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PREFACE

In spite of the largo amount of thoorotical and exporiﬁonfal |
work that has boon dono on tho pho‘nomonon of positron annihilation
in difforont matorials, thoro aro still many suppbsitions and .
~ conjecturos that suggost evon moro work on such a matter, and it
- was the main purposo of this paper to find valuos of posiﬁron
 lifetimes bofore annihilation in unfeporf.od organic compounds,

- hoping that thoy add a small contribution to tho present knowlodge

on this subjoct,

Tho oquipmont used was anothor good roason to havo chosen
th»isv fiold of work, sinco its cost is relativoly low ard also ipart.
of it is already availablo at tho University of San‘Luis>Potosi;
Moxico, whero work on this promising ficld of physics is intonaod’

to comence.,:

I waﬁt to éxpre_ss my sincore gratitude to the vory valﬁable
gliidanco- and assistance of Dr. Botty D. Poila.k, £ho financiai s‘uppo_rt
of INIC, tho froquent holp and advices of Miss Concepeidn Sap.José,
and of course tho good will and patidnco of my wifo Marfa Isabol G.
d6 Ledosma who tynod tho thosis, all of which spocially contributod

towards tho complotion of this papor.
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CHAPTER I.
INTRODUCTION
Dirac’s Thoeory

Tho existonco of positrons, the anti-particlos of eloctrons,
was prodictqd in_1928 by the rqlntivistié quahtum theory of P. A. M.
| Dirac (1) which was publishod in’193o (2). Dirac assumod that tho
oquations_ddscfibing thd.oloctron woro iﬁvariant under Lorontz
transformations, and roguired a symmetry proporty botwoon aloctronic
statas of poéifdi and hogativo total onofgyn Dirac thus inforrod that
electrons could occupy a cortinuum of negativo as well as a'continuum
of pdsitiVo erergy states. Tho positive oncrgy states corrospond to
what wo commonly knrow as‘tho oloctfon, and tho nagativo onorgy'statos.

to what we identify with a posiﬁrono'

Although this result was first takon as cvidonco for tho failure
of Dirac®s cloctron thoory, sinzo tho positron had not so far bcon
found oxporimontally, four yoars later, C. D. Andorson {3), working

in tho California Institute of Tuchuology dotoctod tho positron in a

cloud chambor oxpeoriment.,

Dirac assuméd in his thoory ucgativo onorgy states all of which
~weore filled up with clectrons which did not produco an extornal
eloctric field, andvdid not contrihuto to tho total chargo, momontun

and enorgy of tho systcem, such thet when one of thoso negativo lovels



was empty, tpis would represent a moving positron, as opposed to the

moving electron corresponding to the positive level.
Positron - Elsctron Annihilation.

“ The process of annihilation of an electron-positron pair is
achieved Wheh an elsctron falls into the empty state or hole
reﬁresenting ths positron. Charge is conserved in this process but
not ths number of particles. The mass - enorgy conversion is

always 2 2m002 where my in the clectron mass.

—

Annihilation processes - may be expressed symbolically as
BT + g~ — MY

where n is an intgger that can havo valuesof 1, or 2, or 3 depending
upon the onvironmoht andfor the stato of tho olectron-positron pair
- at tho instant of annihilation, and theorics are deveoloped by
choosing the bost parameters that can explain adoquately tho
anﬁlhilation process. Such a choico of ﬁaramotors doponds of
course on the several factors involving annihilation; i. o. a)
annihilation of a positron and eloctron whon oither onc is a froo
particlo, where following Dirac (1) tho mean lifo is invorsely -
proportional to tho density of the medium for free annihilation
and is oxpected to vary from elemont to element; b) annihilation.
of the positron and electron from the bound, unstablc state called
positronium which serves to explain tho long lifotime and which
thoory will be deveoloped in more detail in Chaptor Il; c¢) annihi-
Jation of positrons boforo'tﬁoy como to rost and whore theo
collision cross section is tho important paramoter; d) annihilation

of positrons when thoy are slowod down to thormal velocitios, in



which the electron density and molecular structure play important

pérts.

A good'approﬁch to the sﬁudy of positron annihilation in
matter is that of lifetimes, which are relatively easy to measure
 experimentally, Such measurcmonts give informafion about the
interior of the sample where the positron annihilates, since the
annihilation rate éf tho gamma rays produced by the pfocess
dopends on the préduct of tho wavo functions of tho annihiiating
pair; The gamma rays produced in the annihilation can pass through
the sample without being approciably attonuated or scattored thus

reducing complications and errors in the experimental rosults.,

Indubitably, the presence of a positron in the sampls

alters its elcctronic configuration. This is shown quantum
mochanically by a distortion of the olectron wave function and
must bo takon into account in order to interpret the annihilation
data. Howovor, whon the positron captures an olectron fo form a
bound system, the olectron>wavo function is not altercd as much,l
"and more information can be obtained since now the positron
lifetime depends not only on its environment but on the internal

properties of the bound systom as woll.

In goneral; positrons entoring a condensed medium have shown
a complex lifetime spoctrum (4). When tho positron entors the sample
under study, it will lose energy mainly by inelastic collision

and thon it will find itself in & rogion whoro both = direct

W



annihilation and positronium formation cross sections aro
important and become compoﬁing factors. At still lower ohorgies
direct annihilation may occur (5). Somo of tho pqsitfons arc
found to decay with an intonéity I; and a short lifetime of aboﬁt
10"10 seconﬂs called tho 1] component , while:the rost docay with
an intonsity I, and a moanlife of about 10-9 seconds, which is

called the anomalous long lifetime, or'frz component ,

Tho intonsity I, has boon found to vary from 2% to 53%
and according to some reports is mainly due to the decay of
triplot positronium by "pickoff" annihilation with bound lattice
olectrons (6). Tt is rocognized that certain corrolations botwoon
I, and various proporties of tho molocules can be used as information

about molccular structures.

