the varjous runs.

In the actual ana'lysis two component fits urere appi'ied to the

data since it was found ìmpossible to separate the shortest lived com-

ponent from the system response function mean'ingfu11y" The long-f ived

pickoff l'ifet'ime of triplet positronjum was designated as 1, w'ith a

correspond'ing 'intens'ity of I2, while the parameters of the second

component were g'iVefl ôS 11 and I't "



CHAPTER I II

ANGULAR CORRELATION MEASUREI/IENTS

3..l , General Description

A standard paral1e1 slit angular correlatjon apparatus has

been used to measure the angular djstribution of annjhilation photons.

Th'is apparatus has been descrjbed in detail prevìously by Kerr (1964)

and therefore only the general descriptìon wi'lì be djscussed here.

A. Mechanical Construction

A diagram of the mechan'ical parts of the angular correlat'ion

apparatus is shown jn Figure 3..l. The apparatus consisted of a source

and sampl e hous'ing l ocated hal fvray bettveen tv¡o gamma-ray detectors .

These components r^/ere mounted on two paraìleì 3" by 6" aluminum I-

beams approx'imately 20 feet 1ong.

The two gamma-ray detectors were mounted on either end of

the i-beam structure. One detector was fixed and the other movable.

The fixed detector and its collìmating slits were mounted on a brass

plate 265 cm.from the source. The movable detector was mounted on a

steel plate 265 cn on the other side from the source. The steel plate

was moved along a set of rails by means of a worm scre\^/ drìven by a

600 ounce-inch "Slo-Syn" motor. The collimat'ing sljts of the detectors

r,vere made from 3" thick lead blocks and were ..l5 cm wide. The de-

tectors were heavily shielded to cut dotun the accidental background

rate from scattered gamma-rays and from other sources in the labora-

tory.

The sampl e housing consisted of an 'insulatìng po'ìystyrene

box and tlvo collimatjng s1its. The w'idth of the slits were .15 cm

and 1.5 cm facing the fixed and movable detectors respect'ive1y. The

-31
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Fìgure 3-l

Angular Correlation Apparatus
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larger slit facing the movable detector \^/as necessary in order that

gamma-rays from the sample could reach the detectors for the urhole

range of momenta studied.

An alumjnum beam u¡as used to keep the coll'imating slit of

the movable detector al'igned tor,'¡ards the sample as the detector moved

throu gh d'iff erent pos'iti ons .

B " El ectroni cs

A block diagram of electronics'is sholt'n'in Figure 3.2. The

detectors were Integraì Assembly model l6MB4/A-X and consisted of 4"

diameter, I " thick NaI(Tø) crysta'ls mounted on 50.l8 HB photomult'ip'l'iers

with mu-metal shields" A positive potential of 1050 volts was apolìed

to the photomult'ipl'iers by a Hamner N40l hi gh vo'ltage supply. Negative

pul ses (approxinrately 'l vol t) were fed from the cathode f ol I olvers in the

detector heads to ampljfìers, and were amp'ì'ified about five t'imes and

shortened to anprox'imately one mjcrosecond.

Pulses from the ampl'ifiers tuere sent to a pa'ir of single

channel analyzers set to select gamma-rays in the energy range betureen

0.'l and 0.6 Mev. Thi s al I ou¡ed through the Doppl er sh'if ted .51I l4ev

photons from the annihilat'ions but blocked out the 1ow energy noise and

the 1.27 Mev gamma-rays from the Source. The fast ris'ing, narrovv pu'lses

from the sìn91e channel analyzers were sent to a coincjdence unit which

has a resolving time of about 
.l50 nanoseconds. The resolution time of

the coincidence unit was determjned by provìd'ing a random source of

gamma-ra.vs for each detector, and measuring the chance coinc'idence

counting rate and singìe counting rates, Nl and N' for the two detectors.

The resolutjon t'ime, T, was then determined from the relation:

chance coincidence countjng rate = ZTN.tNt.
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Figure 3-2

Angul ar Comel at j on Svstem El ectronics
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A Technical ivleasurement Corporation l4odel SG-34 scal er was used to

record the number of coincidences.

When 400 counts had been accumulated on tlre scaler, the

"automatic unjt" descrjbed nrev'iously by Kerr (1964) started the track

motor and moved the movable detector to its next position. The scaler

stops countjng while the detector is being driven to'its nerlr position

and starts aga'in when the detector stops. At a predetermined posÍtion

the direction of motion of the detectoris reversed by a mjcro switch.

A Simplex ET-100 interval timer was used to record the time

spent at each position to accumulate the required 400 counts" All the

electronics Was powered by a Sorenson model 2000 S A.C. voltage re-

gu'l ator.

3 "2 Positron Sources

The source of posìtrons used'in these experiments \^las a

Na22Cø source purchased from l,l. V. Phillips-Duphar Isotopes Division.

The source consisted of Na22C.e, deposjted in concentric grooves milled

in the end of a Perspex rod l9.l mm in dìameter as shown'in Fìgure

3.3. The end was covered w'ith a round nyl onfoì I d'isk of thickness

? ng/cm2. The perspex rod was connected to a lucite rod of the same

diameter to allow manipulation in the source castle. The strength of

the Na22 source was approximately 4 millicuries.

Some experìmental work was done by Chuang (1968)lon methane

usìng Cu6a posìtron sources" Ord'inary Cu foils measuring

?1+'+ x 0.005'inches were prepared and sent to Pinawa, Atomjc Energy+(.
of Canada Ltd. for pile ìrradiation. S'ince Cu6a has a half-life of

12.9 hours, some haste \^/aS necessary jn making use of a fojl after

irradjat'ion. The activity when used in the experiment was greater

than 250 millicuries.
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Fìgure 3-3

Pos'itron Source
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3.3 Samp'l-e. fnepafation _anC Mo_unting

The sample cell was constructed of þ'inctr alumìnum. A

windor^r of .00.] " alum'inum foil across one end of tfl. ..ll permìtted

posìtrons to enter the samp'le. It'¡las necessary to have the lvjndow

this thick in order that the sample cell should be capable of holdinq

a vacuum better than l0-3 torr. The volume of the sample cell was

approx'imatel y 7 nt".

Durìng the experiment, the sample celI was pos'itìoned so

that only annihilatìons'in a region just'insjde the w'indow urere re-

corded. Due to this and the fact that very few posìtrons penetrate

through the sampl e and reach the t^lal I s of the cel 1 , no correct'ion vJas

needed for anni hi I at'ions in the al umi num.

For th'is experiment, research grade cyclohexane, No. C-556,

was obtained from the Fisher Scientìfic Co. The cycìohexane used was

the same as that from which the lifetime data was obtaìned. To remove

the ajr dissolved in the sample it was subjected to the standard

freeze-thaw technique. The cyclohexane was then transferred to the

sample cell where'it remained under Vacuum for the duratjon of the

experi ment.

To keep the cycìohexane at the correct temperature a cold

fìnger arrangement was utilized as illustrated jn Fìgure 3.4. To ma'in-

tain the level of the liquìd nitrogen in the deutar and thus keep the

temperature withìn prescribed limits, an electronically controlled

valve was employed. A descript'ion of the operat'ion of the cjrcu'it has

been descrjbed by Chuang (.l968). The boil -off from the ldqu'id nìtro-

gen ìn the storage dewar was used to force the liquid nitrogen through

the transfer tube into the dewar surroundjng the cold finger. UJjth
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Figure 3-4

Sample Cell and Cold Finger Arrangement
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this arrangement the transfer time rnras between 5 and l0 minutes and

the temperature variation was about plus or minus five degrees centi-

grade. since the temperature was not crjtical except very close to

the phase changes, th'is \,{as considered to be satisfactory temperature

control. Temperature measurement was achjeved bJ, use of a copper-

constantan thermocoup'lé', cemented to the side of the sampie cell.

Angular correlation information uJas also obtained usìng

research grade benzene, No. 8-245, from the Fjsher Scientific Company.

The freeze-thaw technique was again used to obtain a degassed sample

which v\as subsequently transferred to the sample cell where it remained

under vacuum. Temperature control uras maintained by the same method

as that used for the cycl ohexane.

In subsequent chapters of this work angular correlation data

obtained by Chuang (igOe)lon solid and lìqu'id methane and data obtained

by Gould (lg0g) on solìd and'liquìd butane wjll be used. For thìs

experimental work butane and methane gas were research grade obtained

from Matheson of Canada Ltd., hlh'itby, Ontario. The sample cell arrange-

ment and temperature control method again were very sjm'ilar to those

used in obtaining data on the cyclohexane samp'les.

