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INTRODUCLIION.

‘his thesis deals wicth the invescigavion of
different processes of the annihilatvion of positrons ,
mainly two-quanta annihilagion in motion and one-guantvum
annihila¢ion . Before describing the expcriments per-
formed it is nccessary to review the previous expsrimenual
«nd theoretvical work which nes been done on anninilation
of posiigruns in gensral in order o account for the choice
of problem and for the exp:crimentieal vechnique employed .
A brief descripivion of the experiments on pair producsion
wwill also be inecluded in order o maike the historical
review more couplete .

Our main exgerimencal work consiscs of the
full analysis of th: absorpcion of the annihilation radi-
ation from uu64 aoroduced in differenc annizilavors . In
all observations two thin-walled recvangular coun.ers wich
absorbers between them were used for the measurezent of
the energy and invensiity of the Y -rays by thoe coincidence
counting meithod « [hese experiments provide for vhe first

time a definicve proof of ihe existence of the hard radi -

ations resulting froa the annihilavion of posivrons in
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motion. The experimenval value obtaineu four the ratio of
the cross sec.ions for one-quanvws anninliacivn in anouvion
L0 LwOo=-quwnta annihilatvion in motion is 1n agreeumenv with
che predicued theoretvical value.

Two additionali experiments vi consiaerauvle
im ortance were also psrforaed: rirstly uvhe angular dis-
tribucivn of two-quunta wnnihilacion radiation was inves-
tigaced by me.n. 0f a new type of ) =ray countsr possessing
high efficiency and high directionai resolution. wvecound.iy
a study vf the correlavion between peiva and uamma radiatims
from Cu®? wes mede by means ¢f a coincidence mechod.

A number of experiments which were p.anned
but nos carried out because 0f the limications of time and
equipment during the period of this research will be men-
tioned ay the zna of the thesis as possible future inves-

tigations.

-0 0 0 =



CHAPTER I

PREVIOUS wWuURn ON POSITRONS

Sectiun A:- Dirac Hole Theory

(1)
The positron was discovered by C.D. Anderson

in 1932 in the course of Cosmic-ray investigations. The
existence of this new parvicle had been regarded as a theo-
retical possibility two years previously by Dirac. In the
Dirac relativistic wave equationkg) for a free electron the
energy of the electron is given by a square root which
could be either positive or negative for a given value of
the momentum. Negative solutions correspond to negative
energy otates.

The connection between these theoretical negative
energy states and observed positive electrons is given by
the " Dirac hole theory ". According to this theory a
positron is regarded as a hole in the negative energy states.
It is assumedifirstly that all negative energy states ran-

ging from - mcz

to - o0, in the absence of an external field
are normally occupled so that an electron which is in posi-
tive energy states can not jump into one of these occupied

staves. Secongly the electrons filling up the negative

*PAMDiae, “Quantum Mechanics” (1935), Ch.7  ( Heveatler referred 4o as. GG.M)
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energy states do not produce an external field and do uot
contribute to the energy and momentum of the system for
which the charge density is infinite. The zero point mea-
surement of the charge, energy and the momentum is repre-
sented by that electron distribution in which all negative
energy states and no positive energy states are occupied.
Iﬁspite of the fféct that the electrons occu-
rYing negative energy states can not produce an external
field it is assumed that an external field can act on these
electrons. A rapidly varying electromagnetic fieid( high
energy J ~-rays; or the collision of two fast particles ,
can cause a transition from one state to another. at the
mouent of transition from the negative energy states Kk to
a positive energy staté B , When a negative charge is re-
moved from the negative energy states, an electron pair is
created because a hole with & positive charge is produced
at the same time as the electron. This process can occur
vnly if the interacting quantum or particle has sufficient
energy to remove the electron from negative energy state,
The reverse process i.g.transition frum the region of po-
sitive energy to that of ncgavive energy means the annihi-
lation of this pair, giving rise to the emission of elec-

tromagnevic radiation, called * annihilation radiation ",

fhis can happen at any energy of the positron, but has by
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the
far (greatest probability of occurrence when the positron

possessts no kinetic energy. ror this case the energy con-
tained in the annihilation radiation is equivalent to the
résf mass of the two electrons.

section B:- ureation of Fositrons

Before Andcrson's discovery an indirect evidence
of the existénce of positrons was obtained byseveral'woiié£:%u
during the course their experiment on the an@malous absorp-
tion of high energy Y -rays in heavy material. As a result
of the determination of the total absorption coefficient of
2.6 Mev ) -rays from ThC", in lead, the discrepancy between
the observed and the calculated values was attributed to a
nuclear interaction caused by these ¥ —rays‘.“.) In fact, imme-
diatelyéfter the positrons were observed as a pair of elec-
tron tracks of opposite curvature in a ecloud chamber immersed
in the magnetic fieldg‘é) chadwick plackett and Occhialiniks)

showed that &¥hese.positive.elecirons can be produced by bom-

barding lead with radiations from®rFo}onium - Beryllium source.
curie and Joliot'?) established that in this reaction the
positrons were produced by the X'-rays resulting from the
transmutation of beryllium by «-rays and they suggest that
electron pairs were created by the interaction of photons

with nuclei.

The laws of the conservation of energy and
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momentum show that this phenomenon of maverialisation of
photons can take place only in the presence of a third
body and only if the photon has an energy greater than a
minimum threshold énergy for which the value depends on
the nature of the third body. Lf this third body is a
nucleus, the minimum photon energy necesswry to produce
pairs 1is chz, but if it is an electron the photon energy
must be greater than 4mc2. Other possibilities of pair

production exist and these will be indicated later.

(a) Pair Production by rhotons in the rield of & hucleus .

.

vreation of pairs by the inveraction of a photon and a nuc-
leus is the most comm@n process observed,and theorists have
calculated the cross-section for bhis process in terms of

Z, vhe atomic number of the interacting nucleus, and hv ,

the energy of the photon. uppenheimer,—rk‘ssot&az and later
o 10
Beitler and etﬁgﬁég)s o%tained an expression for the cross-

section which was proportional to Zz

and increasing rapid-
ly with hv . This is in contprust with vompton scattering
cross-section which decreases with increasing photun energy.

Later, the angular distribution of these pairs

)

B
was investigated = by means of a.. cioud chamber filled with
Krypton and it was found that positrons usually make smaller
angles with the direction of the incoming photon than the

electron does. <Lhis fact was attributed to the greater

%This is in good agreement with the the

] o¥etical distribusion
curve given by (10).
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kinetic energy of positruns «t the point of creation becauue
of the repulsive force between positron and nucleus. 1inis
interprctation led to a consideration of the relative values

of E_ and E. where K is the energy of positron, &_ the

(12)
wnergy of electron. The difference E -~ &_ Was calculated
)
and measured expex-:mxent;e,].ly(:L:§ in a Wilsun vhamber and was

found to be proportional to 2 , the order of magnitude
being 0.1k - 0.28 Mev,

| A distribution curve of the toval ensrgy of
positron-electron pairs produced by Y -rays of 2.62 eV
from ThC" showedgla) that the average value for ng_ was
1.6 Mev aé is expected from theory. the distribution of
poesitron energy also was given theoretically by Heitler .

( His result was checked experiment.lly in a cloud chamber
by observing pairs produced by ma24“x’—rayé}4)53tter results
can still be obtained.)

(o) Pair production by Photon in the field(:;ygg Blectron.

This process was concidered first by rerrin and verified
(16)

experimentally by Marque va sSilva + 1t was also shomn

by the latter that the cross-section for this .triplet "
process ( pair plus rejected eleciron ) was & times smaller
than for the photon-nuclear interaction i.e. the ratio of
triplet production to pair production is proportional to

1/Z2 , which was in quite good agreement with other experimen-

¥ W Heitler, Quantum Theoy o Raciaiart, (47), 195 . (wereatier

referred o as QTR.)
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tal resultskle). more detailed calculation of this cross-
section was curried out later by seweral authors - (17-20an
and the resulte of #ke relativistic calculations were com-
pared with the earlier work by Perrin and corresponding
calculations for nuclear interaction, and 1t was found

that for the very large photon:: energies the variation of
cross—section is the same as that for pair production in the
nuclear field.,

(¢c) Pair production by fast Electron.