This papor aims toward checking some reported values on long
. lifotimes in condensod (liquified) matorials, and making now
moasuroments that may contribute to reenforce the prosont theories

on positron annihilation.,



CHAPTER II.
THEORY .
Positronium Formation and Annihilation.

It is naf.ural to‘assume that positrons and olectrons attract
6ach othor bocause of thoir: obposito olectrical chéz;gés; so that
before annihillationvtakes pi‘aae they would momenté.rily' bo}have' as a
quasi-stable system. Mohorovicic (7) as early as 1934 proposed
such a bound stato, Ruark (8) suggosted the namgipositronitim for
tho system, and it wvas‘ Doutsch (9), (1;.',0')>who véri-fied expeﬁmntally

 its existen_co in 1951,

This poéitronium Matom® can be tre'atéd as an isolatod tuo body
system similar to the hydr-ogenv aﬁom, having potontial evnergy.of th;a .
form —ezlr where o is tho olectronic chargo ahci r is f.hc distance
betwoon tho charges, kinetic enorgy equal to ono half that of t‘"xo
hydvogen atom; with an oener E,j in the nth guantum state o*"

Wn = - ZT; Tht [7—( + Ml;)]

where m is the eloctron mass and MH the hydrogon atom mass, and a

wave function in the ‘gr-ourdv state oxpressod as
Y, = 1% (e % exp. (C7/2al)
, o 2"—0 P-
s ﬁ/me

represents tho Bohr radius for the ground lovel of tho vhydr'ogon

atom.



Latér work by Boll and Graham (4) roaffirmed the thoory of ‘
positroniﬁm, which is said to be in the singlot stato (1s) whon tho
pdsitron aﬁd-eléctron}are bound with thoir spins ahtiﬁarallél, or
in the triplet state (33) whon their spins arovvp'arallol. Tho
rfc‘armer 'i:s called the parapositronium and the latter ﬁhe ovrt.ho-

positronium.

Energoﬁics of positronium formation are wocll described by the
"Oro gap“‘mochanism,vas oxplainod by Do Zafra and Joynor (11) ini
thoir exporimont on the tomporature offect on positroniannihilation.
Fﬁguro 1 shows how the Ore gap is directly dotermined by tho
Iionization pétential Ei and the lowest oxcitatioﬁ potontial E0

of tho surrounding atoms as well as tho positronium binding onorgy Ep;

Positronium formation by positrons above the Ej lovel is uhlikely,
duo to the proferonco for inelastic collision, and impossible below the
- bottom of the Ore gap duo to lack of sufficiont onorgy for eloctron

capture.

If it is assﬁmcd that positrons will be more or loss.ovénly ;
distributed enorgy-wise between Zoro and EOYafter undorgoihg thoir
lad;poSsiblo oxcitation (ihelastié) collision during the slowing
down procoss,bthon tho ratio of tho width of thé Ore gap td the .
width from zoro to Ej indicates that fraction of ontering positrons
which form positronium. In the casc of motals; an Ore gép‘ doos not
oxist bocauso of tho large numbor of conduction eloctrons which lower

the binding enorgy bolow 6.8 ov.

Onco positronium is formed, information abbut the positrons lifo-

time is carried out to tho obsorver by gamma rays which transport the
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‘Figure 1. Encrgetics .of Positronium Formation, (  After Do Zafra
: and Joynor (11) ).
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onergy rclcased in the positron-oloctron péir annihilation.,

As prodicted by Ore and Powell (12), the singlet state, having
a total angular momentum of zoro, decays with emission of two quanta
and tho triplet state with a total angular momontum of ono, decays
with tho.emission of three gamma rays. Discussions on thi§ mattor
are, in general, rgétrictod‘to léw energies botwoon the annihilating
particlos, sinco from annihilation-in-flight studios by Heitler (1),
tho probability that a positron annihilates while in flight is about
2% for 500 Kev positrons, whilo other oxporimontors (13) have shown
that the momentum of the annihilating pair is aboﬁt mec /137

corrospondiﬁg to an enorgy of just a fow clectron volts.
The Long Lifotime Componont.

Upon studying the time distribution éf the annihilating radiation
emerging from sampleé of condensod material following the absorptioh
ofvpositréns by tho saﬁples, Boil and Grabam (4) reported that many
of the studied materials showed a complox time décay curve with twoe
* distinct components of comparable intensity 5nd difforont lifetimes,
onc of the 6rder of 10"10 sec.vandvanother of the order of 10-9 Sec.
These lifetime compononts arec called tho'?; and Qé.componénts -
respoctively. The’?; component. is élso roeforroed to as the anomalous

component because of its unoxpectod éppearance in the results.

Boll and Graham (4) oxplained the’zi;component found in
oxporiments with a mochanism of ortho-parapositronfiam conversien -
(triplot state to singlet state) which depopulates the triplet state

with a meanlife of 1077 sec, to the rapid decaying singlot state, mainly



duc to collisions with atoms of the sample matorial. Forrell(5)
thooretically worked on this cxplanation and complemented it with
a process called "pickoff" annihilation, in which tho decay of
triplet positronium is dus to the annihilation of its positron

with a lattice eloctron in the neighboring atom or moleculo,

Tho mechanism of "pickoff" annihilation was further observed by
Greon and Boll (6) whilo working on tho variation in the amounts of

positronium formed in liquids and amorphous solids.,

In certain materials, a collision induces an actual oxchange
botweon tho electron in the positronium atom and an elsctron of
opposito spin from a neighboring atom that has two ciosely spaced
onergy levels of opposite spin, one of which is empty, and whore
the positronium atom must furnish and amount of enorgy oqual to tho

difference in levels,

Iifotimes are also alterod by materlals whose cnergy lovel
spacing is of the order of thormal eneorgies, and which are known

as Yquonching® agoents,

Anothor offect that hastens the destruction of positronium
is the mixing of the 1S and 3S states by means of strong magnotic

fields (14).

