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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



3

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
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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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in nore d-eta"il- in l-a"ter- secticns a,nd SC he -re '''¡e '¡iil l- l1i'rj-ri';¡ii;

cnly ån nr¡eraIl view of how the appa-ratu-s functions"

l n nositron iif eii¡le stucl res the plobl e,-l i s --o d ete¡'rirle

'Lhe r.el-ati.¿e dela¡.' between -çb.e a,ppea"v:s:\ce of the ¡;ositrcn fz'or-¡

lhe ¡a72 nucl-eus and the subsequ-ent. al?peåJ'aricc cf one cf the

I rays which apç'ears u.pcn ihe anni]rilation of the pcsiLran"

This is done by deleeting in cne phototube the t.2?-. lieV I yuy

r¡rhi n.h i s øi irel of f coincident l¿ith the posi-tron o s f c:rra'ui on uÖJ-"\/r

{coincirlenl in the sense that tÌre tine cìif ference j-n eni.ssicn

is rnuch sr¡al ler than the r.'escl-rrirrg Line ol i;he a.pÌ:ara"tus ) u ?.r;d

by detectì-n,g in the of;her phctotube cne cf the ,5IL i'ieV

anirihilabion f, r'ays. The tt'ro phoLoi;r-ibe signals bhu"s f crrneC

aTe then fed to their r'espective l-in,iter"s r.¡here they are

cont¡erted to fast rising f l-a.t lopped pu-lses " These puilses ê.ï'(-l

theri r'cu.ted to the T"A,C" whe:re tney are both clii:¡:eci to abo''ll:

/+.0 nseo in length" They Ð,r'e then ç1i5-¡'1a-¡-'pei in such a. 'ñãy that

the outpu,t fron the 'l,A"C" ci:'cuiL is ¡'r'opoi'tional tc Lhe

arnou-nt cf cverlaps or. wha-L is lÌlore irnpcrtant, propo:'ii-cnal t,o

ihe tirne clifference bett+een ihe tr¡o evenis. Tìre output fr"an

the T*4"C" is lhen f ed throu¿çh a -l inea.r: amplif ier' 'r.o the :'u.l-se

i{eight. Conpensator- (p.H"C" )" TÌre P"ij"C' unit is an a,nalogu-e

circliit wirich serves io eorrecL t'he T"A"C" signa-l fcr errors

intrcd.uceci C-u.e ic dea.ling wl-'bh pulse heights cf va"r'ious size

f::on the phototu.bes, The cutpu:.t from the lì"Ïf "C, is then rou-led

Lc tire nurltichanriel- a.na.Lyzer znù if the S1ci,¡ siCr: r.,¡þi c,l'l r..¡s w111
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dlscuss next hae opened the gate, the sLgnar wi.rL be recordedu

The sLow portLon of the fast-srow system conslsts of
enlfter follo¡sers whtch take a lLnear elgnal from the 10th

dynode of each of the phototubes and feed. Lt through

ampllfl.ers to each of the slngle channeL analyzers and. üo the

P"Eoc, rn the P"II,O" Èhe Llnear anpl!.fLer slgnals are add.ed

to the Tuåocn ouËput üo glve the oorrected elgnaln The slngLe

channeL analyzers aLlo¡u one üo choose the approprlaüe parü of
the spectrum and. lf the slgnal neets thLs requlrement then an

outpuË fron the slngle channeL analyzer ls fed to the slorE

eoLnef,d.ence unLt" rf slgnals from each of the slngJ-e channeL

analyzers arrl,ve w1thln the elow coLneLd.enee unlt's resolvlng
tLne a gatl.ng elgnal ls prod.uced. urhloh actLvates the multl-
channel anaLyzer and. lete tt aecept a counÈ.

FLnally the thtrd part of ühe system conslsüs of the

callbratlon cLrcuttry whLch aLLlo¡cs one to d.eternlne the

relatlve senslülvtty of the whole system" rn thLs apparatus

cal,lbratLon 1s achleved. by the use of an alr-cored. heLlcaL

d.eray Ilneo fed. by a mercury purser, whlch allows one to place

accurately þrown delays of dLfferent values bet¡reen the trqo

llmlters" Thls allo¡ss an lnüegral llnearlty curve to be

prod.uced. on the nulttchannel anaLyzer and. fron thls curve ühe

eensltlvlty per channel of the apparatus can be d.ed.uced."

fn the subsequent sectlons of thLs chapter ühe varlous

eLements of the systen ¡ulLL be d.escrlbed more fulry and. the
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d.etalls of thelr operatlon outLlned.,

2"3 Pho9.otubes and SelntllJators
Drrlng the course of the butldlng of the tlme-sorttng

systen a number of photomultlpllers lrere used." these

lnclud.ed. the Phllllps 56AvPo Èhe BuC"Au 6342A end. the RnC,An

8575" Slnce the systen lnvolvlng the 56AVPg has been

d.esorLbed. prevlously (Cooper L965) and slnce t]ne 631*24 ¡Eas

used ¡nalnly ln the testlng of varlous aspects of the eLrcuLtu

only the 8575 whLch was the photonuLtlplLer flnally used- w111

be d.escrlbed.o

the B"C"A. 85?5 Ls a 12 stageu head. onu flat faceð

photonul-tlpLler contalnlng an extremeLy hlgh photon conversLon

efflclency (Potasslum CesLum Antlnonlde) photocethod.e" The

hlgh cathod.e quantun efflelency (28l at 3850 angsürons) and.

the very good. tlnlng characterlstl-es of the phototube (anode

puLse rlse tlme 2,L nsecr electron translt tlme 3t nsec)

coupled ¡uLüh the low d.ark current and hlgh ampLlflcatlon all-

comblne to make thls tube lùeaL for fast tlne work.

The dynod.e chaln ueed. ¡slth th.e 8575 ls sho¡rn ln F1-9. 2-2

and. more or Less conforms wlbh RnC"An llterature as to the

taperlng of the Lnterd.ynod-e reslstanees.

Idlth the d.ynod.e resletances ueed, the voltage dlvld.er

carrled. a statlc current of 2 nA at 2000 volüs. Also to lnsure

that d.urLng the pulse d.uratlon the dynod.e voLtages eould not

d.evlate by more than a fe¡ç percent from the nor¡nal Lnterstage
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voltege e non-3.nducËlve capeeLtances !{ere enployed aeross the

Last elght stages to serve as eharge reservolrs throughout

the duratl-on of the pulse"

The focus1ng eLectrod.e between the eathod.e and d.¡mode

#t r,res connected to the arn of a 500 kl]-ohn potentj.ometer and.

was adJusted to gtve optlnun tube reeponse, Thls wae found.

to be at a polnt yrlth somewhat less than the greatest galn

avallable 
"

Both tubes $Íereø âs recommerrded.u shleld.ed by use of mu-

netal shleLd.lng !ûrapped. around. the phototubes and held at the

oaËhod.e potentlaL of the tubesu

An lnterestlng aspect of ¡çorklng wlth the 8575 photo-

tubes Ls that Ln thelr dellvered- forn they have transparent glass

bottons and. are suppll.ed. ¡clth seml-transparent teflon basesn

To lnsure the Lleht tlghtness requLred. under these eond.ltlons

the orLglnal lLnlters were conetructed. Ln 1LghË tLeht boxes wlüh

alumtnum sleeves fltted. around. the phototubes" Thls arrangement

proved eatlsfaetory as to the excLuel.on of llght but was found

to be lnconvenlent Ln the actuaL testlng and. operatl.on of the

clrcult. A second. nethod. ¡ras then tested. ln whtch non-transparentu

non cond.uetLng, black palnt was applled. to the botton of the

phototubes and. open Ilnlter boxee were used." thls proced.ure

proved totally satlsfectory and slnce lt was much more

convenlent, was enpl,oyed. throughout the rest of thls rûorku

Po¡ser for the sysüem was provld.ed. by a Sola transforner

¡uhlch had. a Ilne regulatlon of gtfi lor a toËaL prlnary varlatlon
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of 31il, Elgh voLtage for the phototubes was provlded by a F1uke

power supply wlth llne regulatlon of "OOLø for a LOft Ltne change

from nomlnal"

The sclntlLLators used throughout thls srork consLeüed. of

hlghly pol"lshed. plastlc crystals of NE L02A whlch were coated

tqf.th ¡shLte reflect,Lng palnto CrystaLs of varlous slzes rqere

tested 1-n order to obtaln the optlnum conpromlee betsreen efflclency
and resol-utLon and. those decld.ed upon were 1" d.Laneter by 1" longu

Slnce the optlcal coupllng bet¡qeen the sclnttllator
crystal and. the faee of the photonultLpller has been shown to be

very lmportant (Kerr and. IIogg 1962), ¡sLth poor coupllng resultlng

Ln spurlous talls on the tlne curvesr conslderable care staa

taken to achleve good. optleal coupllng" Thls was done nalnly

by the use of Ðovc Cornlng conpound C-2O057 whlch had good. optlcal
qua1Ltles and. aLso had. the d.eslrable property that lt d.Ld not

devel-op aLr bubbles betv¡een the surfecee to be Jolned.,

2"t+ Llnlter Clrcul!
Slnce the T,AuCo clrcult used. ln the tlne sortlng systen

l{as of the pulse overlap type, thls necesslteted a llnlter clrcult
produclng fast rLs1ng fLaü topped pulses of reasonably long d.uratlonn

The LLn1üer clrcults used. ln üh1s work were based on

the sharp cuttlng off of hard drlven 8810F pentod.es. The

cl.rculto whlch ls sho¡¡n ln Flg, Z-iu was run ¡çlth a plate

voltage of L50 volts and. a negatlve grld blas of approxlnately

2"3 voLts whlch resulted.ln a pLate current of about 18 nA"

The g¡ld blas was set by locklng the grld at "5 volþ ührough
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the u.se of a. fa"st ciode anc then adjustin,g thc ca.thode to t.he

requ.ire'i potential thrcu,-h the Lr¿re cf the 500 ohm potentioreter."

This ability io ad- just the grid bie"s T.r¡ås importa-nt since f or.

the :ncst eíf icient operation of the T*Au c" ii rtras desirable
to ]na¡re bo';h linitei oulses of the sane height" Since the

F,ulse heighi is ccrrtrclled bJ, the pl-a-te cu,rr'ent in the E8i-0F

tube snall rraria'r-icns in \aricus tubes could be compensated

f or by ad justment of the caLhode potential" Becau-se va.yiaLicns

in the I,u,ise heights a.L the anode ca-used b¡i ehanges in the

pla"te current cause drlfts in the tirne spectru-n they mr-rst be

nini.mized a"s far a"s possible" The JC rnA meLer in the 1ilate

circuit a"ì -l-ol,¡s the plate cu.rrent to be monitored a-nd therefore

checkecl âs Ð" source of '"rouble if drlfts in t.he apparatu.s

occllll" fn actual practice very' little t:'ouble Ti¡es encounLered

r,^¡ith thi.s aspeci of the ci:'cuitry although 1t Ì,ùas found

a-dviseable to change the trBlCF' tubes approrima-tely every six
rnonths 

"

The fast rising negative pulses from the photornultiptier.

which arrir¡ed- at ihe grid cf the tr81-0F caused the tube tc be

cu.t-off thlrs causing pu.lses viith rise tiines of abcui, 1- nsec to
be f ormed a,cross the 1.80 ohm plate resistor" 'rhe duration of

ihe ou.tput puilse is appro:,:ina.tel-y "J nicîosecond r¡hich is long

enough to ensure thai ïihen it is clipped to its deslred size

the po:r'tion used is cor.rpletel-y f1at"

The pulses forned at the plate of the E810F T¡ier.e
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Ê-i:rrj:ri,:z"aei;l= !"5 "¡Di-*,s fn size F_, li^ 'n'(2:r -,':,a ¡1:.fr 1,r11:e le.i

intc ììG !!l-r/t- cz-b1 e --:.thicii 11a-., Ð:1 'l.nceda.n,3e ci a-pp¡-o.r:i:rate J.¡,'

180 ohrr,s a.n,C '¿h "rs nat c'r:.*s the i,,1e.te ïesi sicl. " Tû e:,v(;ir| ihe
ífii.sn.",f ch.ing i,¡ìrich ccÌ"itîecf o.i:s i,:o-ul,d c2-1-tse s iire EG 1L!+/u *a)ä1.e

was so-iCei'ed di::ectl-;r' _into .t;he ci:l.c:_r-it"

I b Ìras Ì--,een f ouìn:' iri variours sir-iri ies cf lead 1ng e:rige

I i- i. n,r ( ,3eri cìle and ,'c|ona'1 i tÇó7; Sch-:ua.r zc!,.-il C Ig( ? ) -uhei, the

cplinun iine -r:esol-u.iion f o:r -¿, s)rs r,-on i s obta-inerj r^¡hen ihe

-l inrter's e,Te br"lggei:ec D:¡ ro to r5I oí L'î,. he i.]:lit ci the
i,cta-I nJ,l sÊ " r:'i culr cã,se this r¡iâs acl:rie vec .oy va_ri a,.bicn c,f

the hi-'¡;h r¡ol i;age su1-::p1;r sc 1:ha.L ihe pu",1-ses i.e_l_¡-r¡er.ed bi., ller
phct.oru.lt j pl ie-r'-< jìïelre oí the ccr..rect Lielghi " Since lhe
tr81cF ì;ubes r;ieï3 corrrFleiely cu.b*oif ai I rrolts and since j,,re

f'â,n then a.t a. i'regatir,re bias cf 2.2 vo iis trLie f i::,ct .? r¡ol-ts

oi the j:ulse seJ'r,.ed ic cu,l iheri cff " 'lhe high volt¿_fle ?rå.s

accorCin,gl-y variecl Lc pr'or.ride pu.lses of ap¡r¡cxim"ately 5 rrol-ls

in l'eight io: -l ulse-q o.' ihe e]:ler.'jJ' r,rtih i.¡hi ch T.ie l:e_i-e i eal j.nt 
"

The calibra-¡ion a-¡.paratu-s Ï,ras cou-r-'led 'i,o ihe p:r'rcs of
flie iiiniters :ti-a e, fa-si, sil-icon ci.iocle ,'rnste¿rcl of j;h.e ¡lcre

cùn",¡enticna-L sne.ll cà't)e,ci Lor,. This hac rhe eif ect cí r,ectu,cinq:

b;¡ a. f acLcr of 10 ihe nu.-']-se height îeclrir'ed f ron the test
ci rcuir; to acti"vate i;he 11niter.s pr"cr:e_rly" Tl-ris a.l-lcr,.¡ect .r)_se

cf à starida.rd 1 0 rrol.t üeïci-r..r'J¡ 1u1ser i lr the cal ii-¡::a_l i on

¡ i rnrr i l-
VL lJ ø

- ]J ôf:r 2*3 ihe i rnegohn resiste"nce acrcss the Ciorle
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serves rc res+-clre the Lì* C, I çr.'¡l zf :e r" e a,ch r'-ll"se 
"

