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ABSTBACT

A fast-slow tlne sortlng system, vrlth d.ay to d.ay

resolutlon of 300 pl-cosecondsu has been construcÈed. to neasure

posltron Llfeülnes and lntensltles 1n Ammonla, Cyolohexarle'

MeËhane and Butaneo For each subsÈance 1lfet1mes and

lntensltles have been studled over a range of temperatures

lnclud,lng Ln each case a 11quLd-sol-1d. phase change and. ln the

oase of Cyclohexane a solld-soIld phase change as weLl"

The d.ata urere anal-yzed uslng a nultl-exponentlal

computer progran and. the parametereflZr|rf , 12 and. 11

extraeted. for each substance aü the varlous tenperaüürêgø

The experlnenüa1 T Z', obtalned. for Amnonla and Meühane

over the entl-re üenperature range studled. (lncludtng the phase

transl.tlons) agree very well ¡qLth the theoretleal values

calculated. fron the Free Volume Mod.eL 
"

The experLmentaL 12's obtaLned show the neehanlsn of

posltronlun formatlon proposed. by Brand.t and. Splrn to be

lncorrect and. a¡r alüernate mechanlem ls postulated. whlch explalns

the experlnental f2'sn

A stud.y of the solld.-solLd phase traneltlon ln Cyclo-

hexane ylelded a large dlscontlnulty tn!2 at the transltlon

tenperature and. polnte up the value of the posLtron probe ln

expl-orlng phase transltlons of thle type.
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L Th e'll-ç._c_q].LçÆ

The pcsitr"cn å-s à pai:tic-Le i{îas

li.ra-c in 1q30" .|lis preCict-ron a.rL-ìse

ittÐ-ve equa"Ì;i. on f c:: electrr:n eíler-JJ¡ å

Í-Lrls; -rciì ':'');'e' bY

flom the ¡ela"l,rvrstic

r:]':e1-e :: is the 'Lct,ai_ e:te.crr-r cî T;he e,'_ecLron n rr-, its -lesL

rr.a.s-q, !. its rorneittu.n a¡rd c l--he si:eecÌ of ì_i,3ht" Since f'his

equati-cn ira"d bolh nega-tive ane posi Li-:.re e4eLgj.l¡ sohiticrrs

r^:ilÌ-i Lhe ne¡;ai;ive sol u,lior: corres---'onrl 'n¿ tr¡ lhe case aî a.n

elec bron wl'bh D. cnarg,e of *e ç ]ii:r'ac i;os L,u-lated the exi s i-ence

ol ;-¡osttrons cï- "!Ìol e s * " Th-^ ?å.-T-,-i.cl.es bhu,s c.l"erli cteri ï/,rer.e

irrs-L det,cct.ed i n l-oJ7 b¡, Ande-rson it c-l ou.d chan'oe¡ photog,:.e-phs

cf Cos*ic l,ay shc-,,,,ers, Ändeïson C_isr:or.rerecl the par-iicles
t¡¡h.'1t Cif he na"rnei. "F,OSi.tZ-OnSl' T,.'hên he ennl i ç61 a magnetiC f j e.]-d

¿l-crcss his cl oild chai:iber anor f ound pa::tic-l-es r¡¡ith e-Ì-ectr.cn j-c

ï.?,s-q but pcsiLir¡e el-ecj;r'oylic cìrarge *.

rt!ii'rt iìre a"c]r¡enf ci a::bif leial radi cactrvi'u1r posiircn

sources ha..¡e becone rearllLy obiarnabl e f ron a, nu.ilbe:: of y'a-aic..

a-cf ir,'e tsctop,es 
"
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The pcsilron is an elementary pa.riic]-e which a1.ong r",iith

e I ectrons q muons e.nò neu-trinos bei-ongs lo the ol-e-ss knor,;n as

LeptoÌ'rs é since the positron is the aribipa,rticl-e of the
electroi-r the iwo oar:ticles can thu-s annihiLa-te es a rair to
f orn gàÍtma rays €

The spin cf the positron like thai of the electron is
equ.a-L to å- ano es r^rith other paL:ticles of È integer spin
positrons obey Fermj -Dira.c statis'bics.

l¡/hen pcsl-trons and el ectrons collide a-nnihilation can

take place wlth the emission of onee two oï. three photons.