Bell and Graham (4) also found out that the long lifetimo
component docroased, in gonoral, as the sample is coole?, although
later work has shown that tho tomporaturec effect is in reality a

density offect (11).



Annihilation Lifetimo in Solids.-

From méasurements of Boll and Gra?am (4) it was settled that in j
motals, positrons have a sihgle lifetime of tho'ofder‘of 10-10
seconds,; but in amorphous solids such as plastics, fused quarte,
ote., two lifetimes are obsérvod: one of tho othor of 1010 soconds,

and tho “anomalous™ lifotimo of tho ordor of 10~2 soconds.

Enorgy losses for the positron entering the solid are largoly
due to inelastic collisions with tho solid thermal lattice |
vibrations. As a rosﬁlt, the positrons attain thormal eduilibriﬁm
wifh the lattice in a ﬁime short comparod with its moan lifotime as
stated by Do»Bonnqdetti‘ot al (15), and onco thormalized, the
positrons diffuse randohly thréugh tho solid ﬁithout any furthor
energy gain or loss on tho average, and thon are oventually
annihilatod. Do Bonnedeti ot al calculatod a thormalization timo
of 3x10710 soc. for gold, and concludod'that_positrons ontorihg

gold werc thermalized before annihilation.

For metals as was montioned atbthe boginning of this section,
Boll and Graham (4) showod in 1953 that positron lifotimes aro of
the order of 10~10 secords, which puts in ovidqnco the calculations
-made by De Bonnodeti ot al in 1950. However, five yoars later, Loo-
,Whiﬁihg (16) calculatod a thormalization timo of 3x10'12‘socbhds for
metals, which is considerably shortey than the lifotimo’of positr§ns‘
in tho madium. Loo-Whiting toock into considoration othor fﬁétors
" that make the positron lose enorgy upon ontering tho sblid, such as

ordinary Coulombvscattoring and froo eloctron scrooning effocts.
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Positrons aftor being thormalized, form triplot positronium in
somo fraction of tho casos. The triplot positronium is then convorted
to tho singlot state, rosulting in a lifetime shortor than that of tho

triplot stato,

Ih_tho jonic crystals, which may in gonoral bo considorod as
olastic sphoros, whon positrons aro thorﬁalizod they.ﬁocomou%t
pfactically “swarmod“ by froo oloctrons bofores positronium can be
formod, as pointed out by Ferroll (5) who showod that tho nonformation
of positronium is essentially duo to tho fact that thoro is no room
in tho crystai for a positréniumbgtom;‘Tho observed lifetimes are of
thq order of 10~10 soconds although thoir.mqanlifo varioé Qvor.é wider

rango from samplo to samplo, and whonvfhoy Bolong to tho’thidoifamily,
‘they show a lincar dopondoncé Qn tho halogon ion radius as obsorved by
B. D;_Pollak (17);'rather than tho cubic depondonco roported by

" Ferroll (5);
Annihilation Lifetimes in Liquids.

~ Sinco the experimontal‘stﬁdies of positron intoraction in solidc
and liquids bvaofko and Horeford (18), it is krown that tho
;nﬁihilation of positrons in liquids féllows tho samo goneral pattorn
of tho amorphous soiids and plastics, with respect to tho complex

decay modo and the rosulﬂing intonsiinS.

In liquids; thoro aro at loast two indopondcnt annihilatioh-
i Statos‘with'lifotimes of tho order 40710 soconds and 10~9 soconds.
Roports of cxperimonts on magnoti§ 'hﬁonching" (18); froo radical
intoraction (19); and larger 3Y¥ ratos (20) indicate tho formation of

_pbsitronium in thoso matorials, which in turns oxplains tho obsorvation



of the anomalous lifotime componont. This 'Z:z_ componont also varies

strongly from sample to samplo.‘

Borko and ZucAholli (19) found that tho long lifotimoe componont
couid bo altered by introducing a propor “quenching® agent in the
liquid without altoi'ing tho intonsity, while Groen and Bell (6) also
found it possible to "quonch® the intensity without approciably

changing tho long lifotime obsorved in watfer. .
Annihilation Lifotime in Gasos. -

Exporimpnt;al vorification of tho oxistonce of positronium was
first repdrted by Doutsch (10), whose work (9) showed that :a_,nnihi;-
lation of positrons in gasos has also a complox spectrum, similar to
that observed in amorphous solids and liquids, with the differonce
that in gases the density which affects the froe olectron cross
soétion is groatly reduced, rosultihg in a longer lifetime for

annihilation by direct collision.

Actually, threo soparatoc lifetime compononts are obsorvod;_ a
short lived componont of the ordor of 10-10 soconds duo to annihi-
lation of parapositronium, a secord lifetime of the order of
magnitudo prodicted by tho Dirac cross soction and inversely depondent
on gas pressuro, and a third lifotime of the ordor of 10~7 secorxis,
indépendont of pressuro amd due to the amnnihilation of ortho- |

positronium,



'CHAPTER III.
EXPERIMENTAL METHODS
The Electronic Circuit

The basic electronic circuitry'used in most of the works
referred to is essentially the same, (compare figures 2 and 3).
It is designed to detect and measure a delayed coincideﬁge between
a 1l.28 Mev nuciear gémma ray, also called the "prompt" Y -ray, énd
the 0;51 Mev annihilation radiation of the positron which was
emitted almost simultanedusly with the prompt 8'-ray; these
tﬁo events, the emission of the nuclear gamma radiation and the
positron emission:occur‘very conveniently in the isotope Na?e,
wﬁiqh is thus the most suitable am@ng'th@ positron sources used
in p@gitrgg lifetime studies, This isotope is a '
positron emitter. It'hgg~b@ég thoroughly studied (22), (23), and

hae & helfelife of 2.6 yeavs, See figuve b.