O;penheimer and Plgsset coneidered, for the first time, the

possibility of materialisation by pair production of the
ginetic energy of a charged particle e.g. a fast electron,
‘'he cross-section as a function @ -ray energy was calculated
(21) ' (22)%*

first by rurry and varlson and then by Heitler and Nordheim.
The experimental evidence of this process was based upon
stereOscopic photograph techmique in a Wilson chamber using

F-rays from ThC" source'?3) . rurther accurate investiga-
tions gave results ﬁhich did not agree with the theoretical
prediction (24). The experimental value of the cross—section
for pair production by fast {G ~rays of RaC was of the order
of 10728 cma, which is about 100 times greater than the

cross-section for materialisation by photons of the same

energy. some of the later experiments gave also the same
(25 - 23)

nagnitude for qﬁ within a factor of about two

Lhe cross-section. measured in these cases was found to be

* See also (22a) — (22d)
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pro.ortionai to Z, the atomic number ©f .he bombarded element
(88)

but nos to 2% as the theory predicus. S. Benedetti ,

using thoe trechoidal method, confirmed the proportionaliiy
of emission o f the positrons due to the waiberiaiio.tion of
kinetic energy of ? ~rays from Th(B+C) with 7% as is ex-
pected theoretically. But some of the experiments show no
1ndication of pair productiun by such w Tvcess (29 - 32).
Th&s indicates a threshold cross-section uf the ¢rder of
10724 or 10725 cm®. Although fhese figures contr.dict most
of the previous experimentai resuslbs, they give good agree-
«ent with theoreticas célculation.

The possibility of pair creatiOn by e.ecirons
in the neighbourhood of two other eiLectrons was shown by
F. Perrin(SB) provided that the incident eiectron has an

AR

energy greater than 6 me®, ( Heitlergak’ requires this
amount to exeest 7 mc2 ).

The evidence of positron emission frum radio-
active sources attribuved to internal cunversion ot J’—razs
was also indicated by the authurs(sz)xﬁﬁ).ﬂalyern and uranzo)
observed a smilar effect in the bumbardment of F:° with
protons and found the coefficient of invermal conversion
to be 1 per 100 | -rays of 5.8 MBV from this recctiun, a
value greater than theory wou.d .rediet . <The latter Vuiue

) (36-28)
was calcuirated by several autiors and found to be .t

-4 -3 o
2
the ordsr of 10 ,10 per Y quantum of energy b5 me

*
Hetlr, @. T-R..  p.204
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section C:;-~ Annidiletion of positroms.

g. L. General Remarks:

There are several theoretically possible processss
of annihilation which are listed below. The energies quoted
correspond to the case of zero kinetic energy of the incident
pusitron (m=moand assumed to be the sam: for electrons and posit
(1) The positron combines with a free or loosely bound eleczons'
tron. The mass energy is radiated as two Y -ray quanta in
opposite directions, each having an energy of mc%=510 Kev,
(2) The poéitron combines with an eléctron strongly bound
t0 a nucleus. <+he nucleus takes up the recoil momentum the

whole mass energy being confined t0 one Y -ray quantum of
v

energy 2mc%: 1020 Kev..

(3) The positron combines with an electron in the neighbour-

hood of another electron and a Y-ray quantum of energy 4/3
me®= 680 Kev is emitted.

(4) The positron combines with an electrQn in the neighbour-

hood of two other electrons. Two electrons, each having a

2
Kinetic energy of mc , are ejected in opposite directions.

(8) <‘he positron combines with an electron in the neighbour-

. 39)
- A recent experiment hasshomn the equality of the matio e/n fxr the
twoparti cBs toanaccuracy of 2%.
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hvod of a bound electron . Again only one electron 1is e jec-
ved with a kineiic energy of 2 mc®
(b) ‘he positron combines with a k-electron without emission
of radiation. |
If positron possesses a kinetic energy Bk at the
moment of annihilation in anyi%g%ve cases then the total
energy of the resulting radiation is 2mc2+-Ek.( We must
already mention that the probability of some of these anni-
iation processes for the zero kinetic energy of the‘positron
is zero e.g. i.e. annihilation can take place only while po-
sitron is in motion,such as one-quantum ankhilatiol{ case(2))
The cross-section for the two-quanta annihila-
tion ( case (1) ), the most probable annihilation process,
was calculated by Dirac'®® ana found to be
| o o 1 |
Qv — [l e ) - L]
per electron, where )= E/(u" é'«fmcz and rg= 32/& .

This cross-secvion increases as L& is diminished. ( Tﬁis is
in marked contrast with the cross-section for pair production
which increases with the photon energy.) Thus annihilation
occurs with the greatest frequency as the positron approaches
the end of its ionising track. Experiments on the energy
distribution of the ) -rays show that annihilation radiation

has a strong component of 0.51 MeV, agreeing with the above

deduction that two—quanta annihilation at rest has a very
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high probebility. The above eX,ressivn four Q‘tends tuv un
infinite value ao the kinetic energy of the positron tends
to zero but this does not mean that the probability of anni-
hilation becomes infinite. Since the life-time og?;ositron
18 Tinite the rate of deskuction ( R } is limited and the
cross—-section is finite even for small v . The value of
R in this case is given by

R=QN 2Zv = NZ:rrozc

5 and Z is the ato-

where N is the number of atoms per cm
mic number of the annihilating substence. ror v very small
R=NZtrrozc is constaent for a given 2.

For_ E very large the cross section may be
taken as ) o e 5 3 !
= ’TGLC« ((47 = "")

In this case the energy is not shared equally between the
two quanta and they are not emtted in exactly opposite di-
rections except in extremely relativistic cases where vac,
The quantum emitted in a forward direction acquires nearly
all the kinetic energy of the incident positrons and the
second quantum has an energy of the order of imcg, lhe
precise values of the two energies can be obtained theore-
tically. This will be discussed in vhapter id.

The possible types of annihilation and omation of

Qre .
pairs/listed together: in a table in order to ilustrate the

émilarity of these two processes., This is given in Appendix.].
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g.2. Exparimental Work on Annihilation,

In the courge of absorption measurements of the high
energy @amma-rays, the presence of an unexplaned secondary
gamma radiation of Q55 wev given off during the absorption

(40)(41)

process was first shown by Chao And its existence was

confirmed?bray and Tarrant(42’45). These experiments also
pointed out that the energy of this secondary radiation is
independent of the absorber material used for the absorption
of the primary ‘(— rays and alsodiks not depend upon the energy
of these incident radiations .t was also shown that the exis-
tence of the soft ( secondary ) radiation was possible 1f2;n-
cident photon pessessed a minimﬁm energy. By rather indirect
methods tﬁis minimum was placed approximately as l.5 mev .
A connection between these unexplained secondary Y -
rays and the annihilation of poaitrons was first suggested
by Blackett and Occhialini#%)in 1932,

observed the secondary radiatior
due to pair annihilation, using the trochoidal‘method for
collecting the positrons, and a film as 5’—ray detector.