I{owever in the câse cf annihll-aticn with ihe enission of only

Õne photon a- third body nu.st be present io a-bsor.b the recoif
momenturn a.nd thu-s conserve the mcmentun cf the system,

To u,nderstand truo and three phcton annihilation we

coT-lsid-er a positron-electron pair" in a.n s sia-te " Thls i-s

su-f f icien+- since in higher orbital angul ar moinentun states the

positron and electron wave f uncLions clo not or¡erlap suff iciently
fcr appreclable a,nnihilation to occi-rï." The positron-electron
pair" can exist in cne of ti,so su.bsta.les, the singlel sta-te 1Sn

r,¡ith spin zeTo and the trip-l-et state lS1 r.,rilh spin orr€o ldow

aecording to Yang (I950 ) ttre aÐpeara-nce of tr.^ro photons u,pon

a.nnihilation is only possib-l-e for annihila.tion frorn the singlet
sLai;e " rt is kno"'¡n that the :relatir¡e inti-insic pa.i'i ty f or a

l:article-antipa-z'ticre pair is nega.tive and, i,hus f or. .Lhe
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posltron-eleeÈron palr Pl = (-1), Then the eharge conJugatLon

for the system ls
Pc = PtPs = (-1)(-1)S*1 = (-1)s

¡qhere Pg ls the spLn parlty of the systemo therefore the

charge conJugat1on Ls posltlve for the slngLet state (S=o) ana

negatlve for the trLplet state (S=L)" Now slnce the eharge

conJugatlon of a photon le negatlveu for a system of n photons

Pc = (-1 )n, thus Lf oharge eonJugatlon Ls tnvarlant ln
electromagnetLc lnteractlons, annlhllatlon from the slngl_et

state (1So) nusü be aooompanled. by two photons whlLe

annLhl-1at1on from the trlpLet süate ( 3S1 ) must be accompanl.ed

by an od.d. number of quanta (tn ttrts case 3 quanta).

Thls feature of posltron-eLectron annLhllatlon has Led

to a search for charge non-conservatlon Ëhrough the sËud.y of
three photon d.eoay of the slngLet state (1So)(¿" Pu Mlll-s and.

S" Berko L967') 
"

A flnal feaüure of the annlhllatlon process Ls the

probablLlty of occurence of each of the posslble decay nod.esn

Ore and. Po¡8e11 (t949) have sho¡sn that the ratlo of the three

photon to t¡Eo photon cross seeÈlon ls 1/gZZ and. Gold.anektl (1968)

has shown that the one photon rate ¡qlll be nore than tvro orders

of nagnltud.e less than the three photon rateu

1,3 Dleoover[. and Prope

The posslble exlstence of a bound. posltron*eleoÈron
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Deubsch cr."-tt:te1 cu.t e:<per'1i-.ents conf i::ili,e¡t

The r-,osii;L:onr',.r.i:rr atcn is e:1,2.1 c,îolr-s tr:

except iha.b i.'¡s reCuceC reass is one*half cf
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Tl:l ere e-re bwo gL:.ouncl staLe 
"onf rl",ra"a.f i ci.ts f cr

Düsii;roni un; the iriple L sìraLe (orthc*i:ositr"oniu.r ) and 'bhe

singllet stal;e (pera.*posl'b::oniun) wiih lhe sl:iirs bein¡:l

îeslrectivel¡r Fe:rallel Ð"njr anLi.-ia::e-1-l-e-'l , Sinie +.he'L::ip'let s,r;a_i;e

haS ihr'ee r-a,.:'¡ttir: Slf c:ja.',eS (: = J. , O u .-l ) :.:l:-l 1e i'.e St_,-_..1et:

sLate has cnl;' o"r3 ('n=o) the staLi.si,ica.l- i¡eight Õf the Lrr,rler

si-a-ie is ihree j- j ses tha"t of tlie sil3l s I stai;e. Thlls t.,rii:ret

nosl tilonru¡¡ l,Jill- 'oe lorned :ll;'e e -qD-Ð.T be'ts of ihe trne a:nd

sirngi-et cositro:riu.:r Ì,.¡r.l .l- be _îormed, clle*q àa.!'.er of the ì-i¡ne 
"