'ihe ?"4"C" tl.r'or;.it r.iseJ in riie iire.-sari;il'rr:. s;/sìlerir is

cf 'l;tre r:u.'l se overt-l-e.i, i;;']rs a.nd -i,i ìlrincir:1e j s s j ri'il-a-r r-a '-\le't

clìi,l j ned :ry Bel-i (1966) ,

lJ'i,ß- ?-.-ll'is '¿, schena.tlLc dia¡.r,-i'a,i" cf hoi.i i;he c;:1ses 
"'ÐasD.I

ai T,he inli,t af the Òcnve:fsi-cn e-Lenen't;" 'fhe 0"-( ricrc-qeccnd

iasl*i"j si.ri,q î1 a.v 1;ol¡-redr il'rr.-l-ses f ron ee-ch crÎ the l-t ri i:e:rs tre-r¡e-'l-

C cr¡,:r fl.le{'z' ïesrJêc.f;i r-¡e ca.bl e : a.lt.ì 2-.i:e cl-inneC- tc i:ì. 1e:r,ql"-,h ci
l+0 nsÊc h.r. :ire cl i ni,iní¡ csb--l e " The tL''-l ¡i ng cal¡-l e lras ã

cl.i.:-e.:l er-i si ic i:r: erìâ11 îe ¡i ):, ch:s c. 'ìrai l),,i ta.rt'.:.ia,l r,,,l le-

dol"in ihe c,'l in|ii'r,L caL-r,e is naioheC bjr i-he "i;rto 180 chr ljnite::

re-bl-e-q,

Sec j;iCnS l:- e-ytd , cf i-i.: n 2-)-,. Shc:.1 hcw ihC ì:ry.,,r':t: r,r,, '1;.;1 5:¡r,,:

i,r, l-:'r,âl:ìl: 'àt tlie ;,' ?,.TTi.í= 2.T, ';lf c ;r;.lc Í;: ln ¡rr:iLt aii.el' I.li,-;r he\r€

"l-¡¡n ,'-1 ì --.a¡l 'l-r,^.:¡'.¡ 4?'ô ]-'n:¡ .,? ê^Ììc-l orr,'l i +:-¡ìc ¡rt¡l 'l n-.''r-l-
,. r-...1 ui.* - .L!. e -i.!c) 

(¿r.v

a.nC- e,.re of Îse t fLlcr cno a,ncthe .r ?¡J¡ 1- C Lìs€ic Cue io i.he c iííe :i:e n:

1-en¡:th*< af i;he -"1-ì.riter cabl es " Se cl-ion C shor^¡s hc-x the ii-ritul;

,!,u1sr¡ tc '';ile coI'l.JeI'sicl'r e-"1_ene¡i-; Ti,eâT's d'-te j;c lhe or,¡ei'l-e-! cf
r¡,he ir¡o f,.ulses " 'The crei.l-â..r) pcrl.icn is tuice t,lie size cf the

sing.-1 e I'i;1ses e,nC. is )A nsct i:l ie;':¡;ih" The Êeu-ir:'re,if is

arra-ilge i s.ì lti¿:"i the .c'u-1ses ?îrivi l3- ir:'l I i-i :';oi' l:! ,?-lt€j tirc

r3c:-",-: ri-.1.s*tu es sel-ecL, l:i b;- li,a, c:Cp cì1ârìl-e-Lsru e:-'-,-Ì ilos:

frcr l-r:rjte:: :l!.21't: f-icr ijrc deia;,'eC ::ar'::,e.ii-c{i, Thils

SCli n1 j-ciei:f ¡,i-i-iSeS !;i-r¡3 ,-i,a::i,i¡:;-;1. C;e i:la",ir p.-i-ld- '¿he::elc¡:e i,,å,:.ì"ll;Ui:
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TuA"C" ou-irput and âs the delay tine belr¡een the pi'crnpt ¡:e"dia"tron

and the cle]-a;rg¡ r'ad iation inerea"ses , the ou.Lpi-if íron the T 
" 

A " C 
"

circuit decïeases " To ge L t ne maxi mu-rn u-seabl e linear range

one ea"n chocse to fol-lcr..r the pz'cced.u-re cutlined here or

aLLeynate-l-y have ',,he prompt nul ses onlt' s1:.ghtl¡r overl a,pped a'nð

har¡e 'bhen utor/e togeiher as the dela¡i time increases" îhe laLter

causes the a-na'j ogue output f rom the T"A" C. to increase t¡Iith

increasing delay, The f orner nethoC t^¡as chosen :-i-l i,kr-i ¡: i.¡o::'lq

since for reasons not ful1¡' uncierstocd, the performance of t'ne

apparatus l^ias significa::rtly belter' when run ln this mode"

The circuit dia-gtran cf the T"A"C" is shov.¡n in Flg* ?-5.

fn the T"AuC" the actual- time lo a-mpLitude conrrersion is

perforrned b¡r the ti,"o dj-cdes Dl, e"nd. D?. e.nd by tkre câpecitor

C7. , fn the qu.iescient slate the 1,00 kilohn resistor f eeds

3 mA of current thrcugh cliode Dl" lo ground throug,h the shori;ecl

end of ihe clipping cab.l-e " Theref ore the corllrron poini cf

cì iodes Dl- a-nd DZ sits a.t about Q 
" 
4 rrol-ts u the f orrr,'â.I'd dt'opr of

Dl " Thu.s l¡ihen a. Luj rrolt singles pulse arrives at t,he linite::

cable junction the common point of the t¡io cliodes ri-ses t o

approximalely I.9 r'olts" Si.nce singl-es pul-ses âre not to

prodnce el\ oui;pu-t the reverse bias on diode D2 is set ar- L,9

volts" This is done by a-cljusting the 500 ohrn poientiometer

lo the correct voltage" Ìr]otrrr in the câse cf a,fl cverla-p pulse

a.r¡iving a.t diode Dl- the coTnnon point of t,he two Cicdes starts

to rise i-e\nia,-!ds 3,It. vol-ts" liov,=ever, T^I]-ren the -ço1 tage beti,'¡ee¡'r
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+,he 'L,vro diodes reaches 1 "9 r¡ol ts u cu-r::ent str,.rl,s to f I c'w throu-gh

rliocle D2 anò rihen the current :r'ea,ehes 2."j rrolLs the ful1 3 inA

of cu.rrent is flor.'üing thr"ough D2" The 3 mA of cui:rent fior:ing

Lhr"oup;h DZ ì;hen serves to charge capacitor Ci ai' a constant

^charging rai-e of 9 "09 r l- Cu \'l /s " Since in ihls circuit t+e

hav'e a. rnaxinum over'laf) of 30 nsec at iime zero' the naxinum

cha.r6e on C1 is .2?2 trolts" i'Ihen this cccurs the connon poinf

of Dl- a-nd DZ of course rises b;r ihe same anount to a- va.1ue cf

2.5? r¡clis. This hor^rever still I eaves Dl- -r'everse bia"se d by

"8J volts l"¡hich serves âs â, saf ety nar:gin under ccndiiions of

rnaximum orrerl-ap" The u-se of a d,oubl-e di-ode sv¡iteh in thls

conf iguration is arìvanta.geou,s in thai a degree of se co¡rd

l-inlting acti on is ¡;resent, such tha.t' sma11 chan6Ses in the

an'iplitu.de of the input pulses shoul-d not cause any change in

the eh,a.rging rate 
"

Af ler the càpaeitor C1" has been char'¡5ed , the eharge

leaks off through lhe 33 icilohm resistor ¡¡iih a tirne constant

of Lt microseconds" The pulse fron C1 is then a.npl-if led by a

fa-ctor of 5 through the use of standard circu-if,ty and finally

is fed intc a commercial- alüplifier:"

2 
" 
6 Þl-gw Co_I4-q-¿-qen,c_Lç_+itç-Ui t-iJ

The sl-or.r portion of the fast-sfor¡ coincidence si¡stem

consists of a-n anpli-f ier and single channel analyzet for ee"ch

side of the systemu pl-us the actual slow coincidence unit"

Linear pu-lses flom the 10th C.ynode of each phototu-be aTe fed
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iirrough eryiil,ter followelîs to their respec¡ive ampl if ie::s and

frorn there to the single channel- analyzets. Tf the pulses

neet the criteria- of the singl s channel a"na-Lyzets e positive

J rrolt, u5 ¡lict'osecond logic pulse j-s lhen sent to the s'1 ot¡

coinci.d,ence u-nit 
"

The slolt coincidence circu-it, Fig" 2*6 Yta-s two iCeniical

input circuits" I,íhen a" l-ogic pulse from one of the single

channel a.na)Jzets arrives at one of bhe Í-npu'ts it is

differentiated ancl the pulse so forned ls then I'rsed to trigger

the univibra,tor ci::cuit" The u-nivibrators Sive out nega-'Lit¡e

Squ.are pu-l-ses r^rith an amplitude of "5 volts and a duration

controlled by capacitor Ci. " l,Jith the 1"0 pF capa.citols used

the pulses had à length of approxlrnately l-00 nsec" The pul-ses

thus fo::med trel'e then fed th:rou.gh emitter follo¡t'ers to the

parallel d.iode coirrcidence el.ement, The coinc j-dence eleinenl

consists of diodes D1 a-ncl DZ through t^rhich current froni the

-24 val-t Source flo¡led to grou-nd I^Ihen no pulses l^iere present,"

A singl ç negatirre pulse arriving at either diode effec-¡.i've1)¡

cu.t-off the current in that diodeu horiever since the current

was still a-bl-e to floiu through the other diode no potential

rise al C occu.rsn In the case of ¿oincident, pu-1ses a-rrir¡ing

at diodes D1 and D2 bot.h aTe cu,t-off and a. negatirre pulse is

fo-r'med at C" Thls pulse is then inverted and fed through an

emitter foll-or"^Ier to the output univibrator' This output staqe

prod-uces negative pulses of I r¡icrosecond. ðuta|ion and of
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varlable amplltud.eø These pulses are Ëhen used. to acttvate

the ltnear gaËe lncorporated ln the multlchannel analyzer"

The overall tl¡ne resolutlon of the slow colncld.ence

unlt vras approxlnately 200 nsee as d.eternlned. through the use

of uncomelated. V tay sources o and thLs agrees +rLth what would

be expected from the square pulses arrlvl.ng at the colncld.ence

element 
"

2"7 R¡lse Helsht Conpeæ

a) Effect of hllnd.ovr tlld.th on Îlne BesolutLon

fn a systen uslng photonultS.pllere to provld.e tlnlng
lnfornatlon a probLen arlses d.ue to the faet that the current

puLse arrLvlng at the anode has a flnlte rLse ttne" ThLs Ls

caused. by the sclntlllatoros flnlte decay tlne and the lnherent

Èranslt tlne Jltter of the photonuLtlpllers, Now sLnce the

rlse tL¡ne of the plate slgnaL ls lndepend.ent of the pulse

anpLltud.e and Ëhe llnLters are siun at a out-off voltage whLch

ls en appreclabl,e fractlon of the üotal pulse helghte the

Llnlters can on1y, to a flrsü approxlnatlon, remove the effect
of varylng pulse helghts' Flg" 2-7 ll,lustrates the tlne Jttter
lntrod.uced. by varylng pulse helgbtso If ln Flg. 2-7 we

approxlnate the rlslng ed.ges of the anod.e puLses by stralght

Llnes we ean then perform a calculatlon ¡chleh w111 glve a rough

estlmate of the nagnltud.e of thls effect. fn the dlagram V ls
the ned.Lan vo3-üage of the anod.e puLses, W ls the wld.th ln volts
of the wlnd.ow, I Le the rlse tlme of the pulse at the anod.e and.



_?1_



ANfODE PU[-STS

w

I

v+w
2

v

v-w
2

efi Vc

F.
J
o

t, 
-fLl,

lat I T|ME



.),?

'{ c i s the f i r,ite:r ¿ut-of f r¡n1 tn re -

Fron sinp-l-e gr:ornetrica-l- cclls-Lðetai:ioris i^ie sÊe that.z

tp=vc'T

î_

a,nd if r¡e neglect \l?-
L,

v-i,1
1.

Then:

Ai=rz_i;1 =ycr(* #r)\ 7 zl
Therelli-.1-'e At = Ì,/c t 

(

+ i,J

2

lr -i, i.i -t¡
!¡'J

L

ô1\r1. LlL

h

ab=vct(y-\" - 

[ 
-n 

)\v'/
j,jct¡l t;rpr cal- va.l-ues of the aborre r)arÐ.Tr.eters ¡¡oulcl be :

ric = .B volts

T = l-O x 1-0-9 sec

1r' = 10 volt.s

I,,1, = 5 vol,ts

a-ncl if r,¡e insert these i n the eïllression f orA t we r.ind:

A t = l.rOO I,i"coseccylcis

Thu-s Ì{e can see that 'J.nder rea-sonabl-¡' typlca-l ope::ar,ing

cor-rcitions r¡rith a" Nindoi+ wid th of 5of, ,nre coulc expec.t a time
jltter due to the varying puSse heights of the or.der. of
40A psec" The obvious tñD.y to minimlze thls effect is oi cou_r,se
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to use narrow energy anaLyzl.ng wLnd.ows 9 Durlng many

experlments thle ls l-mpraotLcal slncea &s the wlndows are

d.ecreased. the countLng rate Ls correspondlngl.y d.ecreased 
"

Also ln the case of experl.nents enproylng the centrold shLft
nethod.u ln whlch the posltlon of the centrold. char¡nel ls
measured. for a pronpt souree and. for a aource contalnLng a
llfetlneu tt ls obvlous that even wLth narrogû wlnd.o¡ss the
shape of the spectrum over the wlnd-ow can serlously affeet the
centrold. posltlon" Thus unLess ld.entlca}Iy shaped spectra can

be obtalned. from both the pronpt and. experlmentaL sources

large systenatlc errore may occurø

The nethod. used. to overcone thls effect ln thls system

le outllned Ln the next sectlon.

b) Pulee Helcht Compensator

The p,fluc" used. ln thls apparatus ls functlonal1y the
sane as the one flret d.eecrlbed by Bell and. Jorgensen (1960)

1n whlch some fractlon of ühe slgnals from each of the slolr
sld.e anpllflere i.s ad.d.ed Ëo the LA.cn puLseu slnce on the
d.erayed. sld.e a larger pulse grves a larger T"A.c. purse the
slgnal must be phase lnverted so that the actual process ln
the P.Eocn ls a subtractlon. The process of compensatlon can

easlly be explalned by consld.erlng Flg, 2-8 whlch pLote the
centrold. ehanner posltton of a pronpt curve as the slngle
channel analyzer wlnd.o¡ss are varled. across the spectrum" rf
üre now assume that both of the lLnes Ln Fj.g" Z*g can be
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coì'Lsicie::ed a.s str:aight Iines we ra-rt Lì,s€ an anal_¡rsis srrnilar io

Lha-+u enploSrerl by Schwarzschild (!963) io describe,¡¡na.i

Ìrappens " For' any pa-rticurar coi:'r.cidence 'Lhe api:ar.en-u tine
as rl-etected- b;' the ccincidence cir:cu-i t ìxa_]r jle wr.i t.Len a,s ¡

C(t) = Tc + kDi¡'D - ìio\r.

l'¡Ìrere To is tne intersectioi-r point of I'ig" z-? , ko and i<¡ a_r'e

resÐectir¡ely the slopes of the pr.onpt and deia"yed I ines and

r,/o ancr r,/¡ ere ihe a"npl_itucles of the ptaie si¿;nals"
j"iotnr if we f orrn the s l;-n !