The positrun source was.a.Radon tube surrounded with different
materials ( Al,uu,?b,bi.) which gave rise to positron emission

under the influence of 5’-rays. Photographic measurements

x The full description of this method will be given in

Chapter VI, Section A.
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were made of the intensity of the Si—rays produced by absorp-
tion of the positrons( 0.8 Mev mean energy) in platinium
rlaced at the focus of the magnetic separator. rrom the
curve of logarithmic intensity against the superficial mass
of 6’-ray absorber he obtained am a mass absorption coefficient
of C‘/‘; = 0.2 em®/gu(for 0.8-1.45 gm/cm® thickness of Ft )
corresponding tocf,z 2.2 em~1 in lead. By the more direct
method of counting the number of photons in a ueigeramﬁller
counter, he found a smaller value for(L which corresponds
approximately to an energy of 0.5 Mev.’
(b)- 1In 1934 F, dOliOt(462 using positrons emmited form Al
bombarded by the X —rays from 80 millicuries of Polonium ,
and focuasing them on to a 1 mm Pb or 5 mm Al absorber by
the trodoidal method again, investigated the absorption of
the S -rays produced in the first absorber(called "radiator®)
in a second lead absorber of thickness varying from 1.5 te 6
mn ( 171-6.84 gm/cm®). From a graph of log.intensity of ra-
diation counted in a G-M.counter against the superfidal mass
absorber he obtained a mass absorption coefficient C"/r- U.24
corresponding to & quantum energy of 485 nev using vaeger's
relation {, = 4240 . The experiment showed that, if a
hard component of 1lMev radiation existed its intensity was
certainly less than 30% of thatf%he soft component.

Owing to the small intensity ef the source employed

by Jeliet( 5000 pesitrons per minute on the focus) the number
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results are shown below. 1t will be seen th.t his statig-

tical error is very large.

Abs. thigkness ne. of Y /min
cm _
1.71 2.46 - 0.2
4,56 1.24 - 0.2
6.84 0.65 - 0.25

(¢) In the same year, U.nlempere§?7asing a Beron source ,
and a single counter{fgugdlead cylinder, obtained ¢ = L34 cm~l
By comparison with a standard Ras Y-ray a cerrectién of about
26% was found to be necessary and the corrected result was

1 in lead which is,within the limit of error, the

t,: 1.69 cm™
same as the calculated value of C«- o) gcatt.+ gCOmp-"'U)P?Ento:."
1.67 for 510 Kev. With a different experimental arrangement
of gource and counters in coincidence, and with sufficient
absorber between the counters te prevent passage of recoil
electrons ef energy less than about 1 mev, it has been shown
that the annihilation radiation consists enly ef soft quanta
which is homogeneous with a hardness corresponding te U.5 mev,

Again in Rils experiment the statistics are very

poor since only about 3 total coincidences per minﬁte( out
of which 1.5/min. wese cosmic ray coincidences) were observed.

(&) Crane and Lauritsen(48)using Carbon activated with 1U

mieroamps of 0.9 Mev deuterons( Rls) obtained ta= 1.58 em~}
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The intensity of ionisation due to the annihil.t.on radiation
was measured in an ionisation chamber. 1o determine the ub-
sorption coefficient of the Y -rays a sheet of lead 7.1 mm
‘thick was interposed between the two chambers( The first
chamber was used in order to measure the positron intensity)
lhe readings were taken everyfminucs'with lead and one min.
wWithout lead alternately.From a graph of logarithmic intensity
of both processesg agwinst time measuring the difference bet-
ween the positien of these two curves they have calculated
the linear absorption coefficient oflabove value.

A few months later mcmillaﬂ49)found Cb: 1.71 cm—lusing the
same source and experimental technique.

In all the above experiments the number of x/—rays
emitted per positron was estimated and found to be very rough-
ly equal to 2.

II:{a)More precise values of the quantum energy ef annhilation
radiation have been obtained from cloud chamber investigations
vf the K’-rays accompanying the positron emmision from certain
artificial radio-elements. ln such experiments a screen of
mica or carbon is usually situated within the cloud chamber
and irradiated by the X:rays. The curvatures in a magnetic
field of the tracks of the Uompton electrons emitted from

this screen are measured statistically and the quantum ener-

gies of the incident 'X-rays can be deduced by m.King ap.ro-

. e
priate corrections for the errgy of the scattiered quanta
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in such investigutions evidencefﬁften been obtained of the
existence of a strong 3’-ray line with quantum energy approxi-
mating closely to the value 0.5l MeV to be expected from the
two-quanta process of annihilation of positrons.

Experimental results obtained by Richardson and
nurie(so)}ndicatehethe presence of radiations corresyonding
to.the annihilation at rest from the positrons of le.( The
source was oht.ined by bombardment of c12 with 4dmev deuterons)
The maximum momentum available from the main line was 2280 %P'
( H=250 gauss, cloud chamber diameter =7"'). The author sug-
gest that occasimal electrons exhibiting a momentum greater
thanTto be .esaibed to this main line may be due to either
contamination of the source,or the radiation emitted when a
positron is annihilated while in ﬁotion( hard component eof
the two-quanta in motion and one-quantum annihilat.en).

(51)

In a later paper Richardson

Y -rays emitted from mls,‘v48,6u64

investigated the
with a carbon radiator

of the sume thickness as mica( because of the low energy

of the expected <Y -radiation the radiator was only 4V mg/cm<)
in a cloud chamber of 12" diameter filled with hydrogen to

a pressure of about 100Ocm. Und®r the improved experimental
céﬁitions the result obtained from leis practically the same
as the previous one. 1In the case of V48( prepared by the bom-

bardment of Ti with 5.5 MeV deuteron), in contrast with the

13
N "distribution curve %ftrong 1.05 MeV line appears in addi-
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tion to the main group( upper limit 2400 Hp - 053 mev) in
the ratio of 1.9 to 1. This was at first thought to be
due to one quantum annihilation, in view of the agreement
between the enmgy of the 3/—ray of 1.05 mev with the energy
1.02 Mev to be expected from the annihilation of a positron
in the field of a nucleus; but intensity considerations made
it cleur that it was &thecradigiigh accompanying n—electron
capture. The tail although present is pruvbably obscured
by the l.rge amount of this high energy radiation. The ra-
diations from uus& Was alsv complicated because of the more
rronounced tall with high upper limits . However the major
part of the radiation consists again of the ordinary two-quanm
radiation and the tail is a very small fruction of the inten-
sity of the main line. &Hence the statistics are not good
enough in any:ncase to make a numerical estimate of the hard
radiations.

in a paper published a few months later than
this an account is given of a more accurate experiment by the

52)

same author( which showed a quite different momentum dis-
tribution éurve for mlz, containing two distvinet lines of
eénergies 0.34 MeV, 0.42 eV corresponding to the compton
and photvelsctrons due tv the 0.51 mev radiation. ihe main
difference in the experimental arrangement was merely the

use of a very fine lead radiator of thickness U.0017 cm
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.hich is much more sensitive in the low energy rsgiun.
wu®l obtained by bombarding Nickel witn deuterons alsou
was investigated in this experiment ond a smilar result

was obtained.

(v) A very accurwte study uf the g?nigilat;on radiation
53
spectrum has been made by Martin Deutich using a * Magnetic
64

Lens Spectrometer ". The suvurce used was vu°~. Lhe result
+f the distribution of compton and photoelectrons converted
in a relutivesly thick radiator ( 50 mg/cmz) showed a distinct
UeS MeV line and this was followed by a t.il ending with a
single line at 1,35 meV which was ascribed to the nucleary rey.
r'he intensity of this line indicated o  roducvivn 0of1l per
4u positruns when comparednge na®? nuclear jf-ray of 1.48
weV which ¥8 known to emit 1 ¥ per positron. ihis is (the
«lmost|vnly ublication which claims that the 1.35 line is
due te & nuclear Jf-ray o <1he poscibility uf wscribimg this
y;ray to the result of onv—-quantum annihilat.ion of uu64
positrons( 0.3 mMeV mean energy) will be discussed in CHapi¥El,
¢c.S. Cook ana Langer(gzze investigated the same
sourcé‘with a high resclution mignstic spectrometer.(,The
radius of curvuture w.c 40 cm, AEf/H = U.5% and the transmissiuy
angle was Ql% of the total sol}id angle). They used a rb
radiator of 0.0263 gm/cm2 and a very thin window 2.42 mg/cmg

which is 35 nev thick. ( Later 2 Kev"Zapon" window counter

was used.) The resuit wgs that no hurd radiation beyond u.5

& Amivlaton tedidbion s Frem Redio- Nitro Qon  wus *.fnndi:‘ ad
See rfernce. 79 .

by fhese Jubnors Wing the same Mmetlof,
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MeV could be seen on tncir graph showing the distribut.ion

of the recoil electrons. I[his perh.ps was on account of

the iimitatiun of the geomctry of the appuratus . For 0.51MV
the groups of the oompton4and the photo-electrons are very
distinet; even the K, L, M lines are very cle.rly visible,.
soreover they found no evidence of a nuclearfS% 0.38 or 0.19
MmeV with. an intensity of more than 2% *of the positron emis-
sionand they also state that the 1.35 meV nuclear g/—ray was
correlaced with n-capture . <ihere is no mention of any ex-
perimental verification of this statement.