3.4 Data Accumul ation and Ana.]ysi s

To accumulate data the movable detector was set to examine

the reg'ion between -ll to +ll mjlliradians. In the region from 0 to

7.5 milliradians approxjmately 50 runs consistìng of 400 counts per

poìnt were taken on a sample. From 7.5 to ll milliradjans 5 runs of
'l000 counts per point urere accumulated. The po'ints were .907 milli-
radians apart. Approx'imately a month was required to complete the

investigatìon of a sample at a given temperature.
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Each run v¡as examined for any obv'ious irregulanities which

m'ight be caused by electronjc drifts " After a comp'lete set of data

had been obtajned, the count rate was determined by dividing the

total accumulated counts at each point by the total time requjred for

the accumulation. All the data taken were corrected for the exponential

decay of the source jtself. Each angular distrjbution was plotted as

count'ing rate vs. angìe and in all cases was found to be symmetric

within the experimental uncertainty.

Because of the finite angular resolution of the apparatus,

the comected angular distribution, C'(o) is related to the true

angu'lar d'istribution, C(e), by the fol lowing relat'ion,

(3-l )

where R(o) js the angular resolution funct'ion as calculated by Chuang

(r e6B) .

In the solid sample stud'ied, the observed angular djstributions

are quite broad, and since the samples are more dense, this results 'in

a small positron penetratjon depth and a narrow resolution function.

Therefore R(o) can be treated as a delta function and substjtution

ìnto equatìon (3.l), yields C'(oo) = C(00). Therefore no correct'ion

is needed for the broad distribution curves.

For the liquid samples, the angular d'istrjbutjons are

narrower. Equation (3-l) must be solved for C(e) to give the desjred

correction, and to do thjs, an'iteratjve numeric technique WaS used.

Each 'iterat'ion generated an approximate solution Cn(oo) where n j s

the iteration number. This approximate solut'ion was obtained from

that of the preceding iteration by the relat'ion:

6' (00, = 
J-_r,o)R(eo-o)do 

= 
Il_r,0o-0)R(o)do,
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I__o,oo-o)cn-., 
(o)do

(3-2) cn(oo) " 
J'*{u)ou

For the zeroth approximatjon, i.ê", the injtial estimate of C(oo),

^'r ¡ /^ \ - C'(e ). The iteration \¡/as continued until someu.rË u5su \,o\oo/ - o.

arbitrary degree of convergence was attained, i.e. Cn(oo) t Cn-., (oo).

The resulting correctjon to the angular d'istributions for iiquid

cyclohexane and l'iqu'id benzene are shown ìn Figures 5-.l9 and 5-21 .

A method has been described by Stewart (1957 ) whereby the

momentum distribution of the annihì1atÍng pos'itron-electron paìrs

may be derived from the angular correlation data obta'ined ulith an

apparatus havìng paralle'l s'lit geometry. The following js based on

Stewart's derivation.

Take p(p_) to be the densjty in momentum space of the

ann'ihjlatìng pairs. Choose a set of Cartesjan axes such that the

x-axis ljes along the l'ine join'ing the fixed detector to the samp'le

cells, the y-axis lies along the axis of the detector slit, and the

z-axjs ìs perpendicular to the x and y axes. Assuming that the

number of annihìlatìng nairs hav'ing a y-component of momentum 
'ìarge

enough that the result'ing gamma-rays would subtend an anqle larger

than that subtended by the sl'it js neg'liq'ible, then the coincidence

count rate is given by

r* r-
c (pz ) = o 

.) -_ I __o 
(Px, Py , P, )dP* d,no

tnlhere P, = mcO as l ong ut Pz << mc and A 'i s a constant.

If the variables of ìntegration are changed to

p e (pi...z + Ð..2)1/2 unA it js assumed that p(p) 'is isotrop'ic, then
' I f v llt t

^v
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r-
.(pr) = ZrA 

Jo 
o(P,pr)PdP

Usìng the substitution p2 = P2 + prz, this becomes

r-
c(pz) = ZtrA 

.l,.., 
o(p)pdp

i'z

Differentiat'ing with respect to pz yields

dc(p-)'L - - -Zr\prp(pr)ip,

and it follows that

o(n,) =-&+3
Sjnce pz = mce

t^ \-,, 1 dc(e)
o\P r) = *o'o- -do :

where B is a pos'itive constant.

o(nr) ìs the densjty in momentum space of annihilating pa'irs

having momentum of magn'itude Pr. The area of a sphere'in momentum

space of radirr pz is 4rpr2. Theref ore, tl(pz), tlte number of ann j hi lating

pa'irs hav jng momentum of magn'itude P, i s given b-v

Hl(pz ) = -4nBm2c'u 
oå5u )

In the following sections the data r^rill be presented jn the

form of N(p) and c(e). Sjnce the constant B'is not known the term

.ln I a \*#''is simply mu'ltiplieri by a normal'izìng factor.

A computer program developed by Gould (.l969) was used for

the actual analysìs of the data. Input data was'in the form of tjme
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'intervals required to accumulate 400 counts. The program first

corrected the tjmes for source Cecay and calculated the count rate

c(o) tor each point. Next the program calculated ihe denivatjve at

each point by means of a five point least squares fit to a parabo'la.

For the 2nd and n-lth po'ints a three pojnt least squares fit to a

parabola was used and for the end poìnts a stra'ight d'ifference was

used. Two other methods also were utilized to find the derivatives.

The first fitted the data to a cub'ic functjon and the second simply

used the sìope betl,ueen two successive data poìnts. All methods of

anal"vsis gave equìvalent results. The program then calculated N(p)

and p(p) and the error in N(p). Fjnally c(0), the error in c(e),

c'(o), p(p), N(p) and the error jn N(p) were outputed for each po'int

ìn tabular form"

Upon analyzino the observed data, vte must also consìder

any necessary comect'ions for the background cl'istribut'ion. The

chance coìncjdence rate contributed a flat background well less than

I count per mjnute. This was determined by moving the movable de-

tector 20 mill'iradians off the .|8O-degree ljne so that coincjdences

from annihjlatjons in the sample or any parts near the source would

not be registered. A second source was the radiatíon resultìng from

annihilation in any part of the source castle or sample cell visible

to both detectors. This background was determined by counting with

no sample celf in p'lace. The result'ing d'istribut'ion uras almost flat

rvith a peak countìng rate of I ess than I count per m'inute. S jnce

the ana'lysis of the data jnvolves takìng the slope of the count rate

curves to produce a momentum d'isiributjon, these background contrj-

butions have no siqnificance. A third source was due to annihilat'ions
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in the samp'le cell vljndor,v and'in the r¡ralls of the sample cell jtself.

However, as explained earlier, this contrjbut'ion could be neglected

due to the positioning of the sample cell,



CHAPTER IV

THRET.PHOTON COINCiDE|\ICE MEASUREMENTS

4 "'l Generêl Descri pti on

Rich (1951 ) was the first to use 3y-cojncjdence countìng

f or di rect observat'ion of three-photon posi tron-anni h'i I ati on; the

method was subsequent'ly deve'loped by de Benedettj and Siegel (1952).

An ìnherent djfficulty in the case of 3y ann'ihilat'ion 'is

that energy-momentum conservation does not provide a unìque deter-

mination of the momenta of the photons. The requ'irement is that the

photons should be emitted in the same plane and that no more than two

are emjtted jn the same half-p]ane. Since the three cojncjdent

photons are only coplanar and the two co'incident photons are collinear,

3y ann'ihilatjon js more difficult to detect than 2y annih'ilatjon. In

practice, a source of relatìvely h'igh strength must be used to provide

reasonabl e stat'istics ìn a short t'ime. However, the random tri ple

co'inc'idence rate w'il I increase with larger source strengths and al so

with longer resolving times. Obviousiy, 'in order to maìntain a hìgh

sìgnal to noise ratio (true to random coincjdences), rn¡ith a h'igh

counting rate, the resolving tìme must be kept as low as possible.

Three scintjllation counters were arranged symmetrically

about the source of positrotls and cop'ìanar with jt (f ig. 4-l ). Thjs

arrangement simplifies the problem of coincidence detection since

all three annih'ilation photons must nolv have aporox'imate'ly the same

energy, i.e . T ^rr. The scint'illators r^rere 3" by 3" NaI(Tø) crystals.