ç11¡¡=c(r)*klvn+kpvp

then '¡¡e see tnaE c1 (t) is n3 '1 onEer a. fu.nction of vp oï ,/D"

it is preciseS-y thls ope_ra,cion tin=--t the i,,li, C. pez.f orms,

The circuit userl to perform ihis opera,tion in î;ire systen

is shoi,rn in Fig " 2-9. The two oonstants ir1 and k?* are fou-nd

enpiTica.\!y by varying the tl,¡o 1 kilohm inpu.L poì,enticne'bei.s

u-ntil bcth lines becoii:e senslbly fl-a"i ove:: the .i:egion of
in'¿erest for a given experinent" The perforiraance of this
circuit in elininaling ihe effect of varying pulse heights is
outl ined in Secticn 2"9.

^ôZuI Calioravicn Acnara'bus

t*- '*a""a 
"t ca- bra,ti-on used i¡¡ith ì;he tine sor.ting

systen is -:asecl on r-lnat described by Graha"rn et aI" (L962) " fn

ihls proced.u,r'e an air-cored- helical- del-a-y line is usecl. to
provide spaced mar.kers of constp-nt tine differeirces Ðver the
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Tange to be sturiied " A s¿her¡a-tic siroi^¡ing lhe basic f eatuz'es

cf tlre calibya,+-icn circu.itr:¡' is shc'¡in in Fi,g" 2-1A " Ful ses

f:'om a i{ercu-ry p'ulser a::e fed th-rcu¡;h 5A chn ca-i:'le to ihe

i¡.ove¿-ble car'.riage, The carc\age l'¡hich has a coieta-ct lo the

center r¡i:r"e and tr,ro con!:a.eLs to the ouler' ::i:ìges of the sl-otted

d:'u.n serr/es to transmiL the signs.l-s irto the dela.y line" The

signals arrii¡ing a,-c the delay l-ine are then split and tra.¡el

io the tr.,vo opposite ends cf the drun" Thus by ¡,'ar""y-ing the

position of the carria.ge. â"1 ong the di"um one cha-nges the l"el-a-uive

time of arrival of i;he t.¡Io signals" ?he signal s a.re ihen led

co-arially ou'L throuEh ea.ch ena of the drun and through r,Àiipel'

â"1.r'â,nilements fed illlo L00 chn cables" The signal s â.Te Lhen

si:l-il once again rn¡ith part passieg t,hrough the fa.st test

netr^¡ork cf the linite:"s a-s pi:evicu.sly describecl, enð. the

rernai-nd,er passing through phase lnverte::s and a-cLiva"f iug the

sl oiv portion of the s)¡Sr-ern" The phase inversion is necessalrJr

due to the opposite pola.rity requlr'ements of the fast aird sloi¡

sldes of the eo,u-ipnent" Fig, 2-L1 shol,¡s the phase inveri;ers

and the trimrning capacito:'s used as variab].e -¡olta,ge dividers

i^¡hich a.ll-or.tr the pu.l se height*s to be ad justed to f 1t the t¡indor¡

r:equirenent-c of Lhe systemu -(ef; up i-n this manner :!he

ca-libralion sysien was able io aciir¡ate and tesl both hal'¡es

cf the slrstern simul tanecusl-y" Also since cal ibra"tion oouid be

car.ried out l^¡Ìri1e actu-al photonu.ltioiier pulses â.re activa-ting

ihe l-initers ihe system cou-.1d. be calibrated and checked unCe:'
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actual operatLng cond.Ltl-onsn

The nechanleaL and electrLcal properülee of the drum

are sinlLar to those deecrlbed. by Graham et al " (L962\ " The

d.run has a characterletl.e lnped.ance of 100 ohme and. llke one

of the systens Ëhey d.escrl.be l-s turned. nanuaLly" Callbratlon

of the d.rum was echleved. by narklng equaLly spaced reference

polnts along the length of the d.e1ay Ilne and. then caLlbretlng

these polnËs by conparlson Ìqlth cabLes whose d.elay tlmes ¡rere

aeeurately lnrown"

2.9 Clrculü Callbratlonend.SysfeE-Perfgrn-anee

a ) Llåearlty

fn a ü1ne-sortLng apparatus the fwo sysüem parameters

whlch are of greatest lnterest are the resolutlon and. the

Llnearltyo In thls system the 1!.nearLüy was good. throughout

the range necessary for the experlnents cond.ucted." ft would.

however have been Ilnlted. lf experlments concernl-ng longer

llfetlnes had. ¡ulehed to be attenpfed.u Durlng the oonstructüon

of the eysten the l.lnear rânges varled. In Length as ühe varlous

nod.ele of the equlpmenÈ were lnÈrod.uced., wlth Èhe naxlmun

Llnear range achleved. belng about 20 nsec" Thls rqras more tharr

ad.equate for the experlnents performed." Flg" 2-I2 sho¡us an

lntegral llnearlty curve obtalned by use of the hellea1 d.eLay

llne" In thLs curve tlme zeto oceurs at channeL 202 and the

sensltlvf.ty as found from the curve 1s .t75 nsec per channeln

As c¿n be seen a certaLn anount of non-lLnearlty ooours aË
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both eirC-s of the turve -l-imiiing the useful- region to

appr"oximat,e)-y 20 nsec, A second curve which plots the

riif f erent-ial- l-inearity of the syslern under the same conditions

is shotrn in Fig, 2-1-3" This curltre r,,!ras o"ntained by isol-ating

the tr.ro phctcnu.lti_cliers of the systen and then a"ctir¡ating

-r,hen ruith u.ncorrelated U ray sources" Ðiff erential lineariby

cllrves of thls type are importairl in thar they tend to

illu.strate any dete"iled non-llnearities which the system may

possess. As can be seen in !-ig " 2-I3 L]ne cu.r've is essential-ly

fl-at over the usea'trle regicn" To test ¡¡helher any variations

r¡hich ma-y have been nresent in the curve affectecl lhe

experirnental daia, a point l:y pcint correction from the

differential linearity curve I¡ras applied to some of the

experimental data" Since it was found this proeedure proCu-ced

no slgnifica-nt ch.anges in the results obtalned" no cof'r'ecbions

of thls type were carried out on most of the ð.atau

b) Resolution

The resolu-r-ion obtainabJ-e with ihe apparatus which has

been desc::ibed was apprcximately 300 psec" Fig. 2-I4 shows a

spectrum cf Co60 obiained, under normal operating condltions

with fairly wicle windows and enploying the L',H"C" As can be

seen the curve fall-s almost linearl¡' on the right hand side

but shor,.rs a- certain amount of tailing on the left" r./arious

attenpts hrere made to correct this effectu hor,iever l'ro

satisfactory solution to this problem vras discovered" Since
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l-if etinles vrere neasu,red f r.on the .r:: ght side oí bhe cuïve this
lailing i:cu-id nc'Ì; af f ect the erperirlentar res..il t,s " Fi,g" ?--L5

sho'¡rs the efîeci oi the P"i{"C" on the resolu_t.Ìon" As ca.n be

seen with the r¡indoi¡,¡ widr;hs u,sed. du,ring the experirnents Ð"t!

impi'oveinent in resolution of greater tr.an 2 l,¿as obt.ained b-¿

li,se cf this rnethori , Again p oyt i;hese clr-rv€s ø one can ¡tot j ce

the ta"iling r,ihì-ch was pr"esent on the left hand side of the
cu.rves o

c ) åreÞ:-l-Ljz¿

The f inal para.meter i+hich a-ffects the usefu.l_ness of a

systen cf t;his type is the stability a,gainst drifts rvtrich fhe
apparatus exhibits over periods of time" rn this syslern the
stal¡i1ity roas verJ¡ good if the aml¡ient tenperatu-r.e 1{â.s c.c,nsta.nt

to three or f our degrees " und er. norma_l operaLi-ng cond i ii ons

typical- centroici shifts during given rÌìns i.Iere founcl to be of
the order cf 50 psec or less since genera,l__ì,y the tenpera"ture
regu.lation in the labra.tc¡y rj¡as good t.o 1 c:: ZoC"

2,1.0

Du.ring the coì-{ïse cf the experirnents perforrned runs
r^Iere tal<en a,L tempera.tu-res ranging fr.om âpÐrcximately +5AoC

J-n -lcAC¡ m,uu -r->u \: e rÕ a.chie"¡e tenpera"tu.r'e regul,aiion dur.ing the se

runs two ba.si c nethocs 1,.Tere u-seci, The f irst of the â.rï'angìenents

is sho¡¡n schematica.lly in Fig. ?-!6, This consisied. of z,

iiq-aid niL:"ogen i:esez"voir r..r'hich coolecu th::cugh a- series of
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apacersu e eprlng ollp made of alunlrtüno The glaes sanp1e

cell fLtted tLghtly lnto the sprlng e1Lp and thus was cooled

to the d.eslred. tenperatü,rêo Tenperature read.lngs were made

fron a thernocouple attached to the outsLde of the glaes ceII"

Whl.Ie lt was felt at fLrst that the outsld.e and. tnslde tenperature

of the eauple cell nay not have been the eane, tests

utlLlzlng a low temperature thermoneter lnsld.e the sauple

ce1l LndLeated that lf a sufflelent cooll.ng perlod was alLov¡ed

the temperatures wer€ f.dentloal" To achleve tenperature

varlatLon larger and smaller stalnless steel spacers were

enployed and to achleve flne varlatLons the requlred. power

was fed. lnto the reslstor ln the sprlng c1lp" Uslng thls
neühod tenperature vartatlons d.urlng a run were typLeally Less

than loC" The fllllng devlee for the nltrogen resevolr

conslsted of a level seneLng mecha¡rlsm (Flg" 2-I7) ' whlch

opened. avrd closed a solenold. valve on the transfer 1Lneu

aIlo¡stng nltrogen to transfer fron a 25 LLtre d.ersar whenever

ühe level d.ropped. belo¡E a predetermlned polnto Nltrogen

consumptlon varLed. ¡rlth the varlous conflguratLons enployed'

but wae typleally of the order of 1 lltre per houro Slnce

thls arrangement achleved. a nlnlnum temperature of onl-y -150oC

a second nethod had. to be enpLoyed. at lor¡er tenperatureso Thls

eonslsted. of lnsertlng an aluul.nu¡o rod. lnto the sprlng cLlp

and. then lmrnerslng the rod lnto a d.ewar of llquld nltrogen to

the depth neceseery to achleve the requLred. temperatüreo The
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nl-trogen level p¡as then held constanË by use of the level-

eontroller and. fL11Lng sysÈem, Wlth thle arrangemenf

tenperatures d.own to }lquld, nltrogen couLd be achLeved." The

tenperature regul-atlon wae good. to only g4oC êue to the

response tlne of the fL11Lng systemu ForËunately Lt was not

a maJor problen as the experlmental parameters belng measured.

were found. to be fal.rly lneenslttve at theee tenperatures so

no attempt was nad.e to Lnprove thls part of the system,
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trXPtrR]I'1E}{TAL PBOCEÐURE AI'JD DATA AIVAI,YSIS

3 "t Souqge Frqpa-r'a.!iglr

The radioactive solr.rce u-secl ihroughou-t the exper"irnents

consisted cf i¡az?u r¡rhich is à pcsiiron emiiter r¡ith a. ¡a¡.;f.-

l-ife cf 2"58 yea.Ts" Na22 h.as the pr.opert¡r that when it emits

à positroi'r it fcrms \:ie22 in an excited- stale r,,rhich su"bsequentl;r

de-excltes by emission of a !,zB I'1ev I Tay, since the t.ine

la"pse beiv¡een the ã.p'peâ.lrance of the nositron and the su'bsequent

enission of the nu-c] ear 8 ray 1s short (-t-ess -r,han 1o-11 sec )

compar:ed to the r.esolyi¡g tirne of the time*sorting systen
(3 x 1O-10 sec) experimenla-ll]¡ r¡ie consider ihe two er¡enis to
be colncideirt 

"

ïn the course of the experirnents performed tr¡o t¡rpes

of sou_rces T¡rere used" The f ir.st t;'pe vras trra"t, in r^¡hieh the

radioactive materia-l- ¡ias deposiied on â. s-Li.;o1-.oï'ting backing,

v¡hil-e in the second t}'pe the ra.dioactir¡ity r,,ras difinsed equally

throu-ghout the rrecìia under study"

Since iia32CI ,.tas no-. solu-ble in nost of the su.bstances

studiedu open faced mica, la3rs¡s .rÀrere used as sou.T.ce ba.c.kings"

The scu-rces T.\relre nrepared by eva,pcr"ating ao,ueous txi¿?Z¿y

solution on io thin sheets of .nice ( 2 ng,/cn?) olrer a.n a.rea of
approxima"telJ' L cmz" Ìiica. was chosen for. the source backings

since it does nol exhlbit Dnv I nnl 1i îoii¡¡ç in 1ts line
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speclr'u,r:r a-nd âl so since if thin backings are usec. ii a-bsorbs

onl;,- a srnall fraction of the pcsitrons enitted " Ber"iolaccini

and Zappa (L96? ) conrlucted experinen'cs to a.s*eyt,a.in ihe î:'action

of positrons ciecaying; in a nica souîce a-nr1 found L|^,a,i f or a

sandwich sor'r,r.oe enpl-oying niica cf the thici<ness which we

u"sed. e â-'cproïirnatel y 6;í of tfre posrii"ons deea.Tr ii.r the souïce

backings. Theref ore in an opei'Ì source cf ihe type we ernployed

,oroba-b]-y not more Lh¿.r: three or four percent cf the positrons

annihilaied ln the nica" Si_nce these events ail re¿lsler in

the pronpi nealr ihey ruould not a-ffeci the iifeti.nes obt-a.iired."