A very precise value of the wave iengbh of the
annihilation radiation frum a uu64 g.urce was determined by
Dumond ,Lind end Watson (Ss)with & two-metre focus crystal
Spectrometer. The experiment originated from ithe idea of
the calibration of the spectrometer and an exact experimental
value of the Compton distribution from a homogeneous J -ray
source such as"pure annihilation® radiation. Therefore all
attention was concentrated on the radiatiors due to the anni-
lation at rest. No evidence of hard radiations would be

exec ted from such arrangement.

® nis fact rejects the possibility of ascribing the excess of

particles at low energy to the spestra being complex.It was foune

(56~ §9,..60)
previously that the Guq5 ?do not follow the Fermi dlSuributlon.
at low anergy o+
The deviatiOnLuas such that 9% of the/e and 6% of thep transition
(54) d

would be axpectei‘tm be forbidden ones.,
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III:- Angular Dissribucion of Annihiiution Radiation.

(a) It was Otto Klemperer(47)who'established first

the simultaneous emission of two X/—ray quanta in opposite
directions in the annihilation process with the help of two
G-M counters of nearly 2w solid angle in coincidence. Ihe
counters had a semi-cylindrical crosesection of diameter

€ cm,(8em long). Lhe counvers were placed with%%lat sides,
which were covered with Windows 0.02 gr/omz thick, facing
each other spaced 5 mm apart. When the source ( activated
carbon by bombardment uf 600 kev .rotcns) was placed between
the two counters after bei_ng wrapped in & sufficient materi-
Ll to stop \all the positrons, 300 single counts only wele ob-
tainable in each counter and roughly 3 coincidences per minute
wee reorded under this geometry; when the whole system was:
covered with lead ( 6 em thick) this number was reduced to
1.5/min. the latter being the natural background coincidences.
(b) Better angular resolution was obtained by Alkbanian,
AlicHpow and Arzimowich(e‘), in whose experiments the solid
angle subtended by one counter was about 0.7 steradian. They
have used two pairs of coincidence counters one pair on each
side of the source. 1he source was *radlo-phosphorus obtained
by bombarding Al with & -rays from 500 mC Bn. But the inten-
sity obtained was only about 10° which gave rise to 150 single
counts {en the average)in each counﬁer and the maximum number

of ckincidences per minute were only 1-2 for various distances
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vf source from the counter. In order to show huw large the

statistical érror was, their complete results are gieen balow.

Backgzound | with Pfo Observed coincidences | Cosmicray+4 ord.
& min, 3 min. 3 minutes background c.
Runf 510 935 4,7 T 0.47 1.3 ¥ 0.8
i=3,0 B
¢m 490 890 2.8 £ 0.6 2.7 £ 0,35
RunII 516 1095 7.6 = 1.0 1.1 £ 0.3
=2.5 ' ‘
a 510 890 2.6 £ 1.0 3.6 £ C.6
. (62)
(e) Beringer and Maigomery used two small counters

( 1.65 cm to 3 em Long) subtending a solid angle of 0.615
steradian at the source. One of thésecounters eousmters could
rotate round the source in order to measure the ratio of coin-
cidences t0 the single counts for various angular deviation%éf
one countver from the line through the other counter and the |
Source. The annihilation radiation source was a uu64 foil
activated by bombardépent by 3.7 MeV deuterons. Irom 10 such
sources a total of 800 coincidences was: recorded with a ecircuit
of 3 Ebsec resolving time. The angular distribution curve
Obtained was much superior to any other previous work on this
matter. But the authors seem: rather vptimistic in estimating
a coiinsarity ef 15'of the TWOo--quante from their result,

However some factors such as the efficiency of the counter

and the resolving time of the circuit could still be improved
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in order to obtain beivter stwtistics. These joints will
be reviwed aguin in Chapter III in connection of with one

of our ex.ecrimentg,

IV:- Angular Vorrelatiovn Effect with Annihi..tion Hauiation.

A different type of investigativn of the annihilation radi-
ation coulu be ment.oned here .n order to complete the list
of experiments en the positrun andhilation. It has been
pointed out by Wheelrr(GS)that according to pair theory, the
plunes of polarisation of the two quanta resulting from tre
anrhilation of a positron shouid be at rignt angles. The
correlation between the states of polarisction of the two
quanta, which is the equivalent of the angular momentum con-
servation in the process of annihilation at rest, has been
experimentally verified by Snydergaaand others}(es). The
azimuﬁpl variation of intensity of the simultaneous Compton
gcattering of the two quanta has been calculated by éeveral
(64,66, ©7 )
authors . The experimental results are in very good
agreement with the theory.

The arrangement useg“%o determine the angular
correlation was as follows: Cu64 prepared by deuteren
irradiation wus used as the annhilation source. The two oppe-
site~57-ruy beams collimated in a lead channel were scattered
by two cylindrical Al scatterers and the scattered radiutions
were dgtected. by twd bell-shaped counters( with ‘lead cathedd

rlaced above the scatterers., Coincidences were measured as
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a function of the azimuéal angle beétween the axis of the
two counters for 9?9 09, 90°, 180°. In all cases Cgp’ was
greater thun Cygy. The ratio of 0957 C,g5 Was found equ-
al toe 1.9 which 1s clouse to the v.iue l.7 precdicted by the
theory. Because of the absuvrpytion in the scattervrs , the
waximim nuaber of coincidences were obtained fortf less thun

90° , close to the theoretical maximum of anisotropy ( 82°).

Summary of Experimental Work on Annihilation:

I- The early experiments( 1933-1934 ), were confined to
the measurement of the energy of the annihilation radiation
By the absorption method which depend upon measuring the abe
gorption coefficienté4 and the calculation of the emrgy from
a relation between €~and:>, the wave length of the radiation.
The detectors used to detmrmine the intensity of radiation in
these experiments were photographic film, G-M. counters,and,
ionisation chamber.

Generally thenresults obtained by this method
were not very accurate even in the case of two-quanta anni-
hilation of posicrons at rest; experiments of this kind
can give the order of the energy of the radiation and the
approximate number 0f quanta emitted per positron.

5&: In the next stage ( 1936 - 1938 ) attempts were made
to obtain the more precise value of the quantum energy of

the annihilation radiation in order to confirm the theory.
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The energy measurements wee bu.sed upon the dterminetivn of
Hf tor the compton recoil electrons or photoelectrons pro-
duced by the annihilation radiation. 4in this method, the
recording apparatus consisted of (a)~ Wilson chamber in a
magnetic field, (b)- The counters combined with a magnetic
separator placed in a magnetic field, (¢)- Crystal spectiometer.

The results obt.ined from the 8loud chamber
recoil electrom measurements generally show agreement with
the 0,51 MeV radiation as predicted from the theory, but de
not seem to exhibit adequate proof of the existence of rudia-
tion due to the annihilation of positron: in motion. 1t must
be noted that the data upon quantdféhergy greater than mca
is inadequate in ampunt and accuracy in t'his method.