The photomul ti p1 i er and scì nti I I ator assembl i es (model no. 12512) rvere

obtained from the Harshaw Chemical Company'
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Fi gure

for Detection

4-t

of Three-Photon Anni h'il ati ons
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The apparatus is shown in block d'iagram in Fi g. 4-2' The

pulses from each of the photomultipliers were ampìified so that 5ll

kev gamma-ra,vs produced output signals of 5".l volts. These were

routed to timing single channel analyzers which selected photons in

the energy range 100 kev to 500 kev. This energy selectjon was

necessary to reduce background cojncidences. Del'ays jn the timìng

single channel ana'lyzers were set so that output pulses originating

from coincjdent events in the three photomult'ipliers arrjved

simultaneously at the trip'ìe cojncidence unit. This was done by

sel ectj ng pai rs of photomul tì pì ì ers and adjustì ng theì r respect'i ve

single channel ana'ìyzer delays to maximize the double coinc'idence

rates from the truo counters. The resolvìng time of the trjp'le coin-

c.idence unjt was set at 100 nanoseconds to m'inimjze random background

counts and still maintain a reasonably high count rate.

The source of positrons was identical to that used in the

lifetime experiments, i.e. approximately 50 m'icrocu.ies of Na22 de-

Dosited on a thin sheet of mica. Although the l.2B Mev gamma-ray

from the daughter Ne22 released almost sjmultaneously with the

positron was necessary for the timing work,'it tends only to contri-

bute to the background of the three photon intensity measurements'

As seen in Fig. 4-l the crystal detectors were shielded from each

other with blocks of lead in order to reduce spurious coincidences.

For the measurement of the background coinc'idences' one of the

counters was removed from the plane defined by the source and by the

other two counters, without altering its distance from the Source'

The methods of temperature regulat'iotr of the sampies has

been described earl'ier. Sampìes of cyclohexane were maintained at the
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F'igure 4-2

of Trjple Coincidence System
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requ'ired temperatures by the liquìd nitrogen system shown ìn Fì9.

2-10. Control of I iqu'id ancl sol id methane sampl es was effected by

jmmers'ion of a metal cold finger into a delvar of I iquid nitrogen.

4 ,2 Data_ Accumul ati on- .and Anal ys j s

Experi mental runs cons'isted of accumul at'ing from 5,000 to

.|5,000 counts. For each sample at the requ'ired temperature the data

were taken first with all counters and the source in a plane as sho\^rn

in Fig. 4-1. To determine the background rate, data urere next

accumulated with one of the counters placed 45o out of the pìane. The

posit'ion of this counter was adiusted so that the sjngles counting

rate remained exactly asìt was. Th'is ensured that the counter to

source d'istance remained constant.

Because of the relat'ively 1ow count rate in these experiments

and the hìgh background coincidence rates, checks were made to ensure

that a h.igh degree of stabifity was maintained by the electronjc com-

ponents. The output spectrum of each photomultiplier as well as the

singles count rate from each pu'lse height analyzer were monjtored

several t'imes during eaclr experjmental run. Al so, several independent

runs were made on each sample to determjne jf the results thus

accumulated were within statistical error.

Any direct determ'ination from experimental data of absolute

magn'itudes for the probabìlity of 3y annìhilation would require

measurements of counter efficiency, of the solid viewing angle w'ith

respect to the source, and of several other characterjstics of the

equ.ipment; it would also entajl rather cumbersome calculatjons based

on the spectrum of 3y annih'ilation quanta. However, a1'l these pro-

cedures are unnecessary if we can compare experimental data for
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materials'in which we wish to determine the 3y probabjlity wjth data

for materjals jn rvhich this probab'il jty is known.

In a s'imp'le model of posìtron decay as outl ined by

Goldanskii (1968) the probability of three gamma annihilat'ion can be

expressed in the follov,ring form:

p. =+p2**-tr-plJY u .3 ó/¿.'

where P 'is the probabi'lit¡r s¡ positron'ium formatjon, t3(1 .4 * l0-7 sec)

is the ll'fetjme of orthopositron'ium in free space and r, is the actual

I ifetjme of orthopositroir jum as reduceC by the various quench'ing pro-

cesses. The above relation assumes (a) the three quantum production of

orthopositronium arises sole1y from ann'ihiIatjon of the posìtron utìth
LCjts bound electron and occurs with a probab'iì ity equal to j; (b) the
'3

nonposjtron'ium part of annihjlation is attributable to posjtrons whjch

all have the same fate and which behave as free: the'ir three quantum

anni hi l ati on probabi l i ty i t *t (c ) the parapos'i tron'ium does not" 5t t'

contrjbute to three quantum events through any interactjon with

matter.

Experimental data were obtajned for methane and cyclohexane

in their fiqujd and sol'id phases. By comparing the number of three

gamma events in the'ì'iquid phase, where the amount of positronium for-

mation is knov¡n, wìth the corresponding number jn the solid phase the

percentage of pos'itron'ium formatjon in the sol id can be determjned.



CHAPTER V

EXPERIMENTAL RESULTS

5.1 L j fet'ime Resul ts - Cycl ohexane

The l'ifetime experimental work was done using samples of 99

mole % pure cyclohexane obtained from the Fisher Scientifjc Company.

Time runs were taken at various temperatures using both normal air-

saturated sampìes and sampìes which had been degassed. A mica source

as descrjbed previously was used and after preparat'ion the cyclohexane

was p'laced in the temperature regu'lating apparatus.

Figures 5-l to 5-6 'illustrate typical lifetime decay curves

for cyc'lohexane at various temperatures for both air-saturated and

degassed samp'les. These curves have been pìotted directly from the

experimental points after subtraction of background. The stra'ight 'lìnes

drawn through the poìnts are visual fìts to the data. From the plotted

curves in'itial estÍmates for the computer analysis could be calculated.

Computer analysis for each of the curves obtained was then carried out

and Tables 5-l to 5-Z give a comp'lete list of the decay parameters found

for cyclohexane at the various temperatures.

Fígures 5-7 to 5-.l0 illustrate the temperature dependence of

the decay parameters for both the air-saturated and degassed cases. The

solid lìnes drawn through the experjmental points are sìmpiy best fits
and the arrows indicate the liquid-sofid phase transjtjon and the soljd-

sol id phase trans'ition found 'in cyciohexane.
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TABLI 5-I

Cycl ohexane (Degassed)

temp (oc) ,z (nsec) .l (nsec) 12 (%) rr &)

-196

-1 60

-128

-t l8

-90

-88

-78

- 7E

-73

-68

-ÂÃ

-45

-32

0

+9
+20

+32

¿- AÅITT

.|.04 r

1.08 t

l.l7 r

1.21 r

1.28 t

1.28 x

1.53 t

l.l4 r

1.32 t

2.05 t

'l.90 t

2.26 t

2.28 x

2.41 t

2.60 t

2.66 t

?oot

3.08 t

3.15 t

7,26x

.02

n?

.UJ

.02

n?

"03

n?

.06

.UJ

"04

"04

.04

.05

.04

ñL

.04

.04

.04

^-l

.05

.Jl r .ul

.35 i .03

.34 ! .03

.33 r .03

.33 t ,0?

"38 * .02

.33 t .02

.35 t .04

"34 r .02

.36 t .02

.36 t .03

.39 t .02

"37 t .02

.40 r .02

"37 t .03

.35 t ,0?

.37 x .02

.39 t .03

.36 t "02

.36 r .02

26rl

22xZ

17tl

20x2

17tl

18x2

16 t I

?0x3

17 tl

l9 t I

lY = ¿

21 tl

21 tl

23tZ

25¡1

22xl

3l tl

5+=L

3l tl
?1 + 'l
J¡ - ¡

76*J
B0 tQ

80t6

79tS

80t4

89t3

B0t3

BZ t l5

82t3

76x3

76tB

77tJ

75 t $

78t3

74 ¡ 7

72t3

70t3

58t4

65t5

67r$
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TABLT 5-2

Cycl ohexane (Non-Degassed )

lemp (oc) ,z (nsec) rl (nsec ) rz &) rr &)

-l 96

-17 4

-114

-102

-RÂ

-84

-80

- tY

-78

-77

- 76

-75

-52

-J9

-7
0

+6
+12

+20

+33

¿- AQ

1.07 x .02

I .07 x .02

l.lB t .04

1 .25 x .04

1 .26 t .04

1 "12 x .02

1 "71 t "02

I ..l8 t .03

I .96 t .04

1.88 r .04

l.9B t .04

2.12 ¡ .02

2.11 ! .02

2.22 x .04

2.24 t .04

2 "28 t .04

2 "44 t .04

2.35 t .02

2.50 t " 04

2.37 x .02

2.51 t ,02

.35 t .02

.31 t .03

.37 t .04

.39 t .04

??,n?