Most invegtigat@rg have g@ed a fast=slow colneidence eireult
to regozd'a "delayed triple g@igc;dence".'lmhis delayed coineidence
bétween the 1.28 Mev nueclear gamme ray and the 0.51 Mev‘annihilétiqn
quanta 18 set as a function of an avtificisl delay in the time
channel.- | .

According to Newton (2U4), who wes emong the first in develop-

ing the mathematical form of delayed coincidenée resoluxion_curves

13



| Photo- Samplo Photo=
multiplier O mltiplior
Limitor Dolay Lino Limitor
Amplifior
Amplifior Amplifior
Discriminator
Dis=~ * Dis=
criminator criminator
Triple

Figuro 2. Block Diagram of Eloctronlc Circuitry Usod by Boll

Coincidenco

and Graham (14»)
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Figure 3. Hlock Diagram of Electronic Circuitry Used by Korr:

Slow Coincidonco

P21 Samplo 21 -
Photomultiplior O Photomultiplier
Limitor Tine to Amplitude Limiter
Convortor

Amplifier
Ampli fier 1°Xn§§;’§il_ Amplifior
Gato Pulso
Gonorator
eriminator Hoight
Analyzer

Scalor

and Hogg (21),

15



Na 22 (2,6 yoars)

@“* (89%)
99%
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0+

Figﬁre L4, Docay Schome of the Isotopd N 22,
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'fér the oxpofimdntal sot up considored in those studios, artificial
delays aro inserted in cach sido of tho eircuit so that tho‘"prompt“
coincidénco rdsolutibn curve P (x) occurs whon thoro is no ﬁatural
dolay, i.o., whon the 1,28 Mev radiation with a lifotime too short

to be mocasured by the coincidence circuit occurs,

A block diagram of tho clectronic oquipmont used to obtain the
data roportod in the final chaptor of this work is illustrated in
figuro 5. The contor chanaels together with tho timo to amplitudo
convertor (T.A.C.) coﬁstitute tho fast part of tho circuitry and
the side or "onofgy“ channels including tho triple coincidenco unit,

form tho slow part of the circuitry.

The oporating principlos of the cquipmont arc as follows?
Tho gamma rays or annihilation quanta produco photooloctrons in tho
detector which is a scintillation crystal assombled hoad-on with a
photomultiplior tubo that converts oxtromoly woak photocloctronic
signals into largor output pulsos whosc amplitudo corrosponds to tho
cnorgy of the gamma incident upon tho erystal., Thus tho 1.28 Mov
ruclear garma pulsos arc roughly 2 1/4 times tho size of tho 0,51

Mov annihilation quanta pulsed.

For each gamma detoectod, tho photomultiplior tube gives two
output pulses, onc out of the tenth dynodo going to tho slow
circuitry through tho side or enorgy channol, and the othor out of
the anodec going to the fast circuitry through»tho contor:cﬁannoi. o
Tho side channels have discriminators that block all pulses which

aro not necessary, such that a discriminator is sot to pass only
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-Photomultiplier Sample Photomultiplier
56" AVP 56 AVP
Limiter Limitor
- <—— Variablo Dolay —>
Cables
Cathodo A Cathodo
Follower Tigo Fadllowor
Amplitude
Convertar
Amplifier Amplifior
and Dis- Shorting Stub Shorting Stub and Dis-
criminaton criminator
3X
Circuit )
Gato
Multichannel Wide Band
Analyzer Amplifier
Figure 5. BHlock Diagram of Electronic Circuitry Used in This

Thosis.
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- 1,28 Mov gamma pulses; and the othor is sot to pass both 1,28 Mev -
and 0.51 Mev gamma pulses. This oliminatos false coincidencos

between two 0.51 Mov pulsos.

The twa pulses thon go into a coincidence circuit; with a
. rosolving timo éf ono microsocond. Whon pulses frém each side
dhénnol arrive at this coincidonco circuit within_onb'microsocond
of oach othor,-é‘positivo pulso abpfoximatOIy four microseconds
wide appeérs-at.thc output and it sorves as a ®gato™ pulse for the

miltichannel analyzer by turning it on to rocord tho T.A.C. pulsos.

These T.A.C. pulées are producod whon tho signals out -of eéch"
photomultiplior anode enter into its respoctive limiter circuit,
which producos flét top pﬁlses with shoft fise.timbs and‘ofvtho»samo“
_hoight, (riso timos are ostimatod to. be less than one nanosecond and
- flat platoaus of'abqut five microsonconds) rcgardless of whothor the

pulsc was due'to tho detection of a 1,28 or 0.51 Mov gamma ray.

Tho pulses aré_then transmittod By variéble longthé of RG-?/U

‘ ‘coﬁxial céblos wiﬁhAa charactoristic impodahce.of 97 ohms,;to
T-jﬁnctions ﬁhcro thoy split. TheACIipping Junction consists of 183
contimoters of sherted RG-8/U coaxial cablos with an impodance éf 50
ohms. Part of cech limiter pulse flows down tho shorting stub to bo
refloectod at the short circuitod end and roturns to the T-junction,
roducing in this way the width of about five microsoconds‘in tho
original pulse to a width of 2t, whore t is the time requirod for

the pulso to travol tho length of tho shortod RG-8/U cablo.
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With 183 centimotors lengths of shorting stubs 2t is about -
15x10-9 Seconds, thus only tho fastest rising portion of tho limitor

pulses arc used as inputs for the T.A.C.