Fcl-1owln,3 the a jlr)'r,r,]¡Êrì+ cÍ the I asi; section i¡:i-f¡1ci; .I]o-<icrcniurn

r'¡il-l- ultCr-e:itgo rl ecay' by th-ree cua"nte, annlhi.latio:t r.'¡hi1e s-rngle';

pcs ifrcniu.r¡ rìeca,;'s b;. ];r,ic ¡uanl"e, aiii: rl:t-1ei,i cr.r, li.:e I iíetires

sf i.::lpl-e-r a"nd sin¿1e! lcs *tz"clriuiti an¡iihilâ-t-. n,cì il: i,'â.ctìu.T Ìiave

be e n ce-1 c"-:.La.Led es 1 
" 
Ij. >¡ r)^7 seca¡ld s e.n4 1 "?5 >- i]*10 se ccnd s

( ¡-'o Õ:.-l =. ¡:.=,.¡'l 'ì f Oll.C I'.!-I- A-') -/1 *-
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in the f o.r'¡na.'Lion cf ¡csitïcni_r-rrrr,',i3h ene;.gy -lositrons
p-Te ,le ¿¡r'ad ed in ellerßy by ¡¡a,r'iou--c ûrocesses such a,s i oni zì nä

anrl excibp,-iion ccll-isions until ihey r.each a!7 energ¡, ab lrhlch
jrosil.roniu-n f atna.+-icn 'oeccmes !a.¡ctabl e " This ener.gj¡ lies
t¡¡i i;hin lhe sc* cal ,r ed " cre Ga,p" f i¡'st proposec bir A " c-r.e in
t9)r9. The "of'e Ga"p" which is corri::cll ed h¡ the pa-i.a,-meì;ers of
the red ia u.ndet iî-¡es:i3aticri ancl the r,râ.y in r^¡h1eh Ore's theor¡r
precj icts f oruation pr"oba-bil ii;ies will 'r:e discr-rssed in Cha,nf er V"

T:lere are three etì:erirnenta.I rnethods -o;r -',^rhich iirf orma.tion

on nositron decay ray be ¡a-ined " The f irst of these is thrc;"gh

t'he ineasurenent of tb,e triplet annihilation raLe 'by Lhe u-se of

a. triple co-'ìnci"dent circi;it " since the r:,ry pr.eclicts th¿t the

ra.iio of ihree I to twc / annihilati,:n for free posii_cons uill.
Ì¡e L/372 r.^¡henever Ð, ra.te l-a::ge-r Lnan this is fourid we har¡e irr.oof

of ¡-rcsitroirium. lorr¿aiion" Unf ortulialet y this rnethod ca-nnot

oistinguish bet¡¡een the case ¡rhere positroniurn i-q not fcr.ned

and the case r,ihere the triplet positroniurl is quencherf b]'

various mecira"nisms such tha,t i'i decays by t¡¡¡o phobcn

anirihil-ation" The:refore e,i the nresent time +.his nethcd is
used onl;' infrequentl_y"

The second rnethod- of siuCying posi'i;ron a-irni hil-a-tion is
through ùhe uea-su-rercent of the ûean l_ifetines of Lhe

p,-nnihil-a.ting posÌ-t¡'onso rn 'chris i;)'j?e oí erperiment a_ nu,cl ea-r

Y y""¡ is used as e sra.r.i signa-l a"nrl the subseou.ent annihiLat,ian

E4.ner.rreLta"l üethc_Ç.s--oi s|udylrg Fosi l:ron Annihit atioir
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radieîion is used a-s ?)- stcp' sig:ral íor" 4 coinci-dei:tce circait-

Il 1".r'a,s ih;'cu.gh experinents of this t;rpe tlna.L Deutsch tn t95L

f irst siro-r¡e d the exis'Le¡rce cf ,oositro¡ri,,l:n in ga.ses " Twc

l¡rpes of inf oruaticn are f ountl in exper"iments of this lrind,

f irsi; ihe Ceca;r rales f cr the -¡al:iou,s pftccesses by '¡¡hi ch

positrons ca.n a,nnihilat,e and second the percentage of i-rositrctrs

decaying by ee"eh of the different nodes" Since in previou.s

¡¡¡ork on oondensed, nerlia the long lifletlirre observed has been

al;tribulteC tc trlplet pcsitr"¡niurn this nethod then al-lor¡rs one

to neasu.r'e rlirecbly the areour:t of nos jt,z'oniun f orned in a syster:n*

Tirus by use of ihe l-ifetile nethcd one is able io str-rdy the

effect changes in a. given sysiern ha"ve on both decay rates a¡:d

Lhe relative abu,ndance of posiì;rons ,C"ecaying by the different

decay rncd,es 
"