Study of the compton recoils and photeelectrons
by means of magnetic spectrometer technique ( 1945-1948) with
the iﬁprovement .achieved on the resolution of these spectro-
meters, determines the energy of radiation with a great accu-
racy, but the attention is mostly paid ' to the commom :type
of annihilation process which give rise to the radiation
of 0.5i MeV, hence theﬁﬁggaméﬁgg%nent of the two-quanta anni-
hilation radiation and the one-—-quantum annihilation radia-
tion which is hurder than tha former could not be brought

to light during the course of thesec experiments.

Moreover, even afier the very recent( 1949 )study

of the energy of the annihilavion radiation by a'orystalt
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gspectrometer , the evidence of these rare types of annihilation
radiations of energy higher thaun 0.5 MeV still remains obscure.
i&gf Several experimentui attempts have been made to study

the directional properties of the emitted radiation. The
earliest experiments were bound to show that the two quanta
croduced in annihilation at rest are emitted in opposite direc-
tions( 1934-1936). As the geometry of the experimental arran-
gements and the counters were improved, better results were
obtained illustrating the angular distribution of the annihi-
lation radiation ( 1942). The method used in these series

of experiments was coincidence counting between the two G-M
counters placed to receive.. radiation in opposite directions:
fhe first measurements were taken only for © = 180°. inflater
experiments the variacion of the number of coincidences with

® was investigated. The results obtained confirm only the
existence of the annihilation at rest. Ihe possibility of
investigating the two-quanta annihilation in mot.on by this
method 1s noted in Chapter.vII, |

Ex- A different type of experiment to show that the two quanta
are emitted;180° as u result of andhilation at rest, was to
investigate the two scattered quanta which have beeh polarised
I in two different planes making 90° with each other. The
experimental tachnique was again the coincidence counting

between the the two scattered quanta as a function of the
azimuthl angle between the two countem. The applicability

of this method to the annihilation in motion r ; .
_investigation. equires theoretics,

—



CHAPTER IT

THE CROSS-SECTIONS FOR ANNHILATION PROCESSES

In this chapter we shall consider two—-quanta
annihilation and one-quantum annihilation from the theore-
tical point of view. The probabiligy of annihilation in
motion and at rest and the cross-section as a function of
positron energy will be discussed for the two processes.
Finally the rutio of the two cross-sections will be given
for different velocities and annihilating media.

Secition A:— fThe probability of two-quanta annhilation
as a fution of positron energy .
g-1l. Range:-fhe average range, R , of an electron of initial
*

energy E, may be calculated from the formula

R (By= f.:_.__dE (1)
: o ( - dE/dx)
maeré, -dB/dx is the energy loss per cm. of path in the m
medium concerned. For lead -4E/dx as a function of energy
5 .s shown graghically in Fig.( 1). he ill curve indicaces the
total energy loss and the dotted curves show the contribu-

tion to the energy 1oss by collision and radiation. ¥rom

* W.Heitler, QT.R. p.223
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this curve we can derive by meané of the formula (1 ) the
curve giving the average range of an electron as a function
of the primary energy. J1his curve is the full curve of rig(2),
The average rangc of a positron of a prescribed initial ener-
8Y is less than that of an electron of the same energy because
of the possibility of the annihilacion of positron whilsinmotion,

lf’we denote by w(E')dE* the probability that
the positrén is annihilated while its energy is between &'
and E'- dE' then the function w(E') can be calculated theore-
ticually. Qonsidering two-quanta énnimlation only the form
of variation w(E') with E' is found to be that shown in rigt3).
This probability of annihilation while in motion diminishes
the average range of the positron by R, where

R =joR(E')w(E')dE'

From the curves for R,w we cén computé R as a function of
E, and so obtain a curve for the range of a positron as a
function of its initial energy. <This is shown as the dotted
curve in r'ig.(2). a few numerical valus of the measumed

ranges r are given below for the different substences and

various energy of positrons:

By (Mev) | T (em )

3 0.06 . in lead
2 0.07 " 3 0.9 in water
0.8 0.28 in air

0.3 0.04 in aluminium
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§.2. The toial probabili.y of annihil.tiuvn 1n moiion,.

If we denote by W(E,) che total probability of
annihilaivion & a positron of initial energy Eo before it

comes to the end of the range R, ( while in motion ) then

W(E,) =-Oﬁow(E')dE' (2)
This probability increases with E,, and 1in lead it rises
to a maximum of about 18 %. See rig(4). wnamely this frac-
tion of a beam of very.faat positrons are annihilated while
in motion and the remaining ones come to the end of their
range when they are annihilated at a rate of ynz.v .

As a further clarification we proceed to interpret
Fig(4). In this figure the difference between the two ordi-

nates corresponding to two different energies ( E E say )

o ?
rgpre¢sents the total probability of annihilavion of a posit-
ron of initial energy E  during its slowing down to an energy
E. Let N, be the number of positrons with this initial
energy E, and suppose that N(E) is the number of positrons
with energy E which survive annihilation. Then, since the
probability of annihilation within the interval dE is w(i)ak,
the number of. positrons annihilaﬁed in this interval 4E ig
4dN(E) = N(E)w(E)4E
therefore dN(E)/N(E) = wEE)dE (3)
( That is to say in Fig(3) the ordinate showing the probabi-

lity of annkilation represents the ratio of the number of
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~0sitrons annihlated in the range &E to the number of survi-
ving positrons with energy E ).

1f we integrate (3 ) from E, to E we obtain the
number of surviving positrons at energy &, when the initial
nunber was known

N(E) = Nge™ W(Eg) - W(E) (4)

N,-N, should give us the number of positrons annihilated
between the energy limits Ej and E , ( Eg > E ). We proceed
to determine the ratio (Ny— N}/Ny, from equation (4). Let

the difference ‘
W(Eg) - W(E) = Wo(E).

Substituting this value in (4 ) we obtain

N(E) = Noo—To(Z)
Expanding the exponential term in a series and satisfying
only with the first two terms,from iast equation we derive

Ng =8 _ Wo(E) (5)
No -

The left hand side of equation (5 ) gives us the number of
~0sitrons annihilated while in motion in an energy interval
Bo— B as a fraccion of the initial number Noof positrons
with energy E . The right side is fﬁe difference of two
totul probabilitjes of annihilation corresponding to that
energy interval. Thus the difference between the%ordinates
in Fig(4) gives us a value of the number of annihilated par-

ticles with a very slight difference from the actual value ,



Let us take an example. Suppose that the initias sinetic

energy of our positron iz By = 100 me2. .f we start with

100 positrons having this initigl energy, 18 of them wiil

be wnnihiiated while in motion according to rig(4). .f we
start from Eg = 10 me”, the total prubability of annihila-
tion should decrease to 12 % again according to the same

figure. Hence the number of positrons annihilated between

100 mc? apnd 10 me® is 6 ¥ = ( 18 & — 12 % ). bBut the real
number is a little less than that because of the term § =

(1 - e-Wo) - W,. I, the above case B§ corresponds to B ,

In this munner we can construct the following table.
TABLE 1

| By CneB) no(®) = Wusg)-Wus) Baci(x) _ 3= 3 ]

SR T N
10 0.06 = 18% - 12% 0.0582 94,18
5 0.09 » 18% - 9 % 0.0861 91.39
2 0.12 = 18% — 6% 0.1131 88.69
1 0.14 = 18% - 4% 0.1307 86.93
8.5 0.16 = 18% - 2% 0.1479 85,21
0.1 0.18% = 18% s 0.1467 83.53

The fourth column represents the percentage of et—initially
qu:A-ﬂL' -'Jw log e ®

a
high—eneway-group of positronilwhich survive at energy &, (C2.I)
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The graph iilustrating the surviving percentage as a funétion
of the kinetic energy of positrun is given in rig(5)
—/ x
/ 4 S\"Uu'n'u, Percen '°¢3l \/

Fig( 5 )

&= Full curve shows the variation of surviving
percentages with the enegy, ordinates being
calculated from Column.d .Table (1 ).

b- Dotted curve shows the approximate value of
this curve i.e. ordinates are taken from co-

lum.2.0f the same table .