The¡i would ho¡ve'/el' tend ro iirt,rodi.Lce a. snall urtcer'ì;a"inty of

the order of ,5iu into the intensity rneasu,re¡ren-r,s obtained"

This eff eci l¡.ras lheref cre correcNecl for in cases i¡¡here it ì/,ras

signifi caflt o

For: -r.he ex,oer'lrneni-< iir which bhe ti¿.22ç1 ,,,t.." sol-uble in

the nedia, under j-n.¡estigation two tyires of scurces were

enployed " fn the f irst metho,l bhe üa.?-ZCL -^tas s1¡r,rl y d j-ssol ved

in the mediu.m" This had the advantage 1:nar, no suppoi'ting foil-s
'î¡Iere present, howe'rer it had 'bhe C ise-dvaniage i,hat, e-nnihil ations

ccu-ld ta-ke pla.ee in the waj-l-s oí the ccnta-inifló r¡e sse] and

a-lso i\la-'- F,he '-':a.22C! iniEht itself efiect the su,bstance unCe-r

stu.dy" The f irst effect coul-r1 be rninlmiz,ed by havlng E-

suff icient -¡olume of the subs'i;arice under siuCy io nini,¡ize tire

1,'ercen:a-Se of a-niriirilations taking place in the '.^Ja]l-s oi ihe

-Je*esel and ^bhen by coï'rectilrg t.ne de.-va. 1f ne.e-qsarJ f o-r ihcse
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L\at- -¡'enai,neC " The second- eff ect r.ias tesì-eri f ol" T,y en'rpl o¡r1¡g

Ð. seal ed lia-¡ar sou.llce to lest f or any cif íer'ei:ces in the

speci,ra." The Ílavar söu-l:Ce, i'rhiclr u.sec pol-yethelei^re ocu rings
loy sealing, wa,s used since it was found difficull io seal

vt -ca. sources sufficientl¡r r¡¡sll fc:: use in the substances
iao{-cÄuvd i/uu_ e

3 "? Sarple Trepatatioi:

Du.r'ing the cou.rse of the experinerLta.'t r.uo¡k a nürrii:er of

d if f e-reni substa.nces I¡iere sluciiecl " Since these su.bstances

va-r'ieC. in their Þh}¡si cal cha.racter.i st j cs d if f erent i,,rays ,rte-d lo
be evol-vecl Lo handle -uhe rrar-'ior-r.s types" The firsi g.ener:a-l

class of su-bstances siudied cou1d be cha-::.acteyizeð- 2.s crganic
liquid s r¡¡hich v¡ere 1-iqr.;"icl e,1, f'oom teinper.a"tu,re o Sa.rat:Ies of this
ty,oe presented no problem in their crepar:a"tion since all- Lha.t

wâ-S neceSSâIlr iy¡¿s to acqlri-i'e Sanples of lesearch gr:a_cie nur"ity

and nlace -uhen in clea-n test*tr-rl-.es" rn the erneriments

perfcruecl on ihese sarnpl,ese runs were t,aben on cj.epìa,ssed a_s

r,'iel f as nornal a,i r-satu-rated ones " The d.egassitrg r,vss achieved.

bJ' u-se of the vaculin f z.ee ze-i,ha:¡ techniqi;,e in whîch the

sa.nirl-e rr¡as repeatecìLy frozen anrj then .!u.mped or* È:y enplo,v-ing

this techniqr.i"e a 1o-n concentr"at:.on oî oxygen i:r the sa.nrt_e

r,r'Ê c a ¡1- i arrarl TO fnea.sUile the a.nlOU-nt Oi at].-\¡c.eÌî rema.i rr':ir.ù o.v::!5yu:l e _u :l:r_-ér-¡L¿..t_c ..:_= <:.l..(JL,r,"!"iL ul. ,-_-t_n.3 -1_n

the sa-n cl e af ler dega"ss i_ng scine sant:l es r¡Jere Ð.ne1 ,:zed

rles-q s-oect¡'osconica.11¡r a.nò ',..,,relre f ound '¿Ò conia,i-n I ess tþ,e.n

L,:: cf iire a:ic:;.n*r, cÍ Õy.ïsen :rreseilt in t.r., ei y-
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sat,-.re'Le{ sa-r::, r- e "

The seccnC c-l-ass of sr.:,J¡s-ua"nc.es siucl ie d r¡i€re ccndensed

iâses r':l. icj^. e:ih¡ br+-ei hi :h y?r'cl:' !l:essu.j'Ês at acc:i ì:.ec: r:e:latl-r.€ 
"

Tli.ese sut:sia-Ì-rces iher"efore had Lc be 1<epi cco_Led a,i p-,11 tines

a-ncl hz,.d +;o be eo-rrta-inerJ. in a- cj cs;ed, r¡âcu.iil s;'s-Len* The 'na-sic

cìisi; j 1-r-,a-iion e,nð Lrz,nsîer' apça-::a-t-r-rs u-sed in these exÞ€rj,nents

is shcl'rn ì-a liS" 3*L " The d isii 1-l-aiicii s;'s+-e:i lres r;se.J ::.1 t'¡¡:

¡:liffa-¡'c-¿È ;,¡orrSs F,O:1. i;]fe eXpefÍ_mentS tOïleeïl-r ìn<r ìrI.-'-Ir_ A¡ffOnia6 f vr r,l_.v '_! u!,_ ilf j:r'' ,^-)g

ar.â-s i,ias f irst transferz'eC, from i'i;s conta.ir:er' ini,o i\ne .qLora:':e

ce-l I cf lhe sJ¡S'te¡l* ']he siora,cr.:e cel I colta.iner1 Sorl. j-urn ileta.l

which t:ca.ppecI at:rlr iurjul'i ties i,r'eseylt in the Ann,cni a" 'lhe l;ii3

r,,Ias therr iransfet'recl f.ron the stora.ge cel-l into the sa"relle

cell " 'lhe sailp,le oell- was then i:erpoved fr'crn t,he d istil-l,ati on

a¡,1a.Ta,+\,,,)-*q a"nd. placed in ilie Al-u-niniu:-:t clj n as des:criberi

çrerri-ously, The --erc'.ir"l'lTai'icneter -qer\¡ed- às bctli à. safe:¡-

va'l .¡e in case the pl:essu-ie i,i-i the sì)'sten bece-ne tco g,ree-1. a.nrJ

es â. r,l'â.,,¡ cf tÌroni torin,q the pressûÍ'e in tire systein dur.i:r,g;

t-i:e:rsle¡l.llin:.: oreraticirs " A thin I ayer cî vâ,cl-r,u-il pu,r¡p ci-l- r,,Ja.s

rntr'oduced a.bove ihe lie-rc.ury ccli;.on 'to Ðr€:/rl¡1i bire rìiffusicn

:f l.=loi;.r;' r.¡e.lrcll intc ifie a.pl:a-r'aius.

i¡or" ';he ex¡et'inents eirplc¡rin¡ c r,hcr co,i,le ,tserj ,qâ"se-c

h¡c'Ä ac rlrrô r;he p,,_it-!.ïOnIia.ie SubSte_,.rCe r¡as l-ei intC the Sa_t:¡i 1e"'-)ê

cel-1 i-llecll-y íro;r tì're cihel input -t,e i,he s;.s let- u C¡:.cr f il-l-ed
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to ihe correct 1evel the sarnpl-e cell r¡ras e,gain rernoved fror¡

the disiillation system and pJ-aced in the Al-unin1um cl,ip"

3, ,? Data Accu-mul-ation

)uring ihe cou,rse of the experi-nenis pei"forned.u ru-ns

lastì-ng anywhere from a fe-r¡ hcurs to a f etñ cla¡rs in l-ength

lvere recorcled" During these tirnes from a few thou-sand to

one-hund:red thou,sand counts were accu,nu,lated in the peak

clrarrnel of the spectru-,n" After each run a ba.ekgrcuncl wa-s

noted f:'cn a portion of ihe sp-ectru-n nct affected by true

coincidences " Al-so af ter a,l-most a.\I runs a" tine cal-lbrati'rn

cllrve for the systein tvas recorded"

Da!c_ 4.nalv¡ip

t-n .Ðositron a"nnihila'Lion l if etine ¡¡ork tne paramebers

of interest which one f iirds expe::iment,ally a,re 'bhe l-ifetimes

a-"nd iniensit:-es of the various decay nod-es" In cases ¡¡he.l'e

no positronj-u,m is for¡red the specira, exhlbit a single Ceca¡r

mode " fn câses r'rhere posif,ronium is f ormed u hotrerrer o theory

predicts that at least three different modes of deca.;r shou.ld,

be operative" These a.Te decay due to the pick-off of Lrlplei
positronilr-m, Cecay of free positrons e-nd deca¡' of singl-et

positroniun* 'fhe problen in analyzing the experinental spectra

is then one of finding the pa::arneters of the variou-s erponential

terms wirich make up the spectra-"

To 2t7¡¿f yze the data use r¡¡as made of a"n f "B"l'.1 " 360-65
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-.'::!e:'a 
-i = lon"?-',',u

Since lhi s eqv.z.'ui.cri is ll:en L.-:eat '¡iiih -r:'e spec'c Lc

't,i-:.e i,ài'a\e1ey char'.g;es ti u sia"rda:r',:Ì. 1;echniques c.,e-n Lken be r,:.sec-l

to d e "Ler,'r, i:ne tLre clia.rr¡;cs " These chall¡1es åïe -¿hey\ used r,û

defi':¡'rrne beile::' iv:itia,l- [!u.:'ss.is a.nrì'i:)., t';eyai"\an the ]:.íocÊss]

i -q ccni i nu,e d u.ilLil- -creC ei:er::tneð c.aaveï':;eÌ1c)e ct'ii eyi.a" f cr llre

pa,j:allef e::s eT'e nel,

A pr-oblem ari -ces in a,na.lyztng, e;rÐei'i:lental- !o-qi iycyt

I i f e i-ine si:eci;ra in bÌ'la-i; rai?'et 'clita.a being a nllïe slllt o-Í

e;rncnentials the s ûectra i-c riad-e u'¡ of a s;rsf ç"r reslLìnse

funclion, Flus i;he su,rr of en¡,cnen1,ia.ls, iial-l (19óa) has

r=lfolr:..ecr a cleiaLl-ed e.larysi-s of thp eíÍects cn rhe

exocnenl,ial ira,T'a-ne lers of f olcl i.ng' a gaiìssiari sysien r'e;qpol'ise

fr;ncLicri l¡j th a, sun cf r-'xponenti e¿l s " lii s anal;;s j-s sho¡us thai
j;he expcnential ';ine r'ehar¡icr of r-he inpul fu.nci;ici'i r s;

e-clurar;e1y reprodlrced in -,-Ìre oui,put aD t;ire s-r lalgei' iha.n f ou.r

cr five siandard de-¡la-tions of i;he gau"ssian sysier resporrìse

fu.ncti on" Al-"o he shows that ihe er'ror ln the ¡..rrojeci-,ed

annliti,rde r,rjll be l.ess th.a,n t:: if ;

u-[ ê c"t whe'e

a-l s Lhe invei'se cî lhe erncneni,ia,l li¡oe consta.nl

f, *ls the si.anda:'i oevia--uion of il"ie systen resfjonse

f u-ncf i- on .

Since u,f, 
"ru-= 

.r e-cs -r,han 0"1- f or our sì::ecira. nc

T,¡Ía.s ne.de bo carreci f ar ihi s eíf e ct " Alsc ic F*1¡ciri

o1-io+nl-

ii-slorli.on
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cf the exponentia.l- po:'ti cn oí lne spectra by Llee s]¡sten response

fuirctranranal-ysis l.ras al wa]¡s started à suf f icient nunber of

cha¡inel-s àvra.y lrorn time z,ero s'u-ch that no dlstortion shou"l-d

occD,r o

The conputel prograÌx also included in irl a ccri'ection

for lhe f inite cha.nne] uriclth of the erperircental da,ta,. This

is necessitated since the experinental daia obtained is no'¿ a

srnooth surn of exponenlia.ls but :cather a histogran in which

pu.lses in acljacent ranges cf heights aJ'e si;ored in consecuti-¡e

channel-s" To stu.rly ihe effect this t^¡ill hatre on the cleri'ved

parameters v,re consi-de:: -uhe case 'rrrhere the width of the tine

channel is Å seconds" Then if we d.enote the ì;ime spectra of

interest. by f (t) the nu-mber of counts in channel i e ri rlriIl

be giveä byr
iÀ

3-5 r¡ = ( f(t) dt

(i -f, 
^a.nd in orlr case slnce we a.Te dealing i^riLþ, a sum of exponen';ials

1/7ê I ot

^ / ^/, \ -l/l
J-o ït-úi = ¡-e 6

Then:
-iÀ À/n

?-? 'r. = dAeV (e --1 
))l

r¡lrere i = L, 2, 3o 6ooe
. _1À

or r; = Ar e i r'¡here;
' )t/n

-?^^ é1 = -At(e ''-!)

Thu,s r"^re see Lha.t, the fa,ct tha.t, the experirnenta! dat,a is



6a

in 'the ío:rn of a. histogram does not chair¿;e rhe Li"ne consta-nt

f,'br;t rloes efÍect ihe anpl-itude cf the clisi;r'i.t¡uti.on"

Ther-ef cre the ccrnpu-.Ler: prCIgrain uillizes Eo., 3*a tc cor::ect

for this îa.cL,

Since in posri:ron annihriation -qtuid ies 'Lhe r.esu.l-ts e.Te

quoteri as -l- 
j fetimes e.nd int.ensiiies rather ihan 11f etimes and

a-mpl f tuCes the compuiez' program ca.:rries out a fu.ri,hex

procedu.re " This p::cceciure ¡,rcduces the interesi-uy of e- gì_ven

collrl-lcnent j-n the followi-g r,.{â}r!

'Ihe nu.mber of counts in the component unrl.e-r consideration

are f ounci f roru the eouation r

i{À

f
.ito

denotes the ccinponeni;

Cenotes j;he nu.nber of dal:a poinl;s

denotes the channel r.¡idth

io - ci,enotes the trlle- zea'i ri j,iie 3i,.5'i;:.r'r *

'ilrls -'¡'¡.1-:i,,r r,j i::re;r rji,-'¡:Ced l:Y t.he tota-l- nuinber'of ccu:ris in the

spectrnm to gi ve tire i ntensity f k, The pcsiti.cn cÍ lime- zer:a

for ihe systeu wa.s determineC erperiineriia.llSr ihrcugh the u-se

oî '¿. co6o source "

Fina-l1y the ccnputer prcgran prod-r-l,ced least-.scLrâ.r.es

standard o'.evlations f or eac.h cf the raraneters anC al-so a, chi -
sqrr-ared I'aria.nce which was a l:est of the gocdness of íit cf tire

r,.,Ihere:

q-

l,-:

ii

À
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,l^+^
l! C. úÕ- Ê

To check þ6¡¿ i¡çll ihe ilrog:ra-n r¡orkeC test da.ta, was

ccnstr''"icted with the computer u-sing a.s tÌre ivorkin¡¡ functicn

ihe equa-tion;
_1À
T\ß

r; = ltie (e '-1 
)

The points found b;u utillzing var.ioi.:.s paraneters in this
equa-ti on i.iere then :'andonized according to a r/ri2 f"nced.u,r,e

v¡lrich shoul-d produce spectr.a- very close t.o ilre t;rpe of
experimental spectra TlIe Ì^rere t^iorki.ng rn¡ith, The test ðata so

constructed was then fed into the multi-exponentia,l curve

f itting progran and rn a-l-l cases the f its obtained were r¡ithin
the sia.ndar'd der¡iat i ons u

fn the aet-ual anal_ysis of the experimental data the

inltial es'cinates wÊre fou.nC fr"on gz.aphs of the spect:re_* fïi
e.LL cases t¡¡o componeni f 1ts were applied to the data since

it lva.s f ound irnpossible Lo separate ihe shortest ljr¡ecl

cornponeni frori the system response function ¡neaningful_ly"

The errors qr-r,oted throughou.t the ,;çork are either the

s"ua-i'rcla-rd clev'iations produced by the conpute-r' pïogr.'arû oT. iyt the

ceses where a, number of T'uns l,rere tallen fcr the sane quantity

the sLanCard derriaLions cf lhe ¡¡a.riou-s runsq
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EXPIiiì I i'IEi.iTAL EESULTS

t. -L! 
" L A:ornon l- a

,Çor the -r'¡o:rk or-l Annoni-e- the sa.rni:1es wer'û prepared

iracuu-Ìn Cisti-f1ing the An'ncnia frorn a- ,Sod.rurn Anncnia soh-tt

in order to remorre a'nyr r¡1s-7at present" This procedure wes

ca.::ri-ed cut in r-he C istï7-Le.tion altpa,,ratl:.s previou-s1;r d-escribed 
"

The Airmonia r.¡ras then deg-assed by repea-Led f::eezing anC punping,

aîter which it r,¡¿-ls 'Lv'e-nsf erced ini;o t:he te;nperatu-r'e reglrlating

eciuiÌ--ne¡it 
"

Since ita?-ZcI is sol,r,lble in Amrncnia rqost of the runs

were baren with ihe sou-i:ce of :,ia??Cl in solubion r¡ii th bhe

Arr,lcnia " The e:rp'erirnenl:a"l- curves 1{ere thet'r checkeci f o:: any

ext:'a cornponeni;s in the si.tec'Lta- r^¡hich me.y h"e.'te ârisen from the

annlhilation cf posiLi:ons in Ì;he gla-ss l'¡al-1s of ihe sairpl e

cel.l " iicne was found so no ccrrection lcr this effeci; l'ras

atteinpted" Also to check r¡¡heiher the srna--Ll amou-nt of ;va22Cl

scurce dissolved in lhe Amnonia sainpl e ha.cl eny eff ect ol'Ì the

resu,l-ts u a r:.rtrll'ne:: of runs were -bakeii u.s ing a. sealed liar¡ai'

sorrrce " ,S'ì nce these runs \s.ve resul-ts tonsistent tr'ith ihe

f irst ::rethod it v¡e.s concl-u-ded Lna'¿ the disscl.¿eð' "ia22c7 haC nc

sigrrif .rca.nt, effect on f,ne experirnenta.l- i'esul ts"

Figures I+^1. tc U-5 show sone typicaf iifei,ime cullues

cbte.inerl for Arílllonia- a-l va.r'ioi:.s ierni-.era'b.ures" These cura{es

hl¡

icn
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have been pl,otted. d.lrectly fron the exper1nental pol.nts after
subtractLon of backgroundo The straLght llnes draran through

the polnts are vleual flts to the d.atan Fron the plotüed curves

LnltLal estlnates for the computer anal.ysls eould be calcuLated."