Whon the ®fast™ pulse from one limitor is produced within the
timo of activation of tho othor limiter, a suporposition of tho two
signals occurs at tho input of tho T.A4.C. and with this unit proporly
blasod, only tho overlapping portion of the two wavo forms will bo
transmitted, rosulting in an output pulso with its hoight boing
proportional to tho overlap in timo of tho two limitor pulses. Thon,
in order’to bo countod; a pulsc from tho T.A.C. must rcprbsqnt a
truo coincidenco, satisfying both the timo and cnorgy conditions of
vtho circuit, such that tho analyzer accopts output pulsos from tho
T.A.Ce‘only whon thoy are allowod by tho coincidenco unit which
chocks" the pulsos for the corroct oncrgy in the sido channels and

the time soparation in tho contor channol.

 In the Multichannel Analyzcr, the pulsc height of an input
pulso from tho T.A.C. is converted to channol number by an analbg-
to-digital convertor. Tho magnitudo of tho channcl numbor is a
linoar function of tho péak'amplitudé in thé input pulsos;r A count
ié then recordod in the propef channol, and the timeo difforonco
botween tho appoarance of tho 1.28 Mov and the 0.51 Mov quanta is
obtainod from tho conversion factor of the time incromént'por channol

number in tho T.A.C. ~ Analyzor systom.

Apart from somo minor adjustments and appropriate sotup for

this oxpdriment,; the oloctronic circuitry and additional eguipment
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used, was basically the same as thoso previously testod by Loper (25)
and Pigg (26) whoso thoses wero of groat use and value in the

completion of this work.

The scintillators used wore Nuclear Enterprises NE 102 with a
décay constant of 3.5x10‘9 seconds, specially designed for room
temperature exporimonts and with a maximum omission peak at 4,200
Angstroms., The scintillators wore attachod hoad=-on to tho photo-
multipliors. Dow Corning silicon grease was used for better optical

coupling.

The photomultipliors used wero Amperex 56 AVP, with 14 dynodos,
high gain of approximato_ly‘io8 at 2000 volts, rapid risc timo of
output pulse (2x10~7 soconds) and short cathodo time difforenco

(3x10710

seconds at 2000 volts). Tho tubos woro positioned
horizontally at 180 dogroos to each othor, prdpofly protocted,
socketed into a fixed chassis that containoed also the cathode |
followor and limitor circuits, and woro usually opofated'at about
1850 volts supplied to tho anode by a Hamnor High Voltage Poﬁer

Supply, Model N-4035.

Tho limitors usod Amporox 5847 pontédos and the cathode

followor usod 6AKS5 pentodes.

Tho energy discriminations were acomplishod with Non-Ovorloading

Linear Amplifiors, Baird Atomic, Model 215.

The two output pulsos from these amplifiers wore transmitted
to a Coincidence-Anticoincidencoe Analyzer, Advance Radiation

Enginooring Corporation, Model 401,



Tho T.A.C. was a copy of the one dosigned by Simms (27); and
the positive pulsos out of it wore inverted and further amplified
by a Howlott Packard Model 460 ER wide band amplifior. Thoso

nogative pulsos woro then fod into the Multichannel Analyzor.

Tho Mutlichannol Analyzor omployod was a Nucloar Data 512

" channel Analyzor, Modol ND 130, in which data woro colloctod only
in 128 channols. Tho data rocorded by tho analyzor wero displayod
on a Toktronix Oscilloscqpo, Modol 503; and typed out by an IBM

olectronic typowritor.
Calibration of tho Time Amplitudo Convertor.

For a givon longth of dolay cable botween limitors and
T-junctions thoro is a dotorminod ovorlap at tho T.A.C. allowing

an output pulse from it,

This effoct rolatos dolay cablo length, which can bo oxprossod
moro conveniently as dolay time by knowing tho pulso volocity in
contimoters por nanosocond in the RG-7/U cablo, to tho poak channol
numbor (road out from the Multichannol Analyzor) of a time

distribution curvo for a sourco of “prompt ® gammas.

Thus, whon tho cable length is varied in one side of the
limitor-to~T.A.C. circuit, and the rosulting poak channel number
of a time distribution curvo of a known source is rocorded, the
plot of a straight 1lino called the Apparatus or T.A.C. unit

Calibration Curve is obtained. Seo figuro 6.

Thoe range of lincarity of tho apparatus is eesily soon in this
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graph, and tho calibration factor k is roadily obtaindd in units of
socords por poak channel numbor which is usod in tho calculation of
lifotimes from tho final data stered in‘tho Multichannol Analyzor

whon a samplo is studiod.

Tho sourco of “pfompt“ gammas is onc with a delay botweon
emittod gammas which is short in comparison to tho rosolving timo
of tho apparatus, whero theo rosolving time 1is dofinod as tho width

of a Yprompt" curvo at half-maximum. Sco Figuro 7.

Aluminium was usod as the “prompt® gamma sourco} it has a
| single lifotime for positrons of 1.9){10'10 soconds as rceported by

Boll and Jorgonson (28),
Proparation of Samples.