3, Two—quanta annihilation of slow positron and positron
§3

" life-time " :- The rate of destruction of very low velo-

City positrons by the two-quanta process is found to be



given by

R = Nne4/ w? ¢ - 7.1071°
(e8)
~here N is electron density ( Fermi and Uhlenbeck) .
The nuclear repulsion prevents the positron from reaching
the inner part of the atum. Therefore not all electrons

are effective, so that N will lie between n and nZz , n being

the number of atoms per unit volume. ror lead

Re 2.5 108 £ sec.”t (1413 , (%)

%
For f m Z we have R = 2. 10lo sec.~1 ( Heitler )( )

The total cross—-section for this type of annihilation was

(2a)
calculated by Dirac and found equal to

(D:Wnﬁ; (+4(u g {(+(ﬁf }- gg] ©

+1 Yii

where Y - E49, , B = total energy of positron in the sys-
tem where eleccron is at rest; M= meRand o= ez/tb

From this formulae F. Joliot ‘) calculated the free patn
A, of a positron in maiter for which the number of electrons

per cm3 is N , to be

A= LN
For a positron of 2uMev , ¢D from Dirac's formula - 0.115 10’24
cmr. Whence = 3.1 em. in lead and 26 em. in water, whereas
the ionosing rénges of an electron of this energy is 0.07 cm.
in lead and 0.9 cm. in water. in this way one can construct

a table of corresponding calculated values of A\ and experi-

mental values of the ranges r for electrons of differentg

¥wwi UasiHler OTO 1 208
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kinevic energlies lying between _5 neV and lv KeV. The pro-
bability of annihilation P of the positron while its kinetie
energy decreases from w; and W, because of the retardation

( ralentissement ) in the material is given by

log [l - r(Wy, Wy )] ___JWZ dr/'/\ (7)
1

nnowing the above mentioned tabular relaiion betwzsen r and A
we gan . integrate the.right hand side of equation (7 ). The
calculation of this prebability in unit time shows that the
ratio P( Wy, Wg )/ At increases as the kinetic energy of the
positron decreases and reaches a constant value of about 2.9
sec™t in water beyond Wl equal to 100 nev . Blackett and
Ucchialini(es) pointed out that the constancy of this ratio
at low energies means that positron annihilation follows a
law identical with that which s&pplies to the disintegration
of radioactive substance as function of time, Thus the cons-
tant of dematerialisation is dcfined by the relation

(@8/N ) 1/t = =A = -2.9 10° sec.™}
N being the number of positron at time t, AN = the number
of positrons which disappear between + and t+dt . The "mean
life-time® of positrons in water is, gherefore, equal to 1/A=

~10
3.5 10 sec and 3.8 10'11 in lead.

The actual life~time of a positron can be determined
in cases where abrupt termination of ionising track can be

seen to occur befure the velocity has fallen below the approp-
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riate ionlsation limiv e.g. from cloud track photographs

in o« magnetic field where there is an absence of low ener-
gy scattering . wvetermination of individual life~time aund

o statistic.1l check upon the above " radiocactive * descrip-
tion might be possible by measurement in the™region 0 - 100
Kevfﬂameasurement of completed ranges of positron tracks will
yield only miniﬁum vValues of positron life-time. ror example

for positrons of different energy * duration of the measurable

track " = t;;, is given below:

Ex ( MeV ) t ( sec. ) ‘
\%e)
3 0.7 1041 in lead ( Joliot )
(68)
0.3 10~11 v ( Fermi-ﬂhlgnbecx)
-8 45)
0.8 v.2 10 in air ( Thibaud )

Section B:- The Bquation of the vonservation of snergy
v

and momentum for the rositron annihilation by Two-Quanta.

§.1. Energy distribution of the annihilation in motion in
the observation system. ( Electron is always assumed to be
at rest in this system ).

For simplicity let us express the energy and

the momenta in units of mc2

and mc respectively; assuming
¢=l, m =1, the equavions of the conservation of energy

and momentum become as follows:

E+1lzk 4k (3)

- > >
P =k +kg (9)
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where Ky is the energy and momentum of the forward quantum,
X5 is the energy and momentum of the backward quantum, and

B, p are the total energy,and,the momentum of the positron.
On the other hand, according to the solution of Dirac's re-

lativistic equation for a free particle the total energy is

glven by
Ewx 7 \|p? t 2

where p is equal to mvc/‘ﬁ: -/52 and Cx,‘-' me?; hence we can

arit S
e P = VEZ- 1 (10)

Inserting this value of p in the equations (%) and (9), it
can be shown that

1 - cos@ =(k3 + ky)/K1kp (ny
wnere @ is the angle between

the two quanta. If we denote E, P
J

by ©; the angle which k; makes

7ich the direction of incoming

rositron and by ©5 the one cor- »
responding to Kg, © = 64+ &5 . Fig(se)

(a)- For © =TT and By £ O, the left hand side of the equ;
ation is a maximum, hence kj and kgT%ound to have a maximum
and:minimum value respectively. The maximum and the minimum
energy of the two quanta can be expressed in the fcllowingway:
Since the two quanta are emitted in opposit directions, (9)

becomes
P= K- kg (12)
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From ( 8) and (12) we obtain

£y =3( E+ 1 4B% -1) (13)

k2:§(3+1—\/mz-1) (14)
Innthe extremely relativisstic case, v=>c , (13) and (M)
becomg

KI*E—% (15)

It must be noted that the asymtotic value of the energy of
the forward quantum is still less than the value of one-
quantum annhilation radiation by % me? = % Mev , assuming
that the energy of single quantum for one;quantum annihilation
radiation is E + me?. See Fig(7).
For v = 0 from (13) and (14) we obtain

kl] = kg =kp =1
which corresponds to two-quanta annihilation at rest, and ,
each quantum in this case has an energy of m02= % MeV,

(o)~ For © AT, the right hand side of (Il) is e minimum

wWhen

k, = kg =(k)+ kp)/2

Then
(1~ cos@)yy = 4/(E+l) (v

This corresponds to the minimum value of the possible angle
between these two equal quanta(each’ than ko), which is given

by
8,in= Arc cos( 1 - 4¢<E41)] (18)
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Or, substituting 6o = 6/2 , where O, = Gy = 6,

« . v A
nrite Go= Arc tg( 2/(8-1) )~ (19)

Table.2 . gives the numerical values of Oy for different E,

TAgLE 2
, o . .
E(mcé) .Ek(‘Mev ); tg6, GO kl.;Kg-(mgzq
3/2 0.25 2 63° 34’ 5/4
2 0.5 1.414 549 54" 3/2
5/2 | 0.715 | 1.333 45° 54 7/4
3 1 1 459 2
9. .. J...4. . _ s 26Y , 5

However, in the process of annhilation in motion
the probability of obtaining two quanta of equal energy
is much smaller than that of two quanta emitted with mi-
nimum and maximum energy. Therefore in newrly all cases
when a fast positron is annihilated before it comes to rest
one of the annihilation quanta acquires practically all the
eénergy and the other quantum is very soft having only an
energy ofbabout 7 MeV. The variation of the gquantum energy
as a function of energy of the incoming positron is shown
graphically in Fig(7). A frequency distribution curve (70)

2
is given in Fig(8)for positrons of 4mc total energy.
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Intensity
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2 b
| |-
b’ + 4 >
0 | 2 3 4 E/.

Fi6 ‘8
a— abscissa show the energy of
quantum in me? units
b- ordinate shows the intensity
of that particular quantum in

average intensity unite
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g.2. The angular distribution ¢f the annihilation radiation

in the observation system.

The angular distribucion of the two-quantg
process in the centre of gravity system is isotropic. The
-vusitron and the electrun buth zre in motivm iu this sys—
tem with a veloucity of v/2 in" opposite directions, and ,
the centre of gravity moves relative to the observatien
system with a velocity determined by the energy of the po-
sitron in thut system.