Tne '¿hird method of measureirnerrt is by Lhe techniqu.e of

a"ngL-rla"r cor:relaticn of the t'",¡c photon annihilati-on i'adiation 
"

1'lhen a jrositron-elect::oü na.ir at rest a-nteitriLa.Le.s v¡ith the

err,ission of t.vio photons an energjy cf ?- mcZ is rel-eased" Since

rnomenturn :¡usi be conserved ihese ti,rc photons ea-ch having a

monentum mc rnust be enitted e.t 1"80 degrees Lo one a"nother in

Lhe cenLre of na.ss system" l''ftfir if the ailnihilating pair has

sone nonenNu¡n a-f the time of a.nnihilation, then the phcicn pair.

r'¡ill be emitted at an a"ngls differing from 180 d.egrees by an

amount of the crder'¡/co r,¡here v is the velociiy of the centre

of nass of the a.nniiri-lating palr:" Thus -Þy measuring ihe
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de1:a.r'ture of bhe enl iteo photoi:s f :rcnr l- 80 degrees l-r. is then

Fossibl-e ta f ind" the rnomenturn disiri bu.tion oí the annihil-atin.q
-oaj rs n ln :ecent yea"r"s the enal¡rsis of ihe rar¡r en8ul a.r

ccrre-l-ation cja-ta into mornentLr¡: distri-butions has -l,reen dcne

:ra-ir'lJ' b,J' electr.oiirc corn¡ute: (S" y" Chua.nS 1g6t )"

l¡igure 1-*L i1.l-u strates a. typi ca,l pa-r'al I et slit a.n¡5ut a.r"

co¡'rel at i on a.ppa-t:atu-s .

1-<

Since the irritial d i-scovery of pcsitronium considerable

t^iorl< he"s 'been ca-rried oui'L in str-rdyin¡5 the varicus factor.s whicþ

eff ect tÌre 1iÍe'i;i¡ne r¡f nositroniu.m" Thus ,r:'osi- b::oniu.m 1if etirnes

ha"ve been stlrd i eo a s a fu¡:ict i on of ;

Teni:er?.tul:e¡ !" j.l. tseli anrl P, T," Gr¿)r.a:n. L95j, H, So LaitC.es,

S " Berko a.nd A. J. Zu,chel_1j 1.9 55 u ','i , El.anC,i, S " Ier.p_o o and

i";'. ,l,l " ljallie:: L960 u \,:! . 3rand t and f " Spi-r'n 1-Ç66,

]?Ql9,*=u.Ie ¡ 1" ii" 'vii-l-son u -[t " C " Johnson a-nc]. il 
"

Qi-r:rr¡ I C:Aa¿t¿-): !) L-/\,)

Çiyst?}linit)': S " .T o Tao and J. I.i " G.reen lg65

]fiAdþ!*fp*: Gu Fa-bri and !i" Ger"nao-rro_!-i 1)6?., D, Iab_r'i,

C, i:o1ci1;1, l" fatràone !?1.(

,-,a;:gl:-g_:!q]gg-r L, A" L a¿e and '.'." ;ieinì:e=r; !956, G" Te_ci =t a.t 
"