Computer analysls for each of the curves obtalned. vras Èhen

carrled. out and. Table ¿+-1" gi.ves a conplete 11st of the decay

paraneters found for AnmonLa at the varLous temperatürêso

Flgures 4*6 to 4-9 lllustrate tl¡e tenperature depend.ence

of the decay parameters" îhe solld llnes dra¡rn through the

experlnental- polnts are slnply best fLts and the arrows

lnd.lcate the tenperature at whlch the Ilquld*soIlð phase

change takes place"
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in ihe erper'il-nental I'Ior'l'- cn C¡rcl 6¡6trrr-ru 99 role ii, jrure

C6,:12 f ror i.he Fisher Sc:.eni:i-f ic Compa,n;i r,ias u-seri " Time ï'rins

i\,elre taken ej: var'i.cu-s tenpera.tu.lres u,sing bot,h nc:mal a,ir*

sa-t,u-raie d sanl-,.1es a.nd sa,:lp-l-es which he-d b'een cìe¿:a,ssed", A rnica

sou-r'ce as described creviousJ-;r !¡6s u.sed anrl a,îl,er ptepara"tion

the C;'clohexa"ne l,,ias pla-ced in the ienperatu-re regu.-la.ting

a pna"ratLr.s 
"

F: gur"es lr-l-0 to 4-t5 i_ih.:.str.ate sone typical ll,f etirne

rì eca.y cu-rîves f or C)tclohexane at: r¡ariou-s le¡lrer.atu.res f or both

sorne air*satura"ted and dep;assed sa-nnles 
"

Taï-.ies 4*2 and 4-S l-ist bhe va.:ri ous decay ÞararneteL:s

f oi.rncl f or C)'clohexan€ 
"

Figures 4-16 to U.-L9 j llustrabe the tenperat,ule

dependence of the deca"y pa"z'a-nLete:r's of Cyclchexane for both

ihe air-sat,u-r"ated and CegasseC. ca-qes, The ay'ror,ris : nd i caLe the

i-io.uicl-sol i <i pha.se tra.n.sition ancr the sclid-sol id phase

tra,nsition f ou.nd in Cycl ohexÐ;\e 
"
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Cyclohexane ( Degassr:d )

Teärp (oc ) Í z (nse c ) 11 (nsec ) T,2 ç¿) ï1 (F" )

-t cÁ
-L /v

-1.6a

'1 .Q
- L (,\'

a4Q
-.L a I j

-cn
- t)!)

- Õ)

-A

al

- ()

 Í\))

_ lL<

T)

-r- ô'7

+24

+ Lv+

L04 ¡ "A2
1 nQ L 

^,l!@l/ | ¡ ç\j)

1 1a a r\îLøL( J "w)

4^4! s¿! -T ,u/-

1 ôQ ¿ rl,)
! e Lt) -! oW)

!"28 f ,03
4 /^ L 

^^Lu)) .L 6w)

1-,L)+ + "06

!"i?.-.t- "03

2.O5 j "O/+

1 ,90 I .0!.
,> .>A r ^lr,'.-oLW I ôUY

) ,Q ¿ 
^É!,øLt ,: øv)

2.4! ! "o¿t

2,60 J "04

2,66 I .ob

'ì"00 + ^oi+

" 
a\Q ¿ n/r

)eVt) t 6'-.'u

3,! 5 i ,O7

1. )A -t 
^<J@r-',r _: øv)

?l -r 
^lø)L :: ovi

1É r rla
ø)-) t ø'))

.34 t "a3
--

" )i 'î ôu l

?? -r Aa4 )¿' : ø'.'¿,

?Q L r\Ôo)'- .I øVa-

11 r nô
o )) t øt'L

,35 t "04

"J4 3 ,02
¡/u-1o A .0/-

,36 i .03

?o -t- 
^.>ø ) / | G \/L

.3? t "02

"40 f ,o2

'), -L nîø ) i | ê'J i

-/s / ) I ¿ \.jZ-

'), ; ^.)@)( : øv{-

?a) -r- n ?ø)7 , sw;

¡/- r 
^aø )\-) t ov/-

11, : 
^Õu -:r) : o'-t¿-

¡1 , 4

ô4iõ

1' + ''!

cn-L,
L\J I L

1, r- 1

1Ê r- ,

¿/ro + i

a^¿')(_\) ¡ I

t/t

1ll L 1

4^
iV T //

Cl r1a_)_ r I

O1 L1!,-t- ' r

??+?

r-) ¿ L

I-..L ¡ I

31 +1
õr,1+ -r /¿J

)4 r <

,,: t -!-

n//¡1 r 1

80 !4
80!6
2O+A

80j4
Êor?'/J)

ô^

ô^a/ f t\

ô^
-/ -ì- 1

--J

a/lc : )

"1,+Ê
Õd r 

^(( I )

t) : )
ñô/^ at-' : )

aLL+ry
:t

-^ r ô(r,3 )
n^f,?lr' : )

/ô,1,)' _: .

1¿ t /(J-) -:- -]

(t !,')! ¿ )



76

Table 4*3

Cyc-l ohexane (ì'Ion-Degassed )
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Fo:: the worll on l'',e-'-k¿.ate u îesea-i'ch, g.r:a-cl e CIi¿ 'from The

ia.thesrv: îcni a--.y i':as en¡ l.c;'ed , Thi s i;)',re oo ,.e.tjner:e ?-es e

i-,uii t;r r;f 99,99 :ro-!.e ii viih ';he orJ'¿t:en cct:ta:inatior: be 1n¡ of

ihe cr-det' oí il'¡c ,caris I,el^ rnil l-ion, The lletha"ne wâ-s t-ra-nsferred

intc t.he sarnpl e ce.l-l by use of the drisiil l-aLion a1,.pal'atus ir,-hlch

T¡ras f i:-st e¡¡acuated ens,;ring nc contarnina,tion cf the i,,etha-ne

rii,rring tlie rltns" jilc runs i.ierÊ ial<en wjth ox-)¡gen ¡r.esent in

the sa-np'le" A miea. sou"ïce 'r¡ras u.sed du-ring a1'l the exneriirents"

Ii gr.r.res lr*20 tc l+*23 j-llu-strate some cLeca;'' cltï'lres f oL:

I{etha-ne at .¡arious ternpera.tr.r.res " Table L-Ly 1i sts the dece.;-'

¡a::arete::s f ouncl f or liethane" Since l,iei;hane bcils et -L6L,6cC

cnl¡r a. l_irited range cf terpe"iatu,¡'e ò,al,a, "¡¡.-ld l¡e e-rqu j_r'ed. 
"

Figi-ire s l:-/+ to Lt-27 il-l ustra"'be Lhe ter¡,,e¡a-¡,.tt.*

clepenrlence of the ciecay para,nete:r's of lÍetl^-a¡re" Again ',-he

e.rror¡is indicaie the liciu.ic-so11d i,,ha"se'i-vznsiti-on"
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The Bucp-ne used in the expeSinents ',,¡âs sìr'nìrl i ê,,1 by the

Phill-i ps Petrol-eun conpany" This resea,¡"ch gra.de Butane nac a,

puriiy of 99"99 rÌole .i;. ê-s r¡ith 'Lhe I'iethe-ne it i..râs tra-nsíerreri

inio ihe sa-nple cel-1 by use of the distillation a"ppa.rlâtu.s to
a',,'oic1 conta,minaticn of the sani:le" Again runs i,rere ta.ken onlv
tvith ]'.u.:re sarÞIes, no runs w€re ta)'en on ss-mÞl es containing
oxygen, A nice soLl-rce Ì¡ia-s u-sed. cluring the exi¡er.ineni-s*

Figures 4-29, to 4*3L shor"¡ sone typical lif etit,e Õu,uves

Ío: Butane ai se',reral te:rrceratltres" Ta.ble Lr*5 lisbs all ihe

decay pa.raneters f ou.nC f or Bu-tane" !-igu.r.es Lv-3?_ io Lt*35

illutstra-ie fhe teir,perature dependence of the deca"y nara"meters

of Bui,ane with the arrcris showing 'i;he liqu,ir1*soLid_ phase

Lrans it i oir ,
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CHAPÎER V

DISCUSSION OF RESULTS

5"L IntroductLoE

Durlng the last few years a number of lnvestlgatLons

have been carrled out to d-eËernlne posltron llfetlnes and

lntensltles ln varLous materlals under dlfferent condltlons
(c" Cottlnl et al" IgSgø fr." C1arke and Bo Go Eogg I96Zu

G" Fabrlu Eu GernagnorL and. G" Band.one t96ze E" Kluthu H, clarke
and Bo G, Hogg L96I+n w" Brand.t and. r, splrn L966, A" cooper,

Go Laldlaw, and. B" G" Hogg L967ø P, R" Grayo c" F" cook and.

Gn P" Sturn Jru L968. B, G. Lagiu et a1 , Lg6g). These

lnvestLgatlons were all d.eslgned to elucLdate the varlous d.ecay

processes by whlch posltrons annl-hlIaÈe ln naterLale" Although

af present no conpletely satlsfaetory theory le aval.lable whlch

expralns all the varlous experlnentaL resuLts, a number of
sent--emplrlcal nodeLs have been fornulated to explaln posl.tron

d.ecay processeso Thls present work ¡uas carrled. out Ln order to
test some of the present nod.els and. also to see what Lnfornatlon
could be galned. through the use of posltrons as a probe ln
stud.yLng some partlcular materlals,

5"2 Llfetlne glud.les

After a posltron enters a cond.ensed nedlu¡n lt can

eventually annLhLlate ¡rrlth an electron from the ned.la to forn

Samrna rays Ln t¡vo d.lstlnct i¡raysn The fLrst Ì{ay Ls to annlhllate



108

d,Lreet1y vr1Èh an eleetron from the med-li:n v¡hlle the second way

eonslsts of the forrnatlon of a bound positronlum atom before

annLhtlatlonu For posltron1um atone thus formed- the deeay

raþe ln many cases ls found. to be a functlon of the physlcal

and. chenloal- state of the medlumu In an attempt to explaln the

varylng llfetlmes ln substarÌces due to the ohanglng of such

parameters âs pressure and temperature varLous nodl-flcatlons

of what has eome Ëo be kno¡rm as "Îhe Free Volune Model" have

been proposed ø

The Free Volune Mod.e1 1-n lts slnplest form attrlbi¡tes
the varlatl-on ln llfetlme due to pressure or temperature as

belng d.ue to the change ln denslty of the materl-al, Thus as

the denslty l-s lncreased there Ls a correspondLng reductlon

ln the free volume avallable Ln ühe naterlal for the posltronl-un

atom to occlrpy, ifallace \n L955 orlgtnally proposed a mod.el

ln whlch posltronlum atoms reslded. ln rectangular weLls formed

by repuLslons fron the surround.lng atomso Thus as the denslty

was lncreased- or the free volume of the subsüance was d.ecreased

the radlus of the potentlal rrell was decreased." Thls caused

the overlap of the posltronl-un vrave func't lon wlth the electron

clouds of the surroundlng nolecule to lnorease, resultlng ln a

hlgher rate of plck-off annLhllatlonu

Follo¡rLng lalallaee 0 s ortglnal ld-ea Brand-t, Berko and

!üalker ln 19ó0 developed. a elmpllfled theoretl-ca1 model Ln an

attenpt to explaln the varlatlon ln posltronlum llfetlne ¡rlth
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d e,nsi':¡'u They siarted ¡¡¡i'rh the spin-avera_pjed zl a,nnj_tnilation
ta'te for â positr"on in si-ngì-eL !rositro¡riui¡ fi¡.sl r,¡cr.l{ed oul by
Tìir¡n i'n 1C?l-t._ / J,_; ø

5-1 À2 =rrozcl .!- (i+)
I

i'tke.ye T. = 2"q r 1O-1." c*

c = r:'elocit¡' cf lighlu

a"nC- the qquared terni ï.epresents -uhe derrsit¡,r of the elect:r..on at
the position of ihe Þosì f¡6n"

Thus in a lattice L cf electroi-r d.ensiiy cìi.stri-buticn

1" (r) 2* conposed of neu.tr"al atons, ihe electron lilckup
rate oï' the pick-off a,nnihil_ation rate cf triplet positronlun
\p becornes !

la Àp ='íï,or-.5111* (:)fnt (r)f+¡ (Ð1r (r) d¡.1

r,^ihere fab is the v;a.ve fu.nction of the positron in the field of
tlre electron j;o t'¡]ricit it is bouLnrJ a-s trlplet positr.oniu,m artd the
f iel,d of t,he lattice 

"

Equ_atir:n 5-?- is then solveC as a. fu:nctron of the

Þroper''bies of the lattice L unde:" the fot l_or,tiirg a-ssurnptions:

a) The mutr¡al positronium a-nd l-attice oota.i.i za.tion i s
r.oo'ì onJ-cÀv vuu o

b) The l-attice ccnstriuents ere a.ppr.oximatecl b), sql-r.â,re

poten-r-rals of height uo u electr'on density* f o and .radius ïo or
ercludecl \'olu.me vo, each centred in a- cell vl of radi-us îl o

Fcr :n6 - " 
t tL Ur = O a_nd {l = C; vl vo is i-he free ¡¡olurne

cf the c;ell- a-nd. 1¡ìi = vl the re,lu,ced cell ,¡ûlu-me 
"

vo



c) The positr'oniu.rn a,tons a.Te ihe¡.ina.l ized a-nd ce,_il be

tre¿-ted in the zerc-r¡el ocii;;r a,pprcxirne-Lion (i'-¡s = o ) "

Then 'b¡r se tting

5-3 tr+. (I,.) = o( (t-r-o )t p= (qo )

r,Il'Ìere o( rs a pol.ari.zation luncj;ion anä tire subsci.int c ref ers
;-o the centre cf illa-ss of the nosit::'cniun I{q, 5-Z aecoriles r