.30 t .02

.35 t .02

.31 x .02

.39 x .02

.38 x ,02

.38 t .03

.37 x ,02

.36 x .02

.37 r .0.|

.34 t .02

.35 t .03

.37 t .01

"34 t .02

.38 t .03

.JJ t .U¿

.J4 t "U¿

l9 t I

'l 6 + ?

17 tZ

lB x 2

18 ¡ ?

19 t I

l9 t l

21 t2

20tl
/tl + t

¿utt

lB r I

20¿l

20 t1

l9 t 2

21 rl

22tl

28tl

34tl

30tl

3l tl

69 ¿5

76 t l0

73 t ll

67 * l0

Bl tB

84 t4

75t3

73 t4

TI I J

77 t5

75 r 3

77 x4

71 t3

69t3

74 t 5

62 x6

75t3

72 t4

60t6

6?¿3

71 r4
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Fi gure 5-'l

Time Spectra of Cyclohexane

Degassed Sampì e at +440C

Non-Degassed Sample at +490C
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Fì gure 5-2

Degassed Cyc'lohexane at +200C
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F'igure 5-3

T'ime Spectra of Cyclohexane

Degassed Sample at +4.70C

Non-Degassed Sample at OoC
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Figure 5-4

T'ime Spectra of Cyclohexane

Degassed Sample at -450C

Non-Degassed Sample at --lgoC
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Fi gure 5-5

Non-Degassed Cyc'l ohexane at -7 40 C
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Fìgure 5-6

Degassed Cyc'lohexane at -l I goc
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Figure 5-7

Dependence of r, for Cyclohexane
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F'igure 5-B

Dependence of t., for Cycìohexane
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Figure 5-9

Dependence of I, for Cvclohexane
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Fí gure 5-'l 0

Temperature Dependence of I., for Cyclohexane
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5 .2 L j fet'ime Resul ts - Methane , Butane, Benzene

As wjll be seen in a further portion of this chapter angular

correlatìon results were obtained using samples of benzene and triple

coincident experiments were performed on methane samples. To facilitate

discuss'ion in the followjng chapter it'is necessary to include here life-

time data obtajned by other researchers on benzene and methane. As per-

tinent information was obtained from butane results these will also be

included here. The experimental work on methane and butane was done by

Cooper (.|969) and that on benzene by Germagnoli, Poletti, and Randone

(re66).

Table 5-3 lists the decay parameters found for methane" S'ince

methane boils at -l6l"OoC only a lim'ited range of temperature data was

acquired. Figures 5-11 to 5-14 illustrate the temperature dependence of

the decay parameters . Agaì n the arrows i nd j cate the 1 ì qu'id-sol 'id

phase trans'ition.

In Table 5-4 are listed the decay parameters found for butane.

The temperature dependence of the decay parameters is shown in F'igures

5-15 to 5-18 with the arrows indjcat'ing the'liquid-soljd transition.

Tabl e 5-5 I 'ists the avai I abl e data on benzene. The mel t'ing

point of this substance is 5.50C.
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TABLE 5-3

Methane

temp (oc) ,z (nsec) .l (nsec) 12 (%) 11 &)

-1 96

-t 88

-l 83

-17 6

-17 4

2.81 r

3.25 x

4.43 x

5.43 t

5.72 t

.40 r .01

"36 t .04

.41 1 .04

.35 t ,03

.37 ¡ .04

32t1

3l xl

32tZ

33x?

34tl

57 t3

65 t ll

65 t l0

59tB

56x7

rìÃ

.07

.06

.08

.07
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Fi gure 5-'l 'l

Temperature Dependence of r, for Methane
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Fi gure 5-1 2

Temperature Dependence of r., for Methane
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Fi gure 5-ì 3

Dependence of I, for Methane
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Figure 5-14

Temperature Dependence of Il for Methane
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TABLE 5-4

Butane

Temp (oc) ,z (nsec) .j (nsec) 12 ø) rr &)

-l 96

-144

-l 38

-137

-l 36

-1 35

-t 30

-l¿.5

-88

-77

- 75

.03

.04

"04

"05

.04

n?

n?

.04

n?

.03

.03

1.27 ¡

1.46 x

l.4B t

1.53 *

1 61 t

1L6t

1.79 t

2.35 t

3.23 t

5"U¿ =

3..I0 +

?dt n2

.34 t .02

.34 t "0?

.34 t .02

?4t ñ?

.33 r .01

.36 t .03

.37 t .02

.43 r .02

.38 t .02

.42 x .03

12t1

14!2

17 x1

14x?

12t1

l2t1

l3 1 I

17 t1

l7 t I

17 tl

lB t I

86t2

84x7

BStB

81 t$

B0r7

79t5

B?x7

79t11

71 t$

78x7

74t9
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Fi gure 5-l 5

Temperature Dependence of r, for Butane
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F'igure 5-'l 6

Dependence of tl for Butane
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Fi gure 5-l 7

Dependence of T, for Butane
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Figure 5-18

Temperature Dependence of I., for Butane
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TABLT 5.5

Benzene

Temp. (oc) ,z (nsec) t1 (nsec) I z (%)

-l 00

+20

1.34¡"10 .40 1.06 20.4t1

2.39t.05 .20t.06 34"Btl
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5 .3 Angul ar Comel at'ion Resul ts - Cyçl ohexane

The angular correlation work was done using a sample of de-

gassed cyclohexane. In th'is substance the f iquid-sol'id phase transitjon

occurs at +6.50C, wh'ile a sol id-sol id transition exists at -87oC.

Angular correlation measurements were made in each of the three phases;

the first at +20oCu the second at -70oC, and the final measurement at

-l 2ooc.

F'igure 5-l 9 i I I ustrates the angul ar d'istri but'ion of the

annihjlation photons ìn the three separate phases of cyclohexane. The

curves have been normalized to equal areas to illustrate more effectively

the feature that the distribution is more peaked in the lìqu'id form"

A computer analys'is was carried out to determine the momentum

distributions ¡¡(p). This form lends jtself more easily to interpre-

tati on than do the ori g'i na1 angul ar d j stri buti ons . F'igure 5-20

illustrates the N(p) vs p curves for cyclohexane at +20oC, -700C, and

-l20oC. Since the constant B in the momentum distribution relation is

not known, the term 9p is simply multipiied by a normaliz'ing factor.
OU

In these experiments the curves are normalized to a peak of l0 to
faci I ítate compari son.
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Figure 5-1 9

Angular Distributions for Cyclohexane

The solid cjrcles indicate experimenta'ì data for 'liquid cyclohexane (+ZOoC).

The open circ1es indicate experimental data for sol'id cyclohexane (-ZO0C).

The x's indjcate experimental data for soljd cyclohexane (-'|200C).

The dashed curve indicates the d'istribut'ion for 'liqu'id cyclohexane
corrected for finite angular resolutìon.
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Figure 5-20

The Momentum D'istributions for Cyclohexane

Closed circles - l'iqu'id cyclohexane (+ZO0C).

Open ci rcl es - sol 'id cycl ohexane (-Zooc ) .

x's - sol j d cyc'lohexane (-l 200c) .
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5,4 Angular Correlation Results - Benzene

Angular correlatjon results on benzene were obtained using

a degassed sample. The melting po'int of benzene is +5.50C. Measure-

ments were made in both the liqu'id and solid phases; at +20oC in the

liquid and at -lOoC in the solÍd phase.

In Figure 5-2.l the angular distributions C(e) vs p for'lìquid

and solid benzene are shown. As before the curves have been normalized

to equal areas.