Sinco tho organic matorialé undor study wore all lig.lidss an
'Fopon“isoﬁrco tochniquo was usod to preparo tho samples. This was
dono by diréct doposit of about 5 microcuries of Na22 in tho form
of Nazz'sdlution, insidé the glass vial containing thé'liquid-sample
to bo studiod. The container was 1.5 om, in diametor and 3 cm.
high, which insured that less than 2% of the positréns emitted by
tho Na%2 would annihilato in the walls of the container (29). This
- direct deposit of Na22 into tho sample proved to be tho bost (30).
Tovgot tho data noedod to obtain tho aluminum curves, the “sandwich"®
sourco technique was used. Na?? was dopositod directly on housshold
alumimim foil fixed tightly to an aluminum retaining cylinder

espocially designed to hold around the flours.
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~ This curvo gave a calibration constant of

= 1.46x10°10 s0c/channol
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It was then evaporatod and "sandwiched® botweon two 1/10 inches
thick aluminum dises., Houschold alumirum foil was choson becauso it

has beon degroasod.
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CHAPTER IV.
RESULTS AND CONCLUSIONS.
Data Techniques.

Once the electronic equiprient was calibrated and tested for
performance, according to past oxperionco of provicus work with tho
samé systom (25), (26), cellocting tho data was complotely automatizod
in tho sonso that only the "on® and Woff" switch position had to bo
mamually controllod to start or cut off the accumulation of data iﬁ

tho Multichannol Analyzor.

Data woro allowod to accumilate until a woll dofinod form of
tho curve (éoo Fig. 8) was obsorvod on tho scroon of the Maltichannol
Analyzor oscilloscopo, tho timo of accumulation varied from saﬁplo
to samplo duo to slight difforcncos in the source strengths deposited
on oach samplo, a trpical timo boing arcurd 3 hours. Bofore or
after oach rum an aluminum calibraticn curvo (soc Fig. 6) was
takon in crdor to havo a chock on tho stability of tho apparatus,
and to got tho calibration constant noodod to computo tho positron
long lifetimo in thc samplos. A typical accumulation time for tho

points of this curve was 1/2 hcur per cable length.

In tho curvo displayod on tho oscilloscopo scroon, the

27
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ordinatos roprcséntéd‘thd numbelar‘ of coincidori?:os botwoon "p.r‘ompt"
‘gammas and “annlhllatlon“ gammas , and tho abclssas roproscntod
b‘tho channol numbor whoro thosc 001nc1doncos occurod. Tho curve -
analyzod had a rango of }28 channols although to dotormino tho
. long lifoﬁimo'dnly the information adntainod usually from chahnol‘

55 to 85 was usod.

' This information wés printod out by tho cloctric IEM
typowriter attachod to tho eloctronic systom. With tho printod._
:  data; éoihciddncovdolay curvos woro plottod on somilogarithmic
vupapor'and,tho analysis was carriéd out as'~qutlinod;ih tho noxt

'parangph.-
Analysis of ~CGoincidonco Dolay Curvos.

Tho mothod usod for studylng tho long p051tron lifotimo
‘jbehav1or basod on tho dolayod c01n01donco oloctronlc tochnlqués,,
givos anﬂoxporlmontal curVObthat is a comp051to of the apparatus
ioioctrbnic_roséluti§n curvo, or "pfqmpﬁ" curvo,rand tho dolay '
cbincidohéﬁ'curQO dﬁo to the annihiléting of poSiﬁrons‘in'tho‘
sampld'ﬁhdér invostigation; This doléyod coincidonco curvo may bo
duo to tho long lifotimo "(7_ and/or tho short 11fotimo _’Z‘ dopondmg

on tho samplo b01ng studlod.

 fThp3mathomatical form of tho dolayod~coincid§nco burvos,

3 givos Simpio.mbthods to analyzo tho oxporimontél,déta} Tho

29



anoﬁalous long lifetime componcnt is oasilj rocognized as being
prosont in tho somilogarithmic plotted data by a ™ail" in the
form of a straight linc that broaks off an othorwisc normal dis-
tribution curve along its side. 1In order to interprot the rosult-
ing oxporimental curvo, it is necessary to dofine tho apparatus v
rosolution curveo, or “prompt" curvo, which is obtainad by
vplotting coincidoncesof a sourco of simultanoous ovents as a
function of channol numbor. Providing tho drop off rate duo to
tho ceincidenco apparatus is less than tho moan lifotime of
positrons in aluminum, an aluminum time distribution curve
corrocted for positron lifotimo in aluminum, can sorve as a

"prompt " curve.

Tho mathomatical oxprossion (24) for tho delayod coincidonco

curve F(x) thon is
S acd

F(x) = )( f(t) P(x-t) dt

0
" whore P(x)v= prompt curvo (acjustod aluminum curve)
f(t) = probability of a positron annihilating in an
interval dt in a time t (timo distribution to bo
moasurod )

x = artificial dolay (i.o. channol numbor)

This oxprossion is valid under the conditions (31) that
(a) tho quantitios x and t aro intorchangeablo, i.o. tho insortod

dolay mochanism does not affoct the pulsc shapo, and also that

30



(b) pulse shape distributions in both channels of coineidenco
circuit are tho same for F(x) and P(xj. Cordition (a) is satisfiod
by using short dola.y cables of negligiblo attenuation. Corx‘-.i;f;i‘on'
(b) is mot oithor by assuming that the samo type and enorgy of
‘radiation onters the detociors from both sources or by propoi; pulse
-shaping or pulso hoight s'olect:‘lonv, which is doné by the use of |

limltors sot just aftor tho photomultiplier anode.