5-t+ Àp =ifr.r?-efo S tl*',tp" d tj
t/o

Equ.aiion 5-l+ is then er¡al-uaterl in the idip;ner...S eit z

a c'proxima.t i on giiring an ansl{er:

5-5 Àt = Í:ozcf c = ff ro2cfo

i,1 a

1- +F ( Uo , ro * r't ) 1 'F'( io::c2 , vt' )

r,rlna-¡a r¡/rì * ?, v-'t) can be eva-lu-ated fo¡, ,¿arious la_.i;ticelvjrv!u a\rofo 
I

geornetrì,es (pj,ana-r u hard- sphere u long chain ) as a function of
the red.uced cel-1 lrol r;,.re vrí and a scatie:ring parainete-r,:

F st n2 = 4r 17'?
ô

L' oTo'

The equations girren to e¡,'a.luate F(p6ro2, .--,,-, f or the

hard*sphere cese are respec.lir¡sl ¡r ¡

5-6 Eo coth E¡ * L + (n1no-rl )sjn(no*nl-)-(nc-ni)cos(no*n1 ) = O

(.L*n,2¡ sin 2(ir3*i.r1 )+Zny cos Z(rto*n1)-no{,t ,-n1 ? )-nt(1-nl2 )

n1 sin Z{no-ny)+t-(1.-n1.2) cos?,{,no-n1)



tl1
;co:Lviirg these eqyaj:ic:is b;- connurter one the:l ca.n f ind

F as a. :1 ui:ction cf the tl.T'e::iêT..ets Ì^r^?- znð rrií-" Fi -r,r^e- ã 1o-c L É r _i?i úù ),*t.

a-riii 5*2 sllc-i'¡ ihis cenendenoe fcr r¡alious.¡a.]_ues cf tyLr:

7.r14t1,.,=-La¡ Ì þ ?vuvJ :rc c

if rlie j Y a-nni,tilai j-cn :¡.a,;e , r^r1'li ch i,¡il I be s-rnal I

tcrrpared io 1,he pick*oíí i.a,te , is ì1e6,r3cted *,-he trii_,1ei
.rosi i;:c:Liur:. l-r.f ei j n:e du.e to ricll-of í -i_s L,ne:L ¿, lve r l¡J I

5*q 4J- = 1 L -l':.-.- 2 -,-l'.¡) - t/, - _+ , -\::C-t.r:_:.g_.l,/_J_

'flro?c J o

Let,liirE Ío = -*..*.-.1 nqr-rai;icn 5*8 be¿omes ;

d:'o?'. J o

<*o tV¿*¡ v?- -lo(! - i.'(¡orczo rrtu))

iio¡¡ if cert,e,in. a-ssurilÐtions â.re narle aboui {o and vo

Equ-aiior: 5*9 cÐ.fi be comna.red. r¡ith er:pe ::ii::enza.T :lesu-r._ts, Tn

thei-r' i^¡ork E-¡andi; ei, ?".r, (Lg60 ) a,ssuned f,o r,ra.s equra_J- to the
ilean life oi freely a-zrnihilaii:rg positrons for r¡hi¿h t.ney

chose Lr.e valu.s t'. = "35 x io-9 sec* rn Lhi s l,¡or.k we harje

theref cïe f o1l ol,,red the j-r' n-r'ocerju.r'e choosing hov¡e.ver. f cr the
1i-fej;ir:le f,o the experinenrar r-J¡ r:easured t1 '= since these
slroir.l rl be equ"at to lhe l-if e-Line of the free pcsitr.ors r-Ìi .;ne

r¡ari ous nedi a 
"

rn setting up the thecry i¡c is cef ined. a-s ihe excluded

vol-ume du,e to 'uhe l-a'bti-ce poren'{;ia-l s, r,rhi le v1 is sinply the
r-eci procal d eirsi f;;', r:'i crd.e-r tc e-¡al-Lr.a--i;e 1¡o ?_ra.ird-, e b â.\ *

Cerive ír"cn the e.?u-aticn of st,a.-ce of a su'Dstaltce ihe co.rrcition
1-trraJ..
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a /av1 = ?{? f,cl sìhertÒal_ Lr;ecne'Lïy

* -1r

ï1 = ?.,t3 ícr cylini::ical_ Jccre LT)r

*î-
fo.l-,i'rhiesi7'9n1r:lr'7a|rìdoaTèAa.':.o.]r.in'-i^..^- rCr¿,/uLìL _' -r.r.-,._:f5 c.i \, (taùr;Ç) trt--,_\; j_lto _flljS li' eLcliÊ*

^^-ì^L:'^'- thp -nenì -14¡r/\c-l 
^^..^^.:-!.- 

r^: 1|e-tlÌi8 -11 s .:rL :çu-L .!v-.-..! :eîs Itl'e --o a'bso]-u:e ze:a rjre :22
i 1'.\4! afrr V^o

Since v" is def ined as v1 it ran -i;hen be iou.nc f cr an-v

;'̂ t,

given teinner"a.Lu:le thrcr-igh i,he r,Lse of terlire::atu-ï.e_densiti.,.

tables 
"

Iìr.oìTr our exÐer'jneirtal results T,^Ie c,àn con.Ìpe.l:e th=cLly ilrith
expel'inen'L f o-r Arnncni=- a"ncl lie bha-ne, unf orbu-natel ¡, d en-city

'3-aLa" is ilot a-{àLla-ble for cyclohexane and Êu-tane in r!}:e so_t-irj

s1.a--be so ncr câ-l-cul a.'i, ions we re ca-r'r'ied. ou,t f or *,,irese subslances 
"

iä the ca ;se of A¡unonia i;etr.per.aiure-deris i b;' C a ta '".ra_s

a'¡a.il-a,"bl-e frcn: -LB5oC u1-. to ancl beyond" the highe s'b tenneratLlï'es

neasu-red - (G" Janier, H* spandau, a,nd cu Addiso¡l 1966) . F:ron

this inf ornation the ieci tlï'oca.l densit¡r ¿¡ CcK lrras extrapol- ar-ecj

1t'rras r ^1 4 cTll)i9,, The v" r,¡ere then ce-1cir,lateil for- ,¿he r.egrcn cf
interest anC fron Fig" l+*7 To r,,râs found lc be ,j5 *: l_O-9 sec"

since ,iLn'inonia belongs ic ihe c_i-ass cf substa.nces exiribrting
lra::d -s¡here geornetr';r the ru.lf'r.rÊs cf Fig . 5*L Írere bÌren u.seC to
fr¡:d ihe ratanetel Foro2:.'t'i'yç\ rost cJ-ose1¡, fit ihe cl¿iau For

Aillncnia- this T^¡as FcroZ = laa. The Fos fo:: ihe rescective 1i-)ia"
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r,:e_T'Ê ;he:r j_ rqe rtei i ì _"-.1:a.l;i.c,r 5*g er:rj ,-he c:cl<*cf i lLiiet .i¡c,î

Tz calculateti îarlne varj-cr-r"s te:rpera-^bu:res- !igr;-re 5*3 sirci,¡s

'L1rie bheorett-ca-7- anò exper.inental lZ,= ovel: lhe :,¿\ge of
tenperalujtes slu-ci ied 

"

r¡r fhe rvor"jr cn i'1e't;hane the ierilper-atu":le-d_ens ity daia.

'¡¡îD.s not â-s coi¡.pie 'be a.s f oy Anncuia. (r/" .-f " ,johirscn Ig6O ) I u

t,ne"t only one r¡a-lu,e for tne density 1n the soliC sta,te wa.Íj

e.va-îl-able " F¡'om l;l'le ,len-s ity data- -ohe recip::ccal rleirsit;, ¿¡

Ooi( t^¡a.s extra-pol a-f ed tc be t "92 cn,"/g" The value or t o used

in the ce-l cufaticns rdas *38 ï 1.0..9 secoir,l.s â-s fo,¡.yrd fr.orn
ñ: ..- lt 

^¿i"i e; " '+*?5 " I'ie'bhane I i lce Anmovria- ¡,¡ou-,'r-cl ha.ve Ìra_rd -sphere
geomel-r¡i sç. the curl.res of Fig, j*z were Lrsed Lo sel-ecb Lìre

besi; va-lu.e for the paraneter Jt"ro2" For l,iethâne |hi-s i¡alue

i'Íå-s 300. using Equ.a.tion J-) ihe pick-cff I ifetlmes r¡r€r€ .í;hen

cal cula-bed. fcr Lhe '¡a-rious iernpera-bn::es and Fig" 5J+ shr:ws

the experimental- e-nc1 thecretical- lifetines cvelt the rânËe of
the experi:nertLa! d¿-ta.,

As r:an be ,seeÌ-L in Figures 5*j a,nð 5-4, fo¡. the chosen

r¡alu-es of Poro?- the tifetimes in i;he riqr-rid regicn fit r¡e11

whil-e the llfetirile-q in ihe solid reglon are slightly hi.tìr for
Ammonia and s1-ightly lor¡¡ for l',ethaneu considering the

sinpli f ied na-¡ure of the theory ihe agreeirent beti,¡een theoir;r

and expei'inent would seem to be suff icient to justify the l-.asic

postu"laì;es of the -r.hecr.y as La the na_tu.re of the nick*cff
n_a^ÕêecF',r vvr/uÐ a
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f :r a" sirbsequer:t jrâi-e t' llranrl t and Si,i::n (t9f:6 ) nc¡d if ied

the "fl:ee r7_OI l,re i-hen.- i¡" 1,3 talge into a.ccOUni thef"ital ef f eCtS,

l.i ith their nocif ica,tiors ff',a:{i':le. i¡.iere f ound to occur in -"}:re N2

verslj,s tenperature cuï've ju-st befcre ueliing, foi: sir-bsia-nce s

rr-ì r-.h hi ".1:'nrrlti;¡r- nni nì.,:,1r,r:¡ :,:çt.,-!t\ii i.rL,r-j11.è é ]-n the present wcrk ty.,eA 2 cu_rr¡es

f or c]'cloiie v;ay1e s j;?ethe.ne a,oð- llu-ta"ne aLL shci.r sharp tr.ansi-uicns

a,L the mellin¡5 point r.çrth nc er¡idence fcr max1¡ra cccu::l'i-ng

before rnelting" rn the case of Aninorria. ì;he i::a.nsiLi-o¡r is not

sharn houever s1nce t}:e l-l.fetines jr-rst beÍc,::c nellin,r, â,.('e

h i c'her J-he'¡ êxpected i:a_ther: than l-ciier. this ca,npct be d.ue to-- 1 '

2. the,rnal effect" r'hus we cÐ.t1 conclud.e tha-i iyr the ternnera.tu¡e

l'a-nge cî the nl"esenl ex¡:e-rinents the effect of iherna.l inoticn

on the piclr*of f iif etime does not s€em lo be si¡:nilicanL 
"

A f inal point lo be cons j-cler.eci is Lhe ef f ect of
r-r issc'l ved oxygen on the r.rarious 1if et,inles " -A_s ha.s b,een

loinred oui previou.sl)¡ (.T, Lee a-nð. rl" J" Celitans tg65, A" i,l"

Cocperu C" raidl-ar.^i and En Gu llo-q3 Ig6? ) d"issol ved. oxlrgel.l

lla.s a 'le-rg,e qu'.enchi.n¡¡ effect on the tr=iple-u lifeiime ?p"
Thi s ef f ect i s noted f o:' cyclohexane in Figur.e 4*r6. l,ihat i s
a.iso in-beres-bing tc ncte irr Ìlig " l+-t6 i s tha,i the ouenchtnq

ef f ect of the d issol -¡eC ûx}¡Íeli car¡ies oti inio ihe sol j r1

nha.se of the na-i-er':-a,l bui d i sa-ppears ef Eer t-ne -qcl'id-sot id

pha.se l¡-a-nsiticnu Â. possibfe e¡:rl.¿¿';la.tion fo.il tjlis i,'¡o¡-rìd be

r-her, in the hi;h i;e;lrera-;,'::e solid i:ha"se the drssc_l_ved oxygen

::eie.ined SOIie 'r¡r-ll¡ì l'1 trr -lrr-¡¡,rþ tìie lalliCe and thUS î/ieS ab;_e
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to quench the posLtron1.um, whLl-e ln the Iow temperature solLd.

phase the d.lssolved onygen was trapped 1n the latti.ce and

therefore was not able to quench the posltronlum formed " as

can be seen ln Flg" 4-L7 the dtssolved- oxygen had no effect
on the short llfetlme f,1"

J " J Posltro_nlun FgrlLAttgn

After a posltron enters a nedlum one of the processes

open to LÈ before annlhllatlon ls Ëhe fsrnetlon of a bound.

poslÈron-electron patr or posltronlumu The factors whlch

effect the fornatLon of posltronlum ln a gLven substance have

been stud.Led. by a number of workers (4. T" Stewart L955u

Ho S" r.and.esr s. Berkou and A" J" zuchelll 1956ø c. R" IIateher,

*tr" E' Ml1let and. L" Brown 1958, R. L" d.e zafra and t{" T" Joyner

L958, C" B" Hatcher Lg6Le D" p. Kerr and B" Gn Hogg Lg6Zu

lÂI" An Falk and Gu Jones L964, R, Kn tJllsonu P" o" Johnson

and B, Stunp 1963, C, Tu Leung and Dn Ao L" paul Lg6?) and

from these and other Lnvestlgatlons varlous mod.els concernlng

the probabtllty of poslËronlun fornatton have been advancedo

A useful nodel whlch d.eserlbes the fornatLon of
posltronlun ln substances le based. on the concept of the "ore

Gap" ftrst posËulated by A" Ore (19¿19). In the Ore nodel the

hlsh energy posltrons (havlng afJ aet^y energy d.r.strlbutlon
wlth an end. polnt of .51+ ttev from Na22) whlch enter a med.la

are rapldly sL0wed to energles approxlnatlng the fLrsÈ

lonlzatlon potentlalu vl, of the ned.la by non-elastlc LonlzLng
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ccll :Lsicäs. Du.r'Lng ih j s ti ne the a-r.inihilaiion þz,c.ca,bi1 1t;y

"'¡:il-l -Ðe -l-ess than e, f e.L¡ re rc=::i (,j " l:eeri ai.lij "] " T,ee 1-g6l+) _

Al-sO fOr elef-¡ies nJ-¡nr¡o t-he fi¡lsr: ic¡niZa,LiarL nCtent1e"_L i:Crsilr.o,¡jr:r
f aysa:cion wil-1 be negl i ,¡5rb1_e conne.-,red wi1;h i cni zat,icn siircr:
e 'r eclLlon lí'encva-1 to Lhe coniinuu-in wi 1l- be ;lr.:.ch 'ricïe pr-cba.-i,.ie

rha'n the f crna-lion oí a d isc¡'e r,e bcuncl s¡;a'be " Af r:ei' the
elrergy cÎ tne inciCetrb losi'Lrcn f ¿:_l l_s belcr,n' ilie loni zat.:_on