F'igure 5-22 1 llustrates the momentum distributions for ben-

zene at +200C and at -l0oc. These curves have been normalized to a

oeak of 10.
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Fiqure 5-2.|

Angular Distributions for Benzene

The open circles 'indicate experjmental data for f iqu'id benzene (+ZOoC)

The x,s.indicate experimental data for sol'id benzene (-lOoC)

The dashed curve 'indicates the djstribution for liquid benzene corrected
for f i nì te angul ar resol ut'ion .
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Figure 5-22

The Momentum Distributions for Benzene

Closed Circles

Open Circles

liquid benzene (+zOoC)

solid benzene (-looc)
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5.5 Angular Correlation Results - Methane and Butane

Angular correlation data on methanewereobta'ined by Chuang

(.¡968). During the experiment, the f iquid methane sampìe was maintained

at -177oC and the sol'id sample at -l87oC. The temperature deviat'ion was

less than loC. The momentum distributions that were obtained are shown

in Figure 5-23.

The anguìar correlation experimental work using a butane

sample was done by Gould (1969). In Figure 5-24 are illustrated the

momentum distributions for both solid and liquid samp'les.

As before all N(p) curves have been normalized to a peak of
.|0.
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F'igure 5-23

The Momentum Distributions for Methane

Closed Circles - liquid methane (-lZZ0c)

Ooen Ci rcl es - sol 'id methane (-l B70C )
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F'igure 5-24

The Momentum Distributions for Butane

Closed Cjrcles - liquìd butane

Open C'ircles - solid butane
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5"6 Three-Photon Coincidence Results

Three gamma coincidence results vrere obta'ined using lìquid

and solid samples of methane at temperatures of approxjmately -175oC

and -l90oC respect'ive1y. Table 5-6 lists the experìmental three-

photon count rates found for these samples. A l'ifet'ime measurement was

taken concurrent'ly r^rith each trip'le co'inc jdence measurement to ensure

that the methane was in the correct phase, with the expected value for

the long lifetjme.

Experimental three gamma data are also tabulated in Table

5-6 for degassed samples of liquid and soljd cyclohexane. Measure-

ments in the l iqu'id were conducted at room temperature and jn the sol'id

phase at a temperature of -.l200C" Two independent trials with slightly

varying geometries were carried out to further verify the validity of

the experjmental results"
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TABLE 5-6

Three-Photon Coincìdence Rates

Sampl e 3v Count Rate
counts/200 sec

3y Background
counts/200 sec

True 3v Events
counts/200 sec

Methane Lìquìd

Methane Sol id

Trial i

Cyclohexane Liquid

Cycl ohexane Sol id

Trial II
Cyclohexane L'iqu'id

Cyclohexane Sol id

58.0

3l .0

17 .7

10 "2

14.9

19.7

7 .85

6.76

7 "85

6.74

43.t

il.3

xÃrl

f .J

r .6

t{

=/

J<

+9

I

+

I

"06

..l5

9.9 x .6

3.4 t .25

9.9 r .3

3"1 x "25

17 .7

qR
"06

.15



CHAPTTR VI

DiSCUSSION OF RISULTS

Â1 I ntroduct i on

The work presented i n thi s thes'is was carri ed out 'in order to

test current models of pos'itron annihilation in organÍc l'iqu'ids and

solids. 0f specìaf interest is the effect of phase transitions in

these materjals. For this reason cyclohexane was chosen s'ince a solid-

fiquid change occurs at easily access'ible temperatures as well as a

sol'id-sol'id phase change. To qa jn further ins'ight into the annjhilation

processes 'in cyclohexane, angular correlation data were obtained for thjs

material 'in each of Íts three distinct phases. This technique was also

appf ied to f iquid and solid benzene and the results comb'ined with al-

ready ex'isting l ifet'ime jnformation obta'ined by other researchers.

Finaily, since these two research methods showed somewhat confl'icting

results, triple y-coìncidence experiments were performed in an attempt

to gain sufficjent information to satisfactorily expla'in all experimental

data.

6.2 Lifetime Studies

After a pos'itron enters a condensed medium it can essentially

annihilate with an electron from the mediumto form gamma rays'in two

djstjnct modes. The first js to annihilate directly with an electron

from the medium while the second way consjsts of the format'ion of a

bound positronium atom before annihjlation. The factors v'rhich effect

the formation of pos'itron'ium in a gíven substance have been studied by

a number of workers (4. T. Stewart .l955, H. S. Landes, S. Berko, and

A. J" Zuchell'i 1956, C. R. Hatcher, hl. E. Millet and L" Brown 
.I958,

R. L. deZafra and [rf" T. Joyner 
.l958, C. R. Hatcher 1961, D, P. Kerr

-87 -
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and B. G. Hogg'1962, l,{. A" Falk and G. Jones 1964" R. K. !'|i'lson, P. 0.

Johnson and R. Stump 1963, C" Y. Leung and D. A. L. Paul 1967) and from

these and other ìnvestigations various models concernìng the probab'i'lity

of positron'ium formation have been advanced.

Any detaì1ed computatjon of the probability of pos'itronium

formatjon during the slowing down of pos'itrons in a molecular medium,

M, necessarily involves the cross-sections of many elementary processes

and a knowledge of thejr energy dependence. These processes jnclude

jonization and excitation of M due to positrons, e'lastì..*M scatteringu

electron capture by the positron, elastjc and inelast'ic Ps-M scattering,

and dissocìation of Ps in collis'ions with M. In these respects appro-

priate data for the condensed phase are almost entirely 'lacking. However,

ìn sp'ite of these lìmitations, an experimental determination of the

fract'ion of pos'itrons which form positronium, and a comparison of this

fraction with the pred'ictjons of theory,'is bound to be of value. A

scheme of representatjon based on the concept of the "Ore Gap", first
postulated by A. Ore (1949), has proved to be the most useful as an

approx'imate theoret'ical model .

In the Ore model the h'igh energy positrons which enter a medium

are rapid'ly slowed to energies approximating the first ionization

potential, Vi n of the mediumby non-eiastjc ioniz'ing collisions. During

th'is time the annihjlation probabì1ity wì1.l be less than a few percent

(J. Green and J" Lee 1964). Since the binding energy of a posìtronjum

atom is 6.8 eV and since V,'is genera'l1y greater than 6.8 eV only

positrons with a kinetic energy greater than (Vi - 6.8) eV wjll be

capable of forming positroníum. 0n the other hand, ìf pos'itron energies

are greater than V.' positronium formation wjll be neglig'ibìe compared
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T¡/Íth ionÍzation; electron removal to the continuous spectrum region is

naturally much more probable than the formation of a dìscrete bound

state such as the positron-electron system. Moreovere as long as the

kinetic energy of the posìtronìum atoms formed exceeds theìr bindìng

energy, these atoms are most likely to dìsintegrate in subsequent

collisions. Therefore, when the energy of the positrons rises above

the ionizat'ion potential V' the probabilìty of positronium formation

decreases rapìdly. Along wÍth ionjzation, exc'itation of the electron

levels of the molecules of the med'ium can be one of the main comnetitors

of posjtronium format'ion, and jn this case the decrease in the probabì1ity

of positronium formation man'ifests itself earl'ier - when the energy of

the posìtrons beg'íns to exceed the excjtation energy of the first elec-

tron level El (as a rule E., . vi). After the posìtron's energy drops

below E., positronium formation is cons'idered to be the dominant process

until such time that the positron loses sufficient energy such that

positronium format'ion is no longer energet'ical'ly possib'le. Below this

point positrons will lose energy by elast'ic coll'isions untìl they

annihilate freely wjth the electrons of the medium.

Using this mode'l predìctions can be made concerning the pro-

babi I i ty of posi tron'ium formati on . On'ly posi trons havi ng an energy wi th-

in the bounds of the "Ore gap" are capable of formjng positronium. The

upper I 'imì t of thi s gap has been desi gnated as E., and the I ower bound as

Vi - 6.8 eV. If one now makes the assumptions that alì positron energìes

from zero to V, are equal'ly probable, that all excitat'ion coll jsions

between E., and V, degrade the positron's energy below the Ore gap, and

that all positrons withjn the Ore gap form posjtroniumu then the pro-

bab'ility of the formatjon of a positronjum atom wjll be gìven by
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- El - (vi - 6.8)o=--' 
--

Since stat'istical'ly three-quarters of

in the triplet state the jntensity of

given by

the posì troni um atoms formed ex'ist

the long 1ìved component will be

f'. ttt . *t ì,r=ï | " 
-nf" - "'a 

I- ( 'i )
This simple theory gave reasonable agreement in the case of a

number of gases (M. Deutsch 1953, T. A. pond 19b2, B. Gittelman and M"

Deutsch 1956). Also in l96l Hatcher showed that the intensity of the

long'lived component in Halogen derívatives could be explained on the

bas'is of the Ore model bJ¡ assuming the upper bound of the Ore gap to be

equaì to the dissociation potentia'l of the carbon - Halogen bond.