1 o,12 I Tio ilni a.i c1 I ol.J'.L//1J._t rê r!!uft \/V C.-Lø !)-J-

Cile{-}_gf-1"_+¿gag_åt3jr T" A" 'cnri !957-, f " 3e:rllc, _{, .T" Zuchelli

t?5éu l. A" L" : au1 !95o o J " Lee anC ,ln J, CelLiia.::s i)65,

lu :" ,-erl , A" ,-." Cocrer airci ll" 3" ::c;- 1,9(5,

Fron tliese sti-rclies cerre-in insighL-< into ihe va-rious

[¿q-tor"s influ.enci¡Lg the Annihilation of I,ositroi-riu_m
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ryeal:s'ais-s lr;' t,,'i':i ch trii l-er r:csi'i lo:ti-.r.-r ::.2.t': ':.a"te its l.iîeli:rr'

shorÌ,eneC ar qiL.enched, ha.ve beer. ¡icte'i *

!roreräcst ar.rcng the c,'r.en3hin:- çt:ocess€s l.iou.--l-d s€en tc i:e

!:l"e "pi-ck* a1f " pl.ccess since in all- condeitseii netii a- thi s

i.: lcce ss i s lre 'r.as ic a3e ¡cve-r:tir i the iy:,t:Lel, ::osi ts,rcni';r:

lif e'iine " fn LY:.e " ¡ic1l*of f " i,rccesÍ! d.,-ie f-c ihe conL j nu¿-l-

scail:erin¡ oi +-he ccsii:roni:_t'r 'c;' ihe s:::r.ou-nCi'i1 :rcleci;les,

the l'os -"t-rcn '-n tri plet posir¡'cniulr na¡' anni hi Late '¡rith an

elecb¡:on ír'on e. irio-l-eci,ile r^rhose s:-rin r.e-l_at;iye lc l;he io;<itrcrn

i s enì.\*par"alJ-e-l " -ihi s prccess a,ccoutnis io:: the I c:r.t. 1l -¡erj

lifeti-me c,f 1:osi trcnirin of al-.ou,t. 1-O'9 seconri s in cond ensed

sadia-s .r'aLþ,er tlta,n ihe lrfeLine of 1.ll x iO-T seconds nreciicterl

f o: Lr": pleb icsl-t¡-c:rì-u- in it:ee sf ¿ce 
"

The seccri,j '¿u.enching proùe-s-c r¡r-e coilsider is tne): causr:d

L¡it 2r, ezte¡':-ia1- magne-ui c f l.e1d " Il'l Lhe Sroir.níi s Late tripl_et

ccsit.r'oniun (3sl ) i s al¡clil P"/t x 10-L eii above i;he grcund

sta.ie of si n¡11ei posibroniiln (1So ) " I:hen e cons çant ragne iic

f ie lci is apl:lieri Lhe l-evel-s in iripl-et noslt,roniu.r¡ a.Te s L,,.1i t

¿nC iir the ce.s€ of the n = o le¡.rels i.n't,]re sin¡:1ei a.nd -u::ipi.et

ce-ses i;he onelt:-y- se,,a.l:âi;i cn Ì:efween lher¡ 'oe cories s'T'eeier, Th: s

ii:c r-ea.Ses sl i 'rll-rt1;r lh.e :;'a.nsi bion nl'ol-e"hi 1: :¡' l>eti:een Ll çt

ïesullin¿5 t:l p-,:r incr:ea"sed, croba.bj liLi;' of i-ri¡r1e i l,c sln3iet
g onr,'e:i's i. on cï q ue¡ich inq ,

iL lh:-iC irr:cc-oss oansiCeiel j:cssi hi: ln t!:c 'ì -ìÊiîc-ri:rr



1^

cf trilrlet positroniu-n is thzt, of per>,nl.gl'etic qu_enching" Tr\

this ca"se the quenching occurs nol cnty íron the a,ct,ion cf an

external- flel-d but a-lsc fron the f lelds of pa'rarne.gnetlc

aclnixtu::es in the sanpl-e " ore (!gU.g ) has shor,lrrr hor¡er¡er I,r.a+-

even fc-r a gas ãs parâmagnetic es oxygen the spin flip th:.ou-gÌ.r

rnagnebic interaction r¡oulc take of ihe ord.er of LO*5 seconds u

v¡hlch is Lr¡ro orders of nagnitude less than the case foy
spcntaneous three photon decay" Therefore it would seerl

unlikel¡r the.L thls process is cf ë.ny conseqìr.enüe in the

quenchi rrg of tri plet ,cosltroniurn,

The f ina,l b}'pe of quenching ma_y be coïlsiderecj under. Lhe

head ing of chernical q,-renching" Undei. this heading i^rcut d be

incl-ud.ecl tire chemica-l reacii ons of a"ddltion, si-rbsiituLi_on 
u

oxidation and the Ìrossibilrty of the f o¡'mation of positroniu.n

conrpounds 
"