F'otentia-l of the ned.ia .ilrocesses c Lirer Lha-n ioni ze-¿i{ll-r p-îe

tiecesse-:r'i' ri'.]. cr"ci_ejl for il'ie posiLycn io -l_ose energy. rn t;ìie

ca-se irhe-re tìTe lrcsitl'on's energi¡ e:ceecjs the eneïgi¡ of ihe
f i¡'sL e;¡ci;ed si;ate, ü1 , excitaiion coj-l isions ai,e eïpecLed to
be the doninant llrocess f or enertl)¡ I oss " Af ier ihe nosi.i;_r"on's

erleiðy Crol-'s belo'rl tr-1 rtositrcnir-in fo:'nation is ccr-tside:recl io
be.bhe dornina"nt jr-rocess until_ su,ch time i;ha_t the pcsitrcn _-t_cses

sufficient energ¡r sLr-ch i-,bai pcsil::onium fo:rnation is no,ì_onge_r

enei:geì;l;all y Ðcssl'ble " Bel on this i:oiret po-.ibrons wil_1 I ose

eilel',EJ¡ lly elas.;ie col I isj_r:ns uirLj.l iile;' anrrj_hi1a_te fr-eely
wlih ihe el-eci;-¡'cns oi the inedia_"

-using chis nocel- certain pr.e,c.i ciions concerning bhe

proba"billiy of îcl'inaf ioil cf lrositroilir;m tafl be na-ce " :jince

lhe bincing energy of a, posi'uroni_..r.¡n ator¡ is 6"S ev and since
\Ir i q ;-'.¡er,'¡=l "l ir ¡¡-¡oqtc¡ l-r¡c / ^r r .: '> rf,sr-uI Õ J-LJ i'ji ua uçr v:-<zy\ () u x e'./ c:r l I nos:trons it'j th è.-:1

ene-¡s\r grea.beÏ iira-n (\¡i -6" 8 ) ev i¡1i1 be caÌ.)a-ble of f cr.rning

,c'ositrcni:;-'æ" Thus rlositrciri:.n icrlla-iion i s on-'r J' i:-rcca.ble ilr
tÌ're energy region ¡t >\.1 > {.¡i --4" E ) t,he so-ca,r led "clre G¿"ll,,u
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if Òne i.hen ila-Þ;es the as.-.;.nptio:r. ì:hat rla þos.ri::onil;.n

f o-l"na'¿ion oJ" e.:rn-i-l: iLa-licr: ta,"irers ¡:1.a-ce abot¡e j/-i and r-b.ar- al ,r-

ene,rg1es a,Te er¡ua"11;r p::cba-b1e bet cr,i r,ii, a-nd r I one Íurthez.

a-ssrir¡es e,LI erci ta-:-ian ccl-l isicns beti'reen Ei anrj ri: d eg,ra,J e the

.Ðosit.rcn o s energy belclr ihe Cre Ga.p r¡¡hil e a.i-1. ncsitrcns with
eire:r'gies r¡ilhin -uhr; ore Gap foi:rn pcsit:ronr-rrm, thr?n a_n estinp,.Le

IJa.n be na.cle of the Þeircenia-ge of pcsj_trons for.ming pcsitroniu-m"

Tl'ri s wil-1 be

\¡i*ó 
" 

8 )

Vi

il.1 * I
-,J \

'Ihen sl-nce s La-L j-stica1"];i Lh::ee-quarters of ilre nosiirons
fr:z'rn posi-t::oniuLrn in the Lrit-.1eL sLaj,e and one*cuaîier in the
qi nrl of- c*q'i-c!rarr¿i'v u Lr uciuç e T-2. f,he ini.ensiLy of tl':e I cllg f i'n"¿ t,ri nl-e-r. sta,.i;e

will be girren by:

i2 = 2 /:tt. - (vr*5"Ê)\'- t(-:.***Ï:*::-fl
\vi/

using this siin.cle i.heoL:y rea-sona-'ore e[jreern,-rllt. was

fou-nd in ihe ¿ase of a- nu,nber of gases (r'1" Deutsch Lgsi, T" A"

f ond !9 52, E, Gitirelmen and ,ii " Deutsch tg 56) , .Also in 1.9/.t

Ha-tcher showed lhat the intensity o1 the long lirred ccäiponent

1:r Tialcgen derivati-¡es cou-ld be exp]-e-:nec on ihe basis of ihe

ore rncdel by assumi-ng the'uppe:: bcund of -uhe cre Ga-p to be

equa--1, tc ihe dissr:ciation poient ial- of the ca-z'bon-na-lcgen

bon¡1. Thus i:r princrpì-e the O_r'e iloC-el. ltcu,'tcl- seen lo l:,e

::ea sona-J:1i. l,¡el-i f oundeal ,
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Ir¡ sys'r-ens other ihao ûÐ-ses anC scrse 1-iquicJ-s hol,ie1¡eï r

the unrrcdiiierì Cre theory pre,1i cts i;csiiloniu.:it f oT"tr¿,-+.icrt

probabiiliies i^¿hich e,'T:e at, va.ti ar:ce "..¡i th i;Ìre ::esul ts of
exi)è-r ire¡:t " Thij-s varicurs noCif icat icns of the Cre bheorv harre

been attempteC io expl ain the i¡a¡.icus exi:e rinental lreEru.--l-ts,

These rnodif ications fal1 intc bv¡o mein categor.ies: tìrcse ,,¡¡1ch

atlenpt -uo ex¡--iain Lhe a,cti an c! varì ous substaüces wiiich
inhibit the ior.nation of posit.¡'oniu.n (i/" T" GoL]ansj<1 196S)

and thcse whicìr aLLernpt +-t-. exi:]-ain the forüiation i:r.ci:abifjtv
â-S efîecied by pl-l5rs j ca-l- cÌranges i;c ihe sys-,Le:r. In ayr_err,1ptrng,

tc e xnl çi 4 ou-j: erpe::ineni-e.I resu.l ts r,¡re àTe inLeres t,ed j_n noC el s
of the second kind"

Table 5*L shor¡s rni;ensities ås ca,lculated by ihe cre

theoi'¡r conr-.arec tc ou.ï e:perirnenta_l_ resu_!_ts. As can be seeri

l-l-,¡ qe'-aâêr.,Þ- I : -L;-'J éör ur'..ç:ru f s ,:'(tûf-" Alsc clie is íaced r'.'ith bl-: e pr.o'1..Lel: ibav

ihe ATe lhecry dces not Cifferentie.te arnong the vario¿s phl/sical
ci-cr ¡c ^€ - -i:rcn q.rc..l-an r,'j..-i 1Ê eyCÊl ì,-an 1,2.. I r¡ I er,*e r..lrø-r*¡:c r.¡âr¡?, ..)f vLil ùJÈ uîlj: lttlrr

be fo'"::rrl i:r 3cin3 frcri ons sfate to another"

Tabl_e 5*L

Surbs'ia-nce Yt__. ïf 
. ca1:-,lla-ied T2 î::irer"l::e ntet l c (:: 

1(er¡) (ér¡) (íí) '/-"

fi^rri.-l c^r'ri-.:uL¿.r,..: .:Ul.l a

ê-rrcni a 1- C 
" ]Jr tt, í! 7'a 25:2 ?,5 + P

CJ'c1oi,leraire10"0l+"O8(J,6,3I.{.221'+?.,'tQ.|
-;-4lhq:re 12 OO ,r .)c,.¿-"7j ,!u)I : 'r,? -- 2 1,.: ,;_ a

Suia-rie g .o 3 rt+7 ..,:," "] 1..? lr z ,-! ', ?

-)i ..! oå. r'-r o:¡a r:. c i c 'l I O A /.r vs-uriv?v _ v u U a.Le )-UJÇ
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le:e nlly ;r.l c noc eL s l-ia.i¡Ê 'cecü ì-l'c¡osed .L.c ._Tila;_-r,

pcsiti'oniu.li f c:lration in I i t-ru-r ¡ì anrì srnì i fl s;rstens ant lhe
clra.l11"es lrhich: ocol-tr in:assini i::rl;;h a:.,h:.se cl,z:._::=

('f,1" -qra-ndt e"nd I Silrn ig/.5, ?,. Gu Lagu et alu tg6g) " fn tlre

rod e I rrctcsci by l}'and t aird spi-cr'. the ;' €,ss'':n,e the ¡:e:cenl,a",¿e

of posi-lrcns ior'n:ing pcsib::cnir'in i:r a Ej-ven substa,irce.r_s ?,-

constant ccnt:rolIed by the natu,::e cf ilre r:erjia-" rn thei_r

'.,:orl. ihcy ide:rii'i¡ 'btiree cctricnenl;s i,r t.tre ðece7, curve " I'he

I c:rlesi 1iverl coriponent is att.r'i-butec to t::ii,:_et ¡osiii:o:-riun
cecaying in ::'e¡;icns of 1oi'r density of the irraie:ri-a1 avlc the

shol'test coinponent (apirrori.:ralely .25 :rsec ) tc the cleca;r cf

sin¡;i el 1'csi-Lron lum pl-us the d eca.¡' oî triplet positroiriun in
regicns of high density" Tl'le t?rirci conponent (approxiinately

"iA nsec) tney a.ttribulte +,o i;he deca¡. of free ì,ositrons" f]:
+,lreir woltl! the;- fcur-d- t]¡e frac'c'tan ctf ;oeii;l.c;ns decaying

freel-y r"eraiired constani r"rith leni:eraLu-re u Al sc they fcir.nd

thet a.lihoLrgìr ll'le irelaiive intensiti es of the I cngest e.nð..

shcrtesi ccnponeirts r¡a-ried '¡rth tenÞe:la.ture their su.n rernained

consiailt " They then pos'cul ated that posit-royliuin f or:ir-¡ed in
cioruains l'¡iLh e free vol.u-ze I ess tha,n sone cr"itica-l f-ree voli;.ne

l"tc u t¿cu1cl anniirilale iir the f as*r, connoneì,Ì'; whi ie i,cs i Lt olriun:

f crmec- in dorra,ins i.¡ith a free ¡¡ol r-:.ìlre g-reater t,yte.n j;'" r.lould

aiil:-Ìrlraie ir: ihe icnger oclli;onent, llie;, further ass',:ned r,r,et,

the fra,-clron of pcsitrons f orii'ing tr j i-,1et posiL::cni.,lr in ¡:he

iow densify dcna.ins icolr-r-l¿ be ¿iveih ]:;':
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crhere Pgp ls the probabLllty of formatlon ln a donaln wl_th

free volume greater than V""

they gl-ve Pgg as r

Pgg = exp (-V"/V¡)

where v¡ Ls the average red.uced free volume per moleculeu

slnce v¡ can be eal-culated fron tenperature-d.ensi.ty tables

they were then able to fLt thelr experlmental results by the

cholce of an approprlate V"u

In thls work we have tpyo sets of experl.nental results
avallabLe to us wlth whlch we are abLe to oheck the valld1ty
of thls theory" The flrst of these ls the experlmentally

measured rz'" as a functlon of tenperature neasured. fron the

tl¡ne speetra durS.ng the oourse of thLs work" The second ls
angular eorrelatlon d.atum from vsork performed ln our laboratory
for whlch the momentum d.lstrlbutl-ons for a number of the

subetances stud.led have been worked. outu fn the momentum

dLstrLbutLons Ëwo components, a hlgh momenûum component and a

Iow momentum component are usually found." Flgures 5^5 and

5-6 lllustrate thls for the case of Amnonla and. Methane,

Prevlous authors (.A,, 1, Stewart L955, H, L" de Zafra and

W. T. Jo¡mer 1958, R. Au Ferell L956e Ð" P. Kerru Su T"

Chuang and. B" G, Hogg L965) have attrtbuted. the Lov¡ momentum

comporrent to the d.eoay of slnglet posltronluno If thls Is

the c&se then sLnoe statLsÈleally three-quarters of the
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Flgl¡nc 5*5

MsmenÈum Dnetråb¡rtlo¡¡ for AmmonS.a frsm Ángular

Gorreletlon Work

(A) : Stngtre€ Poe!.Èrore3.um

(B) - Tríptreb PoelËronxum and Fnee
An¡alhlnø€lons
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Flepre 5*6

Ï4ome¡abum Dås€rlbub1on f,or t¡IeÈhane from ångr¿ner

Correna€Xon Mork

(A) - Stsr8;3.et Fostrtro¡alum

(B) * Srl$¡}eË Poel$ronl.ram end. Free
Ar¡r¡lF¡lla&$.one
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poslürons fornlng positronlum wlll form ln the trLpLet state
and one-quarter Ln the slnglet eËaten rL the percentage of
counts arrS-vl-ng ln the lo¡v momentun component ehould equal

one-thlrd of 12 the percentage of trlplet posltronlum aÈoms

forned' Table J-2 gLves the experlmentalty found r2'e end

r1,'s for three of the substances studled." As can be seen Ln

all easea except for eolld. rnethane r2/3 agrees ¡slthln
expertmental error wlth IL" rn the case of solld. nethane the
angular correLatlon data ¡ras taken r{lth a strong cu64 source
('n,z curles ) and lt ls felt rad.latron d.anage ln the sanpre

may accounf for the anonalous resulÈ" Further stud.Les are 3.n

preparatlon üo clarlfy thls poLnt.

Substance

Table 5-z

Phase I¡ (%) î2/3 $)
Anmonla

Ammonla

Methane

Methane

Butane

Butane

Llquld.

So1ld.

LlquLd

SoLld

Llquld

Solld

7 +1

7 *1
11 JL

0

6 31
4 f I

8*1
8f1

L1 JL
11 *1
6tt
l+*r

ff rse noeÍ conslder the theory of Brand.t and. Spi.rn on

the basLs of these resulüs a naJor d.lscrepancy arlseso In
thelr work ln each of the substances studl_ed. approxlnately

one-half or more of the posltronlun forned. ¡cas forned. ln reglons
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ct |ri.3h rìensity a'nr\ sc decayec yi,â i-Ìre fa-sj; comnonenl;" 'lhu-s

.this i:ositloviirrt¡ does nct a-¡rpea.:: in Lhe 1c''n,ç-' I i f e1;i re cr:nì:cneni

of the srectr:a,o I{or;'¡e-.'er iî one bel-i evÕs ïna'i ihe l-or,¡ nonentu.r

rcri,ponen'c f ou-ncl by an.!ulai' corr.elatio:r sturd ies is du,e Lo the

deca¡' of sin3lr:t ilcsi'Lr"on1i;,n then al-l- che single-u pcsitrcnii1n

f oriled rrre¡4arrìiess of '¡hetirer it, is f ormed in regions cf hi¿iir

cr l-ow density should appea-T in ihe I cr^¡ momei-riurn co¡nponent" fn
or-:..¡' içcrlk u hcwerer u the percenta"ge of positrons ciecaying in the

l-ow monentun ccnponent is fcund to agllee r¡rith the anoLinl; oi

sin3-iei nositrcniun pred i¿iecl cn the 'oasis of the l ong l-ived

intensilie s â-s fou-nú 'cy bhe birne sLu.ci-ies " ?hu-s 1f the accepted

pictt-t:re oî I¡ l:einJ,ìue lo n;he deca¡' of s:ni.l-et iosit:rc_ri.u:rr is
cor:r'ect, 1,he theLìT'y of posi ¡-roniuirr being iormed in re,gi cns of

hi3;h densit;' fr:'orn'¡l:rich ii deca.¡rs es a fast. cÕr¡ponent lrrou.'l,d

nc b s eein tenaJ¡-"]-e 
"

Ìn bhe nocie] nroncseC l-ry T,¿.;rt;. et al" (L969), they

attenpt l-o ccrrela.Le f_rir--ie-u nosit::'onilin iiletirnes a"nd

lorination proba-bi ii.L:.es. Tc c1c thi.s 'Lhey na,ke ce;"tain assurnipt j_ons

concerning the f ornaticn of posiironiun i:r -sc] ids a-trri licu,id s 
"