Table 6-l shows intensit'ies as carcurated by the Ore theory

compared to our experimental results. The upper boundof the Ore gap has

been taken to be the dÍssociation potential of the carbon - hydrogen

bond and in the case of ammonia the n'itrogen - hydrogen bond. It can be

seen that there are large discrepancies between experimental data and

the theoretical values. One of the most serious d'ifficulties is that

the Ore theory does not differentiate among the various physical states

of a given system while experimental]y large changes may be found in

goìng from one state to another. Various modifications to the Ore model

have been attempted and we are jnterested in those which attempt to ex-

plain the formation probabiljty as affected by physical changes to the

system.

As has been mentioned previously it is not onry the basic

parameters of the Ore gap whìch influence posjtronium formatjon. :
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TABLT 6-I

Substance \/*
.I

/a\/l

r+-l
(ev )

Calculated I,
(%)

Experimental I, (%),L

Liqu'id Sol id

Cycl ohexane

Benzene

Methane

Butane

Ammon i a

21x2, lBtZ

?0t2

32xZ

11 t2

25tZ

I 0.0

9.?

I 3.0

l0"B
.l0"3

4.1

4.4

4"4

¿ll

/1 tr

31 x2

35xZ

32t2

17 t2

25t2

l6

0

.7
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Many processes are present wh'ich lower the upper boundary of the Ore

gap or brìng posìtrons rapidly beneath the gap and these depend not

oniy on the chem'ical composition of the material but also on inter-

molecular interactions. These interactions could have a marked effect

on posìtronium formation especially when related to phase transitions.

A further influence which can affect formatíon probabil'itjes, agaín

especia]1y at phase transitions, is related to the pos'itjon of the

lower boundary of the Ore gap. It is associated therefore w'ith posi-

tronium affinity or, to put it another way, w'ith the presence of a free

vojume which the pos'itronjum atom can occupy. In an attempt to explain

the varying iifetimes and intensities in substances due to the changing

of such parameters as pressuree temperature, and phases,various modi-

fications of what has come to be known as "The Free volume Model" have

been proposed.

In its s'implest form the free volume model attributes any

change'in lifetjme due to pressure and temperature as being due to a

change i'n density. As the density of a substance increases the free

volume decreases resulting in a reduction'in the space available for

positronium and hence a corresponding reduct'ion in tr. Wallace (tSSSl

proposed a simple model in wh'ich positronium atoms resided jn rectangular

wells formed by repuìsions from the surrounding atoms. If the radius of

the well (i.e. the free volume)'is reduced, the overlap of the positronium

wave functìon with the electron clouds of the surrounding molecules in-

creases resulting inah ihcrease jn the rate of pick-off annjhjlat'ion.

Brandt, Berko and þJalker (lg0O) developed a more detailed

treatment of positronium decay'in molecular materials on the basis of the

free volume model. They obtained a solution of the equat'ion characterizíng
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the rate constant for pick-off annihilation (Ào),

À = rrr 2C^ | ,r, r| *dV"p "o "Po .Ju 
*pt*ps -'

'o

by calculating pos'itronium wave functions for varjous lattice con-

figuratìons. Here ro represents the radius of square lattice

potent'ia1 s , oo the el ectron dens Í ty and vo the excl uded vol ume . Sol v'i ng

this relationship requires a knowledge of the lattice geometry as well

as density data across the temperature range studied. Cooper (1969)

tested thjs model and obtained reasonable agreement using experimental

values of 'rr'in the 'liquid and solìd phases for ammonia and methane.

Sharp changes'in lifetimes at soljd-l'iquid transitions were largely

accounted for but actual lifetimes in the solid phases were not correct"

Unfortunately densìty dataare not available for cyclohexane 'in the

solid state so these calculations could not be carried out for this

substance.

Brandt and Sp'irn (1966) modified the free volume model to take

into account thermal effects. Thermal fluctuations cause a smearing

of the electron densjty distribution through the lattice, thereby in-

creasing the electron density ín regions of free volume and hence

shortening the'long lifetime. Thjs is the opposite of the effect which

occurs when the average dens'ity 'is reduced by heat'ing" Brandt and

Spirn found that with the'ir modífjcations maxima were found to occur

in the t2 vêt"SUS temperature curve iust before melting, for substances

w'ith high melting points. In the present work the 12 curves fcr

cyclohexane show no evidence of this and we can conclude that the

thermal motion effects are small and masked by free volume changes

occuring with temperature variatìon.
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Lagu et al(1969) proposed an empirical model in terms of

free volume to expla'in the formation and decay of the long component

in molecular materials. Free volume'in the medium is considered

as divjded into a number of cavitìes, vo'id-cells or sites where posi-

tronium atoms 'lodge themselves after thermal jzat'ion and annjhi'late by

pick-off urith surrounding electrons. If the average volume of the

s'ite decreases the electron density leaking into the site will increase

as w'ill the overlap of the wave functions of the positron and the

electrons, resulting in a decrease ifr tZ" In the limiting situation

when the volume of the site is approx'imately one angstrom, the pos'i-

tronium atom will begin to lose its'identity due to the crowding in

of the surrounding medium, and the l'imiting value of t, will approach

that observed for the decay of posítronium molecular comp'lexes (approxi-

mately 1 nsec.). 0n the other hand if the volume of the sites reaches

values such that the'interact'ion of the trapped positronium atoms with

the surrounding electrons 'is negligib'ly small, the 12 intensity wil,1 be

vanishingly smal'1, the triplet positronium decaying:into three photons.

In this model certain assumptjons are made concern'ing the

format'ion of the long lived bound states in solids and liquids. These

assumptions are that in the substance the bound state can only form in

vacancies which are larger than the classical diameter of a pos'itronium

atom (1.06 angstroms) and that the fraction of posìtrons forming this

state in a substance is controlled by the number of vacancies with dia-

meters above this critical size. it'is further assumed that in a solid

the number of vacancies will remajn reasonabiy constant, with a decrease

in density of the material simply en'larging the existing vacancies with-

out creating many nelv ones, while on passing through the lìquid-solid

phase transition more vacancies wjll be created as well as enlargement
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of exist'ing vacancies. Thus if we apply th'is model to our results for

cyclohexane we see that on passing through the solid-solid phase

transition very 'little change in intensity takes p'lace, while on passing

through the sol'id-liquìd fransition a large increase jn the long lived

component 'is found. The constant values of I, in the liqu'id or in

either of the sol'id states indicates that while the material is in a

particular phase the number of vacancies remains essent'ia1ly unchanged.

The graduaì 'increase 'in 12 wlth temperature in each phase indicates an

'increase in the sìze of the vacanc'ies. The abrupt variat'ion in the

ljfetime values at the phase transitions is due chiefly to densìty pro-

pert'ies of cyclohexane at these temperatures (Cooper 1969). However it
'is expected that a change in molecular interactions across the tran-

s'itions and the change in crystal structure associated with the solid-

solid transit'ion would also influence the values of these life-times.

txperimental data presented for benzene and butane are al so

cons'istent with thjs model . Again there 'is the expected increase 'in

'intensity in pass'ing from the sol id to the I iquid and al so the gradual

decrease in values of t2with decreasing temperature. Thus in all

these cases the model presented by Lagu et al (1969) empirically ex-

plains the results.

A final point to be considered is the effect of the dissolved

oxygen on format'ion probabil'itìes and lifetimes for the cyclohexane

samples. As can be seen in Fig. 5-9 the'intensity of the long component

was not affected which is in agreement with earlier work (D.P. Kerr
1

et al. 1965)'. Concerning iifetimes, prev'ious work (¡. Lee and G"J.

Celitans .|965, A.M. Cooper, G. Laídlaw and B.G. Hogg 
.|967) 

has shown



-96-

that dissolved oxygen has a large quench'ing effect on the long lifetime

'tZ. This effect is noted for cyciohexane in Figure 5-7" An observation

of inierest js that the quenching effect of the dissolved oxygen carries

on into the solid phase of the material but disappears after the solid-

solid phase trans'itjon. A possibìe exp'lanation for this would be that

in the high temperature solid phase the dissolved oxygen reta'ined some

mobility through the lattice and thus was able to quench the long fife-
t'ime component while in the low temperature solid phase the oxygen

was trapped in the lattice and therefore was not able to have any

quenchi ng effect on the 'long 
1 i fet'ime.