(a)- Let us c&%ider‘ first a special case where the two
yuanta are emitted at right angle to the direction of motiom
of the positron and the electron in the centre of gravity
system. If the velocity of the centre of gravity system

is V, then the relation between the direction of the posit-
ron and the emitted quantum @'in that system anu ¥ in the

observativn system 1. given by

Vi - v2 esing!
tgé = V - ¢ cose' (20)

For ial e
the special cas o1 = 900

maximum correspondance to X 90° Of the C.G system in the

ubservation system is
\/1 o L

80 = —0 (21)

( V is expressed in terms of ¢ units.)

It V=0 we find © =7 /2 in the observer system . This



corres . onds to the annihii.tion at rest for which the angu-
lar distribution is spherical in both system.
For V ?,4_ 0, © 1s 3 funciion of v and thereiore is a function
oE aiso. The relationship between E and V can be obtained
& follows : Let the momentum of the positron, coming with
a tutal energy E, be pyand the momentum of electron which is
at rest( energy = mc?) be py in the observer system, and
pl » P53 1in the C.G system respectively. Hence
’ ) P1 =P
pg = 0

o = - P}

(22)

The Lorentz transformation for the momenta follows the same

rule as thatyépace coordinates., Therefore

p1- VE p-VB
pp' = =Lt = —— (23)
-\ -V \/1 - v3
Py = gEef m ey (2%)
2 T\ Vi - v

Frem (22) and (23),(24)
p-VE:V
and hence P = V(E41)

Substituting the vaue of p from (10) we obtain

E -1
v =
B +1

(25)
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Inserting this value in (20) we obtain a relation betwe:n
e, é' and E but 1t 18 net practical in generzl.( A satis-
factory graphical method relating E to 6 ( 6;, ©g )directly
soon will be described). For the special case,8' = 998nd‘

s; = k3 ( in motion ) €rom (21) and (26) G becomes

1g0 =/Z/(ED) (19)
which is identical with the previously described value of
@y for this case.

(b)- For the general case Ky # kg the value of the angle
between the two quanta can be obtained in the folloving.way:
We know that the distribution of quanta in the observation
is such that Kk;+ kg = p for a given momentum. Hence in

FigQ) the point Q must be 1lie on an ellipse.
N
Let = 1+4E = K1+ ko

@(x,4)

We have
kg:xz"yzv
1l
2 2 - *
hence the locus of Q is Figo.
2
2 ¢ 2 ¢ — P
X" + 2 y - px - — = 0
g =P 4
or 2
4 - p/2 4 2 -1
__?.‘_(x p/2 ) +§__2y
¢ 8 =P
| e 4?_ pz
The semi-axis of the ellipse are a = /2 , b a¥——e—— )

Q2
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rand the eccentricity e g p/t . The eccentricity i. thus

a function of the pogitrun energy. For v —>0 the locus

vf Q becomes a circle and for v— ¢ the locus becomes a
parabola whose equation is given by Db g ae.

For all energies of?ﬁositron the angular and the energy dis-
tribution of the two quanta can be shown in one diagranm.

To be able to draw the different ellipses lying between these
two above limit cases corresponding to various energy valuesof
E, fur simplicity , it is necessary first to draw the para-
bola yz g X , and after having placed the major axis of the
ellipse given by E+4l on x , the minor axis can be determined
from the intersection point of the line . ¥'mo& With:the:. para-
bola . Thebig#:i vgctorsxqftthesé ellipses originating from
the focus will determine the energy of the forward and the
backward quanta,and,the angle which they make with the direc-
tion x of incoming positron. An illustration of this methed
is given in Fig( 10 ) . As seen the possible minimum and
maximum value of the two quanta is limited by a ¥xg
where x, = p/2. (the ebscissa of the center of the e%ql%;ﬁ;ey.)
Hence the energy of the backward quantum for different ener-
gies of positron, corresponding to this minimum limit will

vary between from one to half me?

as the total energy increa-
ses. In the case of two equal quanta different from ko = 1

the angle eois b/xp and the measured values check the pre-
Viously calculated values of 8, ( Cf. Table.2, )



This fiqure illustvates the distribubion of energy amel olivechon of the tuwo quanta
resulting From the annihilation of a pos;h«vu in mohor for ditfevewt cucq:é; E of He
pos,'h-on . The doffed fives imdicate the ma_qnlf'udc ancl d-n’;oﬁt;n of 1fa secorol guanhume

associatred with a Pivsh Guantum- ofga'w.u diveetion 8, , fov the vavious values of E.
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Section C:- The Cross-section for One-quantum Annihilation

as a Function uf Energy.

The probability of one ~gu.ntum annhilation
wag first calculated by Fermi and Uhlenbeck(es) and found
t0 be rather smaller than that of two-quanta annihilation
for a particle of the same errgy. The cross-section for

thig process is given approximately by’F

, 2 ,5
o) — 4 rg 22 P R’ 26
ci;;ZQD = 3~ %1378 Iz (N-R) (26)
and for relativistic energies the exact formula is
4Tr2 25 X?;lr 4 ‘f@-l.l}-,{ruzl)&]g
et - = )+ - = R LA
Oj:acplk = a7 ®ADRRT %é 38

(27)
For a positron of 0.1 MeV the cross-section in lead is 25ri
i.e. = 1/16 of that for two-quanta annihilation in motion.
In two—-quant. annihilotion the cross-—-section increases as
energy decreases; but in ene-quuntum annihilation the cross-
section imcreases with increase in positron energy up to

a certaein point and exhibitsa rather flat maximum round
about me2. The probabiiity of one-quantuw annihilation is
extremely small for slow positrons because of the fact that
they would never get near the K-shell owing tv the repulsion
of the nucleus. A curve iliusrating the cross-—-section as a
function of the totwl energy of positrun is deduced theore-

tically by Jaeger and gulme M), This is given in Fig( 11).

¥ fotler, QTR p-21t
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In this graph do represent the cross-section per atom cai-
culayed by Born's app‘roximation. The exact criterion for
the validity of this approvximation is

| BT E = 2rr{4g4<1
where KA =2/137 and § = v/c. This condition holds also
in the relativistic case where it is always asatisfied except
for very heavy elements, even then 2/137ﬁ<l) for pg-»1.However
o obtain an accurate value for the annihilacion p;obability
it is necessury to use a very accurate wave function in order
to calculate the probability of an electrun in the K-shell
making a transitivn to a state of negative energy. ¥%he cross-
section for that is represented by 4 . <+he difference is
considerabls especially for low energy whe®® the Born ap,roxi-

mation is not vulid. Ihe correcvion factor is given by

1
ho = & SRCT= 8K )

For slow positron annihilation the correction factor is in
fact appreciably different from thi;(:le) The dotted curve shows
the result when a nun-relativistic wave funciion is used.

The rate of annihlatlun vt fast pusitrens by
electrons in the K-shel. 1is thecvretically .investigated by
Bahbha- Hulme(%) . All their calculations é.re val{d for
E 2 264«, that is when the kinetic energy Bx is not amall

compared with Ck« = mc? i.e./ﬁvo.e or gmater and also wgl

that is to say for elements of small atomie number .
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#ith this restriccion, the total mumber of anninilation
processes with a beam of positrons of unit intensity fulling
on the atom i.e. annihilation cross-section due to elrecsrons

in~-the K-shell

L2
o—-h02 5255( _4 1-241 1g ¥ ]
~225 > (_K»x 1- T+g
In the limit of very large energies §—>00, and we obtain

for the cross-secticn

2
5 = 6.8 10783 («2)5 =2

which does not differ from the above more exact formula by

2 ahd the devi-

ation is less than 1% for energies greater than 1V mcz.

more than 2% for energies greater than 100 mec

A table of values of 2, is given below fur tw. difierent
energies wnd various elements. A comparison of the cross
sections per atom fur one-yuwnium and twO-quanta processes

is also indicated.