These âs-qurnFt.icns are ]:na"t, in a si;l:stance positr-oniun: can cnJy

f orn :t1 T?..cày\cies which are 1-a-::.ger' ',;han the cl.assi:a"l C-li anetei.

of e positronirrn atom (1"0ó angsircms ) a.nd tlrat ihe fr.act j on

of posii-coris lor"nlng posit¡'oni-u¡r in e substa-nce is coni;ro11ecl

by ihe nurbe¡' of vacanc j.es iti "r,h dialletei's a'i:ove l;his or j tlcal

size, TÌ:e¡' fu::ther a.ssune t:hat, in a, sol-iri tìre ni;-inj:er of -¡a.ca.ncies
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'r'ri 1-l- ï'enain -ieesonabl-i" cof,srant;r l¡iih a- r,ì eclt€ase in C=nsii¡r oí

fhe nater"ia-l si:r¡ly e,lla.r"gini3 lhe exisLi irg v¿_cancie s r¡¡i L,houi

c:"ez.i!-nt '"an; n:r'l ollÊs, r':ir.le an ¡'assïe,; 'i;'nrou..:h the lili';'Lc-
sr;1ici !l1e-se trar:sition nor-e vacancies will be createcl as y¡el 

-'l-

es e::lar3c::nt ci e>llLsL:n: ve.cancles. TÌ:;Ls if i,:c a¡,:ly tris
norJ el i;cr orit' r'esu.1ts 1'üe sr:e i¡i the ca.se of J;r ct ohe xa.::e thai
c11 passing lir-rou5h the sc1icl-sc-"1-iJ pira.,:e tra:rsitioy: trerT l_itLl e

cha-n3': l t ftri;e:rsity takes i,l ace, rthil-e on r a.ss ir5 thr.cu¡h i\+
sol rd*1iqui cl Lransiticrr a large inc¡'eas ? i,^t the pel'centa;re of

oositrons ioliring, positron:Lriin is f oi,:nd " lilso in ihe case of

Butane å-n incr"ease in rntensity i s f ou-nd oll nelti-äg " Th,;s j n
bctï'l these câ-Ses this Íìorje,r err-n'i -r.ienjlr¡ e>lÞlainS the r.esu,-Lts"

fn the ce.ße cf Annonia z:nd llethane hctr,¡er.¡el. nc cìtan¡le in

T:rì;ensityu rz, is notec on meltirrg whir:h i-q ilr cisaareeneni

with Lhi s nociel.

An ç¡p'l 2,r.r¿-ti sn of thesr: r'esul_t,s is l-ìosslbl_e lí one

ccnsiclers t;he:"e1ati-¡e size ol the An:iloi.ti.a. and i',le,chane

irolecules as conpaz'ed to thai cf C;rclchexa.¡re, ]:;' Ì;a.king l-he

t-nLevat, oni c d i stance s an the c oval ent racl iu.s of hyclrcgen

(L " fa'rl in,S 1.9Ìl? ) c':e cai\ estin¿,rte the dia"inetel's of Lhe r¡p,--r'ious

rclecu.l-es as r Aili¡clt ia 1 "? zng;sf ronLs u i,letiraire l- , J ailgsLilclis 
u

Cycloirexa.üe J"B a,ngsfrons. Thus Cyclohexa.ne is tncre Lhan

'¿n:ee 'r,ines 1ar.2er l.h¡r'r i.'c,e oihe¡. two nol gculles. rf orale then

colî.s'i:l ers i;he inLerncl.ec-,t-7_a-.-r s1-acil:55 as ol¡L,ai ned f _rcn

criyst.ali,:r'rarhic ð¿.:,a (î"-j"C" :lar¡\book 1.ç(2,,:^,i" ,),J,:tr"Lrt¡;1-?5!)



!.?a

ilie va-i'l cu,s d i s 1;ances aïe f o'","nrì to be 5 ri 5 a.níf s'¡:T'cryis lcr.

A.-t;:tcnia., 5 "R9 a-n,:jst,,t'cil-e Ío'' i¡e LÌ'lene p-nå 6,L a-n6sùL'ons f o,rt

Cycloliera.:re iit the cui:,r'c s'r-.a.te" llltus ."he f::ee .¡c_l_riine fc:-:

iros i ironi l:.n î c::tp,,|-i.a¡^, j-n Cycl ohexaire j s crlrtlS i C elaì:1;' s:.nal-l e-r

¿ha-n rn ihe case oi tÌre cLhe,r" t',.io lrcl_ecul_es, iÍ one il.lei-L

i-'csÌ;r;.Lales r;i:a.I: D- ceria\n cri-L j_:a1 sizeC îy.ee voì_ur:e u r;real,et:
a;na.n t-Yte c1a.-c-eica.1 di_a,rr ete:: aî cositrcrr_rrtu is nece-csa_ry foi:

ircsiironiun f ormat_i. on 11; s€ers t)ossibl_e f ha.ç in the case cf

.4.ryrrnoit ia. a-nd l'leLha:'le bhei-e exi s "'- s' in the na-t'.;.-r'a-'l- 1a tt i ce sui fl i c i en i
f ree irolure 'oe tr¡lr:en ¡no,l-ecul es ior ;,csi larcn.t.i.).i f or-r:taliol: u :^:ìri.l e

i n tlf e CeSe of LÎ-;n,a ¡liê-.Þr'ì- i;hiS me,y 'nC:+- be SO " fn thi,S CASS

t\e nunber cf clef ee'bs i n ihe sol_iC c,?.us.: irq f .::ee *,¡ol ,;nes cìrer.

i:,he o-riiical sLze '¡¡oulri *lr.l{,:+1. i;l'r,: ârtrll-t1i il4 ¡:,cs.i-'i,:r.oniuirr

îor"'ir¡ed anC ihese wouilC i:e íj-ïlected Lo j.ncree.se ar ilel_i;iirg"

Tii lìie {l?-se cf l"leihane and A-:ll:cnia- i-rcwei¡e-¡'since Lhc: tiecessi:r-îy

fllee vc,'l-r,.r-ne e>:ists Ì:etween nclec'.1,1-es in the sclicl j:rha-se cne

l,;ou-1C nci e::pect ¡c see íL-t\ j.nci'e.a.se in inte,ist-r.;;' ir â.cil'tg. Í¡'cl¡:

the soficl Lo tte l-i.¿uii r¡ha-se"

This \Cee. r..rcül-d seÐn to Ì,:e li;ct'¡Ì oui b;. the res¡.1ts oi,l

!nt¿:.i'ie anL r:y Lhe r,ìreì.rlcr..ts l','ori', c!i lla,pL.h',1erie (Il " I-a,rd e-q et Ð"1 n

Â -, // \ .L9iC ) sii:-ce ihese e.re bo+-i'l lar'¿e :icle:u'l es .¡hich exhibit

clranges in r7 ai the Ì,rhese lra:'is:-tic,r,

A iirial ncini ln the cl.isc'.;ssicn cf fcL:rat-.icä

p:"cb,abil-i'"ies ¡-s lhe eî1ect, Cisscl-r'e11 o:*¡;¿c:r ìras on the

irrterrsify cf lri-niei; nosiir'cniünu ê_s ca-ri'be sÊel1 in F:¡" !r*1-?,
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elf e ct T.:asi vlcLelt jlcr f h€ ca se oí J;.cl a'i:exz-'n+.: " Th j, s i s in

le eineni; irith ee"r'l-ie:r i^¡crk (D" l]u ielr ûi ¿-l - 1Ç(:J) 
"

/ l,\ Lj -1ai.,'-T.--. !¡.È1r^ìôô :ra lì1 --+.i^ .r-^-t^
-)a-, _vrr._a:.tr: _._LjUtt.¡:i: :jLLr_,_-LUñ --lL t_ì.¿.¡r-:Ç .:j_jìU.J-l_,:_

iìecelt'l y iìcsi l:'tcn arrniiri-l-aiicn stuC ie -q 'ia.ve brai'rcheCr

in+;o 'Li^:o ¡ia,iir arêeE " The f it's'b a,Tee cc¡itains -i,hc, se sill,i,ie s

u"nderLa-içen io r:luciclaie thc-; -ILÐ"'L-Jïe ol'che posil,_l'on Cecay

i:f ocess :r:C e: r¡ar:c'is cc:':j iticns " Tyr-icar r,lc:llc cí this L j, ls
has i;,een ccnsirjereC :in the F,r€"ì' icus sect j_ons of thi s cl:ar:,,ter"

The second er'ea is thai! ïn i^¡hi ch the cosi iron has 'oe en -,l.seci a-e,

a. .c-robe in stu-Cying valior-:-s i-,Troperties oÍ rr:a"Lt:rj al-s " Typical-

of ihi-s i,;ork ha-s heeri'r the stucì.y of ij'ernl sur-îaces b)'err¡;r:-l-a-r

ca:rre\a,t, r-cÌ-r r',ror'l< (ii" Fu jiwa-ra airC C" Sueoka- tÇ6ó, D" Lu

ì'Ii1l-i,arLs eb ¿,J " 1^968 ) a-:rrj 'che atienpì; io cor::e1a.Le ihe Cegr.ee

o! crJrsta-l-1in:i;y i:r :reirriels l,l:-t-t: the 1¡a.li-cLr-s r-osi'r,ycr_ lezaV

rr,1-Þt-è| nne / I T 'lcr c-nå T -i î.-¡a,¡-,1 1O^r^ 
^ 

".' ^...\--\èv 1c-Á<¿v,+u.t- \uo u é lo.\, L O --O Lz/\,Jg :rø - o v\/r, lrU.L L7-)¿:9

f " i{, :.I,ac\enzi.e, .3" T* Au Ì,iciíee !966) ,

Since nunrerÕus sLrid ies of "rl,a-stic Crysta"l s" ha-ve i:een

perf cr.med in ihe pa-st iir an ai;tcrnpt i;o u:rd e.rsta.nci the incl-ecu.l-a-r

properf ies of these sr-i.bstances (Conf erence on ij-l-astic Cr;,r-<tal.s

- ^ /- \19ô1 ) it 1Àres feit t'na.t invesLi-¡;a.tion bj. the neLhod c¡f po-qii;:"on

a.nniì'tilation siror-;'l d prcr¡e insi-cu.cii.¿e in ass€ssing Ì;he .¡a-l-.ie

of posilrons as pr.cbes f or stu,dylng ¡:aterials cf this tyl:e,

The a-si:ect cf thcse rra-ter-ial-s refer-reri to å-s "'I-rlastic

Crystal.s" which ä:cst ini;ei'ested ir-s T¡;'âs the îa.c't- tha'L they ali

erhibit sol-id -scl id phase cha-nges " The se pha-se changes ;.ef er.
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-bO tìf e f ac:.l: +-i:a"i the lne_,_tef i fll r]ìrrì or.rnoc ¿_ Cha.i-r,c;e j-n I iS

cri¡sia.i-'l,c,3lta-Ðhic st:r'ücturre e't soÍl e tra-nsiti.ort ¡roint -

The írrsi i'lastic C-rj¡stal stur.lt ei r,re-s Clicloherane Since

e xter:sio,'e i¡cr.k has 'r:een caz'r'l ed. otit on this r:.¿-T-etia.f-" i:ìrecision
jIee,Sr..li'ernents r.;f i.he n1l-A.r þes'r Í,e-çni{-ic-q, Cpl of Cycl_oÌre:,:ane

'ile.ve estabiisherl i;¡:e exis1-.ence cl the sol-id*solid .ira.nsiticn

tc Ì-,e e.t -P.7,O(oC (.T. G" .,1-stotr, C, J" Szer ard ;i, -i," ::ink 1glr,

ha.rre deterninec f,!.,e,,\, the, high tenper.aiu_re sol_id pìrase i*q c:..:.liic o

t'¡hi:l-e the l-otni tenl-'erâ-i;Lr.r'e L,hase ha-s been d e-qcr.ibed ve-ri ousJ-y a.s

having à l-or,¡ class cf slrnrnei;r'ye a ironoclinic sti-ucture and â
trj-olinic str'.icttire (0" ãassel z"nC Ij" Ì(ringst¿-dt, L9jC, C,

lla.ssel e"nc! A-. l{" sonilerf el L 1-9J8, K" Lonsdale anð Il- s:ri.l,h rgig,
l" KrisÌ:rna li:-r.:tj- 1958, li" Iena'iC)" Exr:e:,1n:ents r¡ith

ul-tl:a-souncl inciica,Le Lha.L both the longitu-ciinal- anci, tra,nsr¡erse

ve'l ocities su.lfer a disccnj--inu.ity at Lhe tra-¡rsi bir¡n l-.oint
t(̂c. ll" scheie and J, E" Gr"een rg64) a,ncl infra*red a.'bsoi:pticn

a'bc¡¡e a"nd beloru the tr"a-nsition 'bernperatuL::e ccnf iLlms the phase

change (A, LeBoy Lg65) " liu-cr'ear nagnetic resc,nance

e::i;er'l inents have shor¡rn t:]nar, i;he line ,¡¡iclth and s n j n*laitice
rela-ration tine cha,-rge discontinu.ousl )¡ at -g6oC (.'t. F,n Anclrer,¡

a.nd R " G, Ead es Lg 5j) "

Tn oi.:.r work lifelirne sturlies i¡;ief.e ea,rr"i-ed or.ri on

cyc'l oirexane as a. function of temperature in the region 4j6aç
to +sAoC" As cait be seen in Fig:. Ly*1_6 .t;o 4*tg the long lifetine
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tZ shoir¡eiL a,n a-brunt change at the ¡-,ire-se +.ransition n :^tirile Lhe

olher deca"yr para.neters rena-ined. const,e.-nt, cr- sho¡¡ed only sne-l1

chan,{es " Ba-sed on thls resu.l t i b l.Toukf thus seern 'chat posiLrons

shoul-d be u-sefu,1 1n detecii-ng cr;rs¡¿l logra-phic differences in

me-teria] -q âs well- as ihe a-rnounl of crystaliinit¡r in a. su.bsta"nce*

Unfc:'bunately since ternpera-ture*d-eirsit.y dat.a for Cycloherane

in tÌ:e -colirl phase is not a¡¡ai\a.ble 1i Ì,'Ies not possible to

cal cu-l ate ¡¡hether" ihe chan,ge \n N2 aL the ira.nsi-tion ]-'oini is

sinnl;i fl¿s to a density cirange e-s predicterl by the lrree Volune

theory cr whether some o.Lher" mecha.nisin is operaiing" !-uriher

r,¡ork cn other maierj-al-s wil1 be necessaîy to cl.a-rity this

,ooint, hovrevey at bhis i;ine it l^Ior.r:l-d appea.r' the.i i;he posi-r.rcn

1i f etine techn.iciue provides a.nothe:r rneihod ic:r deiecting

so1icl-sol j-d phase chatlges in maieri a.1s 
"

Ivleihaïle which is also a- Plasti c Crysta,l exhibits e

so1i,l-sol-iC phase change at, 20ÕK- anl -qo v¡ith Lhe present

equ-ipinent r^.Ie l,,îere not ab-l-e ""o cool the sarnpl,e su.ffi ci-ent1*y io

investi.gale this particule.r' ti'ansition 
"
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