6.3 Angular Correlallon Stud'ies

l¡lhen a positron enters a condensed hydrocarbon compound 'it

may annihilate with an electron in the C-H bond or jn the C-C bond.

From the measurement of the angular correlations of the annjhilating

photons, one 'is able to obta'in information concerning the momentum

di stri but'ion of el ectrons ann'i hi ì ati ng r^ri th posi trons . Most of our

knowledge of momentum distributjons for molecular systems comes from a

series of papers given by Cou'lson and Duncanson (1941-.|943). The general

method used to obtaín the momentum wave function consists of transforming

the space wave function to momentum coordjnates accord'ing to the Dìrac

transformatjon theory. Chuang (1968) extended these theoretjcal cal-

culations and obtained good agreement with experimental data gathered

usìng organic liquids" Sjnce then Gould (1969) applied this theory to

solid as well as liquid organic materjals.

The method used by Chuang (1967, l968l)invoìves the calcu-

lation of positron wave functions followed by determjnations of the

momentum distributions of annihjlating positron-electron pairs in the
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C-H and C-C bonds. Modificatioñs'to,ChuangtS treatment.were måde onÍ.V

4n;thêtcã:ÌcuIä-tiöni s¡, ¿¡¿:positronlfraûè function -,¡*(r) .

To determine the numerical values for the posìtron wave

function we first consider the interaction between a positron and a

carbon atom. u*(r) is the ground state solution of the schrodinger

equation, i.ê.,

- l,r2
2 " 

: ú*(r) * vc(r),p+(r) = Eu+(r)

where the potential V.(r) is taken to be that of a neutral carbon atom

calculated by Herman and skillman (1963). v.(r) is shown in Figure 6-1

The eigenva'lue E is chosen to satisfy the boundary condition that the

slope of the wave function vanish on the boundary surface of the atom,

i.e.,

U*(r)' = 0 at r = ra,

in which r. is taken to be the average rad'ius of the carbon atom, i.e.,
r. = 1.54 a.u. For all values of r greater than r., ú*(r) = I which

constitutes a second boundary condition. The Schrödinger equation was

solved by a fam'iliar method (D. R. Hartree, l95g), and the resulting

positron wave function is shown in Figure 6-1.

To determine the value of r¡*(r).near a hydrogen atom we must

consider the potential of such an atom as seen by the positron. This

potential has the form

vn(r) =

where the f i rst term 'is

second and third terms a

electron. Since ú,-(H)l)

Iq,(H) 12 4nrz O, -f-
Jr

Coulomb repulsion o

due to the charge di
-1/2 exp(-r), the ex

I u(H) | 
2 4nr dr

f the nucleus, and the

stribution of the ls

pression for Vn(r) becomes

¡l"
I

I¿o

the

re

- 1l

l_-t_rr
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Figure 6-1

The Potentíal of the Carbon Atom and the Corresponding

Positron l¡lave Function
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which is as shown l'n Figure 6-2"

Us'ing this value for the potential, the numerícal values of

the positron wave function are determ'ined from a solution of the

Schrödinger equat'ion. Again the eigenvalue E'is chosen to fit the

boundary cond'itions ,i,o(r)' = 0 at r = rn and úo(r) ='l at r > rh, where

rn is the average rad'ius of hydrogen and has the value .ì.50 a.u" In

Fìgure 6-2 are shown the results of thÍs calculation.

To calculate momentum distributions of annihilating positron-

electron pa'irs a knowledge of the electron'ic wave funct'ions in the

carbon and hydrogen atoms as well as those in the C-H and C-C bonds is

necessary. The hybrid orbitals of the carbon atom are described by the

wave function

, /^\ ,rzs(c) + oq,2p(C)
v[u/= 

,r1 +o2

where,¡Zs(C) and *r'(r) are the analytic SCF functions of 2s and 2p

atomic carbon orbitals (Lowd'in 1953) and o is the coefficient of mÍxing.

The momentum wave funct'ion for an annih'ilating pair ìs then

1 Å fr - r-
vn(r) = i - Ë Jo 

tt.*p(-2r)dr - 4 
J,^ 

r exn (-2r)dr

= (l o |) .*n Gzr)

xc(p.) = (2n)-3/2 
[ exp(-ig'r),!(c),r+(r)d.r.

Using this the momentum d'istribution functjon Nr(R) 'is found to be

rur(n) = -y" tx., (n)2 + o2 xr(o)2Ì
n(l +o2 ) '

where x., (n) = f, ,. (pr) Rzs (c)úu(r)r2 dr

xr(n) = [ ,1 (nr) Rzp(c)uo(r) 12 dr
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Figure 6-2

the Hydrogen Atom and the

Positron Wave Function
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In these equat'ions Rrr(C) and RZD(C) are 2s and 2p radìaì r,rave functions

of carbon and jo(pr) and j1(nr) are spherical Bessel functions.

S'imjlarly, the momentum distribution in the hydrogen ls orbital

becomes

run (n ) = 4np2l x¡1 (g) 2 
1

where

The electrons jn the C-H and C-C bonds are represented by

Heitler-London wave functions wh'ich are known to be good approximat'ions

of the covalent bond. Numbering the electrons of the bond by'l and 2,

the wave function of the C-H bond, ,j,(C-H), 'is

,r(c-H) = ü(c:l)u(H:2) + {'(c:2),l'(H:l)
/ãl_+_%p_

where SCH js an overlap integral 
"

To calculate the momentum distrìbution of the photon pairs,

we first transform the Fourier component of the positron wave function

overlapping with electron I

x(g1 ,12) = Q,)-3/z | .*o(-ipl .! )u(c-H)ú*(r., )0r.,

and then average *(gl ,k)"x(g,9) over al1 positìons of electron 2.

The momentum distribut'ion, N(C-H), obtaìned is

N(c-Hl = zd;-a- rrur(n) + NH(p) + zsrnN.n(R)ÌL\r¡JcH

where N^u(p ¡ = 2E Pu¡r RcHÆ x¡1(n) 1x.' (n) sin (pRcH)

sin(pRr*)

*11@) = f [ ,.(pr) exp (-r),¡+(r) 12 dr.

+ßoxr(n)t
PRcH

- cos (pRrr)J]
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j n wh'ich Rr'., 'is the 'l ength of the C-H bond 
"

The calculation of the momentum distribution in the C-C

bond, N(C-C), is sim'ilar to that for N(C-H). The C-C bond is described

by the wave function

, ^ ^,, üu (c : I )üo (C : 2)+ú 
a(C 

:2 ),l,b (c: I )
Y/\v v t

Æ1lTt"7¡

where Sub is the overlap ìntegra'I. After the transformation to

momentum coordinates and a considerable reductionu we have the

momentum di stri but'ion i n the C-C bond :

N(c-c) = îo,= {Nc(p) + SabNas(n)r
, ,"ab,

whene Nun(p ) = ?: rx,(nl, 
ttrllo*") 

+ 3o1*oz , PRcc '-zxr(v)z

_s'in(pRcr:) Zcos(pRcc) 2sín(pRcc)
't- pq;: + lpn;ii - -tpñii r ]

jn which R* is the 'length of the C-C bond.

The momentum d'istribut'ion for cyclohexane can be obtained by

considering that only electrons from C-H and C-C bonds annihilate with

the pos'itrons and that annih'ilat'ion is equally probable for an electron

from either of these bonds. T{e will neglect the contribut'ion due to

carbon ls electrons since the overlapp'ing of wave funct'ions of these

core electrons with that cf positrons is very small. The ratio of the

number of electrons'in the C-H and C-C bonds for cvclohexane is 24/12

and therefore

N(cyclohexane) = k t24N(C-H) + lzN(c-c)1.
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Since the pos'itron wave functions are not anaìyt'ic, the

momentum distributions N(C-H) and N(C-C) were evaluated numerical'ly by

computer. The computed and experimental momentum distributions for

cyc'lohexane are shown in Fjgure 6-3.

l,nle assume that prior to annjhilationo the positron acquires

an energy of approximately 0.1 ev. Calculations have been made to esti-

mate the thermalization time of pos'itrons in metals (Lee-Whiting ì955;

Carbotte and Arora 1967), but no rigorous calculation has been made to

predìct the thermalizatjon time in non-metal solids or liquids. The

calculatjons and experìments which have been described are based on the

assumption that the energy of the pos'itron is near thermal and that all

the momentum ass'igned to the annjhilating paìr comes from the electron"

This is cons'istent with the general overal'l agreement between the cal-

culated N(p) curves and the experimental curves presented jn this Chapter.