For tho case of a single doca/a.y, which is the caso exhibitod
by the positron lifo’éﬁimé docay, an exponontial distribution in timo
is obtained such that ‘
sl(t) = A e"xt for T =20

F(t) = O for 'EéO

whore T =*55\ = meanlifc of positron
4 0
-2t —
thon F@):)\S et p(x-1t) dr
: N o ,

ard differontiation with rospect to x gives

é“;;@ = A Po) - F®))

.r. Plx RN ' .
J—Q/n F(X} = X [‘ — ( ) > -—A whon () >>P¢o)
ax F&)

So, tho slopo of the F(x) cumve on somi-log paper gives the
‘reciprocal of the mean lifetime. The dotormination of 7, from .
tho tail has tho advantago of involving only onercoincid‘enco

curve. Thoro is therefore no noed to bo concorned with pulsc
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shapo distributions, (condition (b)) but this rostricts the prac-
‘tical uso of tho tail mothod (31) to "1/2.77 rosolution timo of the

apparatus,

Tho slopo>of tho curve is bost obtainod by using tho mothod of

,’ woightod loast squares. In this mothod tho ossontial problom consists
of fitting a straight lino to n points (5{1 ,yl), (XZ’YZ)"’ (xi;y-l)...
(xn,yn) for which tho standard doviation of y, 0y varios from point
to peint and x is known oxactly. Tho data is plottod in somilog

papor, so that

X3 = ith channel numbor .
N; = numbor of coincidonce counts of ith point

Lottin Ng* = gt _ - . 2
g 13‘ Nq_ (J’L_ _.““__.N,n(fg% __T

so that tlo woights Nj; bocomo tho ratio of tho varianco at each
‘point to somo convonient va.rianée @ % takon as roferenco, thon it
can bo shown (sco Appondix A) that the linc ameng n points such that
the sum of tho squarcs of the vertical distancos botwoon ocach point
arnd tho liﬁe is a minimum, is satisfied by an equation of tho form

| g=XAxr+b
whoros | ;\»: = M‘L’““i)(ai"y)

(=1
2 -,_ —_—h
92_,\1{_12* X,_E—NLX’Cy"
b s =t [
- “an
S N (% —%)"
<=1
S e X -l VR
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finally giving

Ty L (oamel ] k(2 jj;-s)}

whore k is tho calibration constant,

Tho varianco of tho moan lifotimo, that is of ‘/A. is givon by .

Vo = (‘/)\)L’
Z N (Xi-%)

=4

™

Thoso computations were programmod to an IBM computer (soo Appon-
dix B) which roduced groatly tho manlabér. Tho square root of the
varlanco givos tho standard doviation of tho rceiprocal of the slopo
arnd when .convortoc‘l to nanoseconds by mu_ltiplying it by k, tho

calibration 'constant, givos tho uncortainty in C .

Whon moro than one data run is takon on a particular sample,
oach yiolding a lifotimo and uncortainty of Ty + ti, tho most

probablo values of lifotimo and uncortainty (32) aro obtaincd from

i T;)




Moasurod Long Lifotimes.,

' Tﬁm comploto 1list of tho oxporimental 1ong lifotime moasurod'in
tho choson ofganic matorials'isiginn in Tablo I, Tho data show thé‘
avorage of four*roforenco® samplos andlfivo “now" samplos. Tho
roforonéo samplﬁs wore usod with ﬁhélpurposo to givo roliébility to
tho rosults computcd for the "nqw" or unreported samplos; and it is
soen from Table II showing a comparison of éiporimoﬁtal lifotimo
rdsults vorsus published values; that tho "roforcnco® samploS do

fall within tho 3-sigma limit of the roported lifetimos (33),

TABIE I
COMPLETE LIST OF EXPERIMENTAL LIFETIME RESULTS.

Samplo ’ Tl(lo_'9 SOC) .
(Céﬂs) CH3 Toltuono ' | 1.8% .1
CHB(CéHh)CHB m-xylono 2t
CHB(CéHu)CHB | o~xyloro | 2.2% .1
CHB(Céﬂh)CHB’ t | p-xylono B 2.1 1
CE(CH,) (CH,), Cumono - \ 19t .1
(CgH )CH,CHCH,CHy  Batylbonzono 19t g
(06H5) CH,CH(CH;), Iso-butylbonzono 1.9% .1
(CgHg)CH CHp(CH3), ~ Soc-butylbonzono 2.0% .1

14
-

(CgH)C(CHg)5 Tert-butylbonzono 1.9
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Calibfatioﬁ'curvos Wwore run ocga&ionally‘botwbon “rost ™ poriods
of aécﬁmulating,daﬁa. This insurod against unnoticod changos in the
appafatus which_wbuld bo rofloctod diroctiy in the calibration
constant k usod fdr cdmputing tho lifotimos. All data wore takon

at roomtomperaturc, which was maintainod at 75° F.

TARLE II.
COMPARISON OF EXPERIMENTAL LIFETIME RESULTS OF THIS WORK VERSUS

PUBLISHED VALUES

Compound Roported Moasured

%, (1079 sce) (1077 soc)
(C6H5)CH3 ‘foluemo = 1,9% .1 1.8t 1
CH,(CgH, JCH, m-xylono 2.2t 2,401
CH(CgHy)CHy o-xylome 2.0 % .1 2.2 % .1
CH4(CgH, )CH5 p-xylone 2.1 % .1 2.1 1

Discussion of Rosults.,

Tho samplos choson woro expoctod to givo a difforont positron
lifetimo which could bo related to some molocular structural
property. Howover, no significant changos wore found in tﬁo
oxporimental lifotimo rosults of the fivo organic¢ compounds (soe
Tablo iiI),indicating that the difforont arrangomonts'and ordar of
the radical in tﬁo=common molecular bonzecne ring, do not influence
the positron amnihilation or poéitronium formation phorniomena , ffom

one samplo to the other.

W

R



36

| TAHE III. _
EXPERIMENTAL LIFETIME RESULTS OF MATRRIALS NOT FOUND

IN PUBLISHED WORKS.