In thls urork stud.les êre cond.ucted- to ascertaln the

effect on posLtron lLfetlmes and. LntensLtles d.ue to varlatlon

ln tenperature and. change of phase for varlous substanceg"

From lnfornatton of thls üype some of the theorles and nod.els

currently proposed. to eaplaln posltron deaay psocesses oan be

tesËed.o Also fron studles of thf.s type lnfornatlon ls gaLned

as to the usefulness of posltrons as probes ln stud.yf.ng varlous

materlals.
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2 .L f ntilod u ct i oir

The ¡reasu,rement of iine lnter"v'al-s betr¡een varlcu-s

nuclear or e.-r,o¡ii-c events has been a stu.dy impor.tai:Lt Lo FhJ'sics

f or nrany yea-rs " Originaily stud ies cf this type were condlr,cted

using simple coincidence elements t^¡hich gÐ-are an outpu.t l^¡hen

trvo input pnl-ses a,r'r'ived a,t the ccincidence e'ì ement nrithin Ð.

gi\.¡en resol-ving time" ivlany circul."Ls were designed to a.chieve

this end and almo*qt all iorcrked satisfactoriiy" The next

der¡el o;omeni in this f ield wãs the a-dd ition of pulse amplitude

selection to eacT't of the tl'¡o input sides io al lorrr id entif i cation

of the events u.nder study" This rnras orie-'ina-1ly clone by placing

pu.l se height ana\yzers prior to the coincid,ence elenent in the

circuit. This niethod hourerrer had ihe defect that ihe slovr

response of the pulse height ana"lyzers severely l-inited the

resolution obta-inabl e bJ' the coincid ence circult, Th is pr"oblen

T¡¡as cvercome throu.gh the use cf the fast-sIo'¡¡ principle first
described by Bel-l- and Petch in 1949" fn their nethod the fast
coincldence t^¡as obta.inecl for pul,ses unselected as to amplitude

v.'hil-e the pulse height analysis rlias perfonned on pu-l ses

unselected as to tine. Then throu.gh the use of à sloi.r colnc1dence

cLz'cv!t pu'ì se s ¡rhich satisf ied both criteria T.,Jere identif ied"

The fast coincidence circuit discussed lhusfa-r on]lr
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gî.vee lnformatl.on as to vrhether two events fall ¡qLthl-n a gLven

tLme range, rather than gl-vf.ng the tLrne d.LstrtbuÈ!.on of the

events. To achleve t1-ne d.lstrlbutLonsu experlments were

orlgLnal1y performed by the placLng of knotwr d.elays bet¡qeen

Èhe two sld.es a¡¡d. countlng for a glven perlod of tLrne at each

d.lfferent d.elayu thle neühod. wae rather ted.lous but d.ld achleve

the deelred. effect of produelng a tlne d1sürLbutlon of the

events und.er eoneld.eratlon" Flnal.ly Tlne to AnpLltud.e Converfer

(T"A"C" ) cLreulte ü¡ere lntrod.uced. for use ln the nsec reglon

(Fraser and l411ton Lg53) whLch al,lowed' tlne d'lfferencee to be

converted to voltage puJ-ses whlch could. then be dlsplayed- on

nultl.ohannel anal-yzers" Wlth the ad.vent of thLs type of clrcult

we are at the level of present d.ay tlne sortlng systemso

Although varlous oÈher nodlfleatLons have become sta¡rd.ard. and

resolutlon obtaLnabLe has stead.lly lrnproved the fast-slow

systern emp}oylng a TuAuCo has beeone star¡dard for tlne

meaaurenents tn the nsee reglon.

2,2 eeneral Deecrlptl

Â block ôlagra"n of the tlme sortLng systen ueed. ln thLs

work Ls ehown ln Flg" 2-L, The system ls conceptually the sane

as the fast-slow system d,eecrlbed by Bell et al. (L952) 
"

Most of the actual clrcultry was d.eslgned' a¡rd' bulLt at the

Unlverslty of Manl.tobao The systen conslsts of three separate

parts¡ the Fast sld.e¡ the Slow elde and the callbratLon seetlono

Each of these varlous parts of ühe clrcult wllL be d-escrlbed.
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