A further indication that thermaljzation of the posìtron has occurred by

the t'ime the posi tron-el ectron pai r anni hi I ates , 'i s that 'if we assume

the contrary, then the experimental curve would be expected to lie above

the calculated curve in the h'igh momentum reg'ion. This is not the case

and supports the view that the positron had a low momentum contribution

to make to the pa'ir.

6"4 Anomalous Annih'ilation

It i s general 1y accepted that for posi tron ann'i hi I ati'on 'in

most organic substances, the I ifetjme, whose magn'itude is usua'l1y 'l - 5

nanoseconds, represents events which occur by pickoff of an orbital

electron by ortho-posìtronium. The measurement of positron lifetjmes

yie'lds both the l'ifet'ime " rZ, and the 'intensity, I* of the pos'itrons

which have formed ortho-positronium.
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Figure 6-3

The Momentum Distribution for Cyc'lohexane

The sol id I ine indicates the calculated momentum distribut'ion.
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Angular correlatjons between the two photons produced in the

annihilation process lead to momentum distributjons of the ann'ihilating

pos'itron-electron system. This momentum distributjon generally shows a

low and a high momentum peak when the experjments are performed'in

organic l'iquids. The low momentum peak has an intensity (Iru) which

represents the annihilation of positrons in para-pos'itronium. Pos'itrons

forming para-positronium annih'ilate with their own electrons and the

momentum of such ann'ihi'lat'ing pa'irs is small. From statistjcal con-
I^

siderations alone one would expect t* = Éunless there'is appreciable

conversion (e.g. by paramagnetic substance) from ortho-positronium to
l^

para-positronium. In th'is case t* 'É would result. 
T

in a number of organic 1ìquids, verification of t* = 3
has been reported (Kerr et al. 1965)" However, few workers use both

time and angular correlation techniques'in study'ing a given sample. In

part'icular, only one investigation by both methods has been made on an

organ'ic substance undergo'ing a 'l'iquid-sol id phase trans'ition. This sub-

stance'is napthalene where the lifetime measurements (Landes et al. .|956)

and angular correlation measurements (dezafra 1958) may be compared.

Unfortunate'ly, the I, 'in the sol jd is only 9% and since it would then

be approximatel y 3%" it'is hard to verify that IN = Sbecause errors of

the order of 3% exjst in i* measurements. In th'is Chapter data is pre-

sented on four substances where direct comparisons can be made of I, and

In, 'in the I iquid and sol id phases.
l\

lllomentum djstribut'ions obtained from angu'lar correlation

measurements on I iquid methane at -l 77 x loc and on sol id methane at

-187 t loC are shown in Figure 5-23. The values of I* shown in Table

6-2 were obtajned by subtracting a calculated high momentum distribution



(Chuang et al l968) from the experimental distributionsi Lifetime

measurements carried out at -l77oC and -lB7oC gìve the']anA,,
values also ljsted in_Table 6-2. It'is clear from the table that, in

ì ìquìd methane, In, = 3 w'ithin the I jmit of experìmental errore asI\J

expected. However, in solid,methane, I* is essentia'lly zero,'in marked
I^

disagreement with the value ! = llZ, In other words, the lifetime

data ìndicate that 44% ot tn] pos'itrons form pos'itronjum 'in the sol id

phase, whereas the angular correlation data indicate that no posìtron'ium

i s formed.
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In an attempt to resolve the discrepancy, trìple coincidence

rates, R3ye t,ntere measured for both phases using identìcal geometry" The

measured rate, OUr, is proportional to P3y, the fraction of positrons

undergoing 3y ann'ih'ilat'ion, which'is gìven approximateìy by

I ^'r^ a

or, = +-# (r -Trrl

where t, 'in the I jfet'ime of ortho-positronÍum in free space.

Since the values of Otr tn the two phases are proportional to

the corresponding values of Prr, one can check on the cons'istency of the

iesults for the two phases by assümìng, for examp'le, that the measured

values of I, and r, in the fiquid phase and t, jn the solid phase are

correct and then solv'ing the above equation for Ir'in the solid phase.
T-

The value of 3 found in this manner is listed'in the table under the
J

head'ing 7Z(3v)/3. Unfortunately, the tripie coincidence experiment is

difficult in that the counting rate is 1ow, typical'ly'10 counts per

minute, and the background count'ing rate comprises approx'imatel y 60%

of the gross rate leading to large uncertajnties in the values of Rtu

and Ir(3v)/3. Although the uncerta'inty in ir(3v)/3 for solid methane
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'is 1arge, the value of Ir(3v)/3, appears to be considerably'less than

the lrl3 obtained from the ljfetime measurements on solid methane. Thus,

the three-photon anni h'il at'ion measurements support the angu'lar correl ation

measurements jn indicating that there is an inconsistency in the assumption

that I, js a measure of the amount of posìtronium formed in the case of

sol id methane.

The angu'lar correlation and lifetime measurements performed

on ljquid cyclohexane at room temperaturee on one sol'id phase at -700C

and on the second sol'id phase at -lZOoC yielded the results shown in

F'igure 5-20 and Table 6-2. The subtraction procedure to obtain I* ìn

cyclohexane was based on a caiculated shape of the lead'ing edge of

the hjgh momentum component. Three photon annihjlatìon rates were

measured for the l'iquid phase and the 1ow temperature solid phase, the

Ir(3t)/3 for which is listed'in the table. IN is seen to agree with Ir/3

for the 1ìqu'id phase; in the two solid phases a low momentum component

'is present but'its intensity is consjderably less than Irl3. The triple

coincidence results again yìeld an I2(3y)/3 smaller than the Ir/3 obtajned

from Iifet'ime measurements.

Angu'lar correlation and lifetime measurements were performed

on liqu'id benzene at room temperature and on solid benzene at approxi-

mately -lOoC. The momentum distributions are shown in Figure 5-22 and

the values of the various parameters are listed'in Table 6-2. In the case

of benzene no appropriate wave function uras found to calculate the shape

of the high momentum component and therefore the leading edge of the

high momentum component was extrapolated smoothly to zero. Agaìn, there

is good agreement between I* and IZ/3 ln the fiquid phase, but, in the

solid phase, IN is much less than IZ/3. No triple coincidence measure-
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ments were made for benzene" The benzene results have been confirmed

by 0.Mogensen (lgZl) who found no I* in solid benzene"

Table 6-? also includes angular correlat'ion and ljfetime

data for liquid and solid butane. As was the case for all other sub-

stances studied the values of Tr/3 and IN agree in the'liquid phase.

Unfortunately, because of the small values of Ir/3 and I* in the

sol'id phase, conclusive evidence that I* is ìn fact substantjally 'less

than I Z/3 ls difficult to obtain. However, the results do jndìcate

that this effect is present in butane as well.

Recently Mogensen (lgZl) discovered that the I* component

was not present in the solid phases of methanol u octano'l , and e'icosane.

ll{h'ile no I'ifetime data is available for methane and octonal u sof id

eicosane has a reported value of 3l% for I, All experìmental evidence

on solid organic materials has shown that the value of I* is essent'ially

zero suggesting that no positron'ium is formed; however the value of I,

remains large.
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TABLE 6-2

Results from Lifetjme, Angular
Trinle Coincidence Measurements

Sampl e Temperature ,2 r2/3 ll,l Ir(3t) /3
(oc) (nsec ) (%) (%) Ø)-

Methane

Methane

Cyc'ìohexane

Cycl ohexane

Cyc'lohexane

Benzene

Benzene

Butane

Butane

-177

-187

+20

-tu
-120

+24

- ln

-80

-t 50

5.5r..l

3.01 .l

?Ot1

2 "3t "1

1 l+ 1

3.l t .l

i.lt"l

3..] t .l

I .51.1

I I tl

I I tl

I 0tl

7tl

7!1

12t1

7xl

6tl

4tl

11 !?

0tZ

I I +1¡ t-t

j tl

'l +1| -l

| 1= /

0t2

7*1

2t1

2tZ

2t2
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