Compound | T2.(1079 sec)
- CH(C4H,) (CHy), | Camone 1.9% .1
(CgH 5 CH,CH,CR,CH, Butylbonzeno 1.9 7 .1
(CgHS)CH,CH (CHy), Tso-Butylbonzono 1.9 % .1
(C4H)CH CH, (CH,),  Soc-Butylbenzone 2.0 % .1
(Cglis)C (CHy)q Tert-Butylbonzono 1.9% 1

There is howover, a significant difforunce botween such CGHE
soerios and tho xylonos, which have two hydrogens substiiatoed in the
benzene fing, loaving a basic CgH), moiecular arrahgomont. Seo Tablo I.
In that table it can also bo soon how toluone having & 06H5 basic
molocular structurow that is with only ono hydrogon.substitutod, shows
statistically tho samo lifotimo for positrons as tho 5 last samplos

seon in tho samo table. In fact, toluonec is roported in literature

as having a 1.9x10'9 soc., positron lifetimo (scc Tablo II).

Thus positron annihilation experimonts aro promising tcchniquos
in molocular structurc invostigations which with moro thoorotical and
exporimontal rofinemonts could bo mado vory officiont in dotormining

molccular propertics.

Table III givos the soparate rosults for tho samples studiod
which are not found in litoraturo, and it is tho hops of tho author

they can bo useful te rosocarchors in this fiold.
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APPEIDIX A,
Tho Least Squares Method.

On analyzingrtho_plottod data a straight lino is ‘burvo“fittod"
‘ to tho.tailvpoints ova(x), tho ddlayod coincidanée curve, in tho
region conditionod to F(x)>> P('x),v whoro P(x) is tho promp’tv ‘
rosolution curvos. | | |

For this rogion a statistical techiéuo of rogrossion analysis

is used; namoly the method of loast squarcs.

Such a mothod has for its object the adjustment and comparison
of obsofvations. Adjustments to‘mako Ticasuromonts agree and

comparisons to determine the relative procision of moasuremonts.,

This statistical tochnique (34) assumes the éonsideration of
cortaln characteristic (n) which is rolatod or doponds on certain

other characterlstlcq (Xl’ Xz,..., Xb ) according to tho rolationship

7& CP (wa?-:“"?XPl e‘: 2yt eq') _

In our case we only havo ono characteristic X; and
X; = x = channol numbor

el,e X’
.
so that ' Ej ;\~j7(-¥ t)

y ='natura1'ldgarithm of the coincidenco counts

function paramotors to be determined

a stralght curve function

39



40

Tho parametors values cannot be dotorminod without orror becaﬁse'
tho observod values of the depondent variable seldom agreo with tho
oxpectod Variable; this is oxpreossod by tho oquation

 Y=ye+€E |
where £ is the orror mado in measuring ﬂ and it is usually,assumod.

that £ is a rerdom variablo with moan O and variance G}:'_

A .
Calling ¥ tho ostimator of Y tho nocessary differoncos
(Yi - 9&), arc formod. Tho valuos of tho function paramotors
A A S
estimators )1 ard }; arc determined by minimizing tho sum of squares
of tho devitations that is, by minimizing
.m A 2
S=x5 (V-9 )"
This is accomplishod by difforontiating 8 with respoct to the
ostimators of A ard b separatoly and setting oach partial
derivative cqual to zoro. Simbolically

' 23f5§;3g=263 S ard = s;AéDE; = O

- Solution of those eqguations givess

1=t
M z = =
g = M — X Z XY
.!D'"' j =t il
== > ,
= N:(xi-x]J*
L=
- Z Nt X
whoro X = bR g
. — S Ne Jre
and‘ Ei - =



where the Nj's (number of coincidence counts of ith point) are tho -

waight factors subjected to tho corndition

NGy = TF

L



The facilitios

0. S. U. wero useod.

APPENDIX B.

Tho IBM Computor Program,

listoed bolow.

Dofinitions:

Z(1)

X(1)
¥(I)
AX
AY

oI
CK
IDENT

K;L

¢ 000800090

8620080060008

eseBeoev 0O

of tho 1620 IBM Computing Cemitor installoed at

Tho symbols uscd and the FORTRAN program aro

N. ;, numboer of oxperimental coineidonco
counts in ith channol

Xy ith channol number
Yo natural logarithm of Ny
X, mean of x

¥y, mean of y -

‘ mean 1lifo

squaro root of variance

slope

b, ordinato intorsoction

k, calibration constant

Idontity nmumber, or data run rnumber

Intorval for loast squaros fit.

The program is shown on noxt pago.
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DIMENSION Z(128),X(128),Y(128)

SUM 1=0.0

SUM 2=0.0

SUM 3=0.0

SUM 4=0.0

SUM 5=0.0

SUM 6=0.0

READ,ID7NT,K,L,CK

DO 11=K,L

READ,X(I),2(I)

DO 24 I=K,L

Y(1)=10G(2(1))

SUM 1=SUM 1+2(I)

SUM 2=SUM 2+Z(I)*X(1)

SUM 3=SUM 3+Z(I)*Y(I)

AX=SUM 2/SUM 1

AY=SUM 3/sUM 1

DO 30 I=K,L

SUM 4=SUM M—Z(I)*(X(I)-AX)*(Y(I)-AY)
SUM 5=SUM 5*Z(I)*((X(I)-AX)**2)
SUM 6=SUM 6+AY*Z(I)*(X(I)**2)-AX*Z(I)*X(I)*Y(I)
S=SUM 4/SUM 5

0I=SUM 6/SUM 5

T=(1.0/8)*CK
D=SQR(((1.0/S)**4) /sUM 5)*CK

PRINT ,IDENT,T,D,S,01

PAUSE

CO TO 2

END
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