Total energ# Cross-sections 1
E Og All3 Fe, Pbgy

o me? 4 |1.08 10729 1,23 10728393 1027|2310~ R4

J,|1.88 10734 .95 1027

1

100 me? G, [4.59 10731 |5.20 107%%.65 107%8p.21 10726
¢

,lo.90 10725 V. 93 10734
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A8 seen from the «bove tabie, vne=quintum wnnhilation is
negtigible dn . lighs materials;even for lead it i: still
very much .maller than that of twe-, uanta: FKor a positron
with energie:. in the range 3 mc® — 20 me® the une-_ucntum
annhilation is about 16% of two-quant. process(Jaeger-Hulme)
and fnrsﬁqumcaand J.OOmca is about 5-6 percent(Bhabha-Hulme)
For oxygen the two-quanta process is greater by a factor
of the order of 10° .

The cross section for one —-quantum snnihilutieon
for a s$trongly bound electron i.e K-shell eleccron, and also
L-shell electron, negiecting the screening by the outer

(

68
electrons,are given by Fermi-uhlenbeck 2<jL can be expressed

by 4 1-Z2/W
L= UK "s3(a-722 M)

where W is the energy of positron expressed in Rydbergs.
For large energies W'>105 (  about- 3 mczx¢<L is at least
a factor of 10° smaller than<§K «( For pusitrons of low energy
screening can nut be negiected. )

The rate of destrucﬁion for one quantum process
is also given by the above authors, Numericul.values of R
for lead ﬁ& given below, T'hey indicate . that the positrons
which have compietely lost their inigial Qelocityﬁﬁan not
give rise to a hard component because of the very smull

rate for this process at very low energies.
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W ( energy in Rydberg) R :tgﬂv ( rate uf destruction
for one yuantum process)
1 5. 10=5 ( N is electronic J‘,.,;'tlc! )
.1,00 10
1000V 5. 107
75000 10 . 108

The rate of destruction for positrons annihilation at the
beginning of their path%found to be higher since the proba-
bility for destruction is then much higher. But even the
maximum rate .of 109 suggests a very small total probability

of destruccion by one quantum process. To obtaln an estimate,
for a positron of 1 MeV{r = 0.C6 cm in lead and time reguired
1s about 3 10_12) from the ra.e uf lugwe get)as total proba-
bility,3 107°. As the auvhors pointed out,this result can.

be increased appreciably by introducing relativistic correc-
tion in the calculavion of the cross section. For a positron
of energy of i MeV the rate value for transition to S-shell

is 0.4 109 non-relativistic and 2.3 107 relativistic -

Section D:~ Ratio of One-quantum to Two—quanta Annihilation.

Since there are twu K-eiectrons in an atom
which may give rise to one-~quantum annhilation and 4 electrons
altogether which are capable of two-quanta anninilation, the
ratio of the processes :i§, according to the formulae giving the
cross-sections per atom (6>1 , 32 ) or per electron (CPL’ (Pz),

given by ,
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Gildn = (28 Py = Ckoz )X

where o 1s the fine structure const.nt and j((x3

L X
(e alT= 2\ /Y a/a-(Ca 2) (Y- 1B ren)d)
X \fy 1! (Fogy+1) 1800+ ((2 —1)%-«-3)((-1)

(70)
As shown on the graph of 7(('() agu.inst E,figi2 the pronounced

maximum value of the curve iies in the r.nge 5-9 m02 which
corres, onds 2-4 ¥ev kinetic energy, and‘X('¥3 has got a value
«f 1.3« for which the rativ of the twu prucesses is 0,185
for lead. For E = g me®i.e. Bg = 0.5 mev Y( 1) = 1 and the
ratio,of one-~quantum annihilation to two-quanta annhilation
as calculated from (0(02)4 in different materials is given

in table. 4 . The results of Bhabha-Hulme are shown for com-

parison
TABLE.4 .

YA 08 A113 Fegg %82

- -
p——

«z)* |1.163 107% |8.107 107°| 1.29 10™° | 12.83 1072,

Bethe (2§ /285)
o

0.574 105 6.37 10™9

BE @u/zfe)
* |

#® Because of a factor of 2 missing in the calculation of

-5
Bhabha-Hulme the result should bs 1.148 10 for oxygen, and,
12.74 10 °for lead which is in quite good agreement with betheg

resulyg,
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X C§)—>zero for Yol which means that for very small emer-
gies ofgg;sitrons,one-quantum annihilation is very improbable
compared with the two-quanta type, 7This is in agreement

with the result of rermi-uhlenbeck ( loe. cit). According

to their ealculation , the cross-section is even smaller

than Bethe's at low encrgies owing to the repulsion,of the
rositron by the atomic field, and the screening effect. Thﬁs:r?
not been taken into account in sethe's formula which are

based on Born's approximaivion. ( The screening will tend to
diminish the probability for the outer shelkl still further;

for Pb the probability of one quantum annhilation by the

outer electron is about 16% of that by 'xx—electron( 70 )).
”x( (ﬁ reaches a very flat maximum valee of 1.2 over the

R to 20 me®. rhe probability of the one-

region about 3 mec
quantum process over this whole energy range is proportional
to that of the two-quanta annihilation e.g., for lead it
amounts to 16% of £he latter, whereas for air the one quantum
annihilation is extremely rare, having about 107° times the

probability of the ordinary two-quanta amnihilation’’®Tich

(72)resu1t. At very

is in good agreement with phabha-Hulme
high energies, the"ratio' decreases as l/logyﬁ i.e. the one
quantum annihilatibn becémes less probable as well as the

two-quanta one. i'or comparison,(fl and <f2 are illustrated

togethe in Fig(13), and their ratio as a function of energy
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Fig. (2.
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is given graphically in Fig(l4) and rig(15). <1he values

of J/I are deduced from curve in fig(ll), and ,22 is numeri-
cally calculated by transfemng the curve of differential
rrobability into cross-seétion. The necessary procedure

for that is to divide the ordinate of the Fig(3) by the number
of eiectrons per em® and multiply by the erﬁgy loss per cm

of path given in Fig(l) . The numerical detail of the cal-

culations is shown in table.b .

- TABLR.S5 . R -
T B E_ wadk il Oy w2 £y 5,4 W61/4 ‘
(mc§)kmc2)(1o )(cm"l)(18—582)_?}0“’4)(%0'23)(1U 24y[170e
. o T f
o {1 : fmax. 0 maX. B-A D |RA A
L ' L , J-H | ~J-H
| ~ 1.45 135.99
01/ 1.1 228 70 5.907 0.725 14.844 .625 U5
f ; E ? 7.4 10.2
0.5/ 1.8 310 25 2.870 1.2 2.354 ///0.77 3
é 2.5 15,95
1L 2 1279 22 12.306 {1.25 |1.935 ///ofgg. ; .36
2.2 16.15
2 3 195 |23 [(1.661 [1.1 1.362 \45 .3
. A
10 |11 40 | 42 10.617 - ‘ 0.505 16 5.3

Remark :- The ratio ofone-quahtum annihilation to two-quanta
should be expressed by 2/(Z—2).<P1/¢2 instead osz/z)(].)/(e_
because the two K-shell elctrons are included in the number 4,
and they can only give rise to one-quantum annihilation since
they are so near to the nuclei. Hence the two—quanta annihila-
tion is Z-2 times probable and that is maximum. nowever the

difference is small, only a few percent.

—o0o—
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CHAPTER III

THE ANGULAR DISTRIBUTION OF TAU-QUANTA
ANNTHILATION RADIATION *

Ihe purpose of this experiment was twop-~fold:

(a) To make a more detailed investigation of the direcw

tions of the two quanta produced by positron annihilation

at rest.
() To attempt to reach a conclusion on the existence of
two—-quanta annihilation in motion from the form of the
angular distribution curve.
Improvements on early experiments were:

(1) The use of a source of much greater inkensity,

(2) the use of a new counter of high ¥ -ray efficiency
and good directional resolution,

(3) the small resolving time of the recording circuits.
The Multiple Parallel Plate Gamma-ray Counter

The low efficiency of the ordinary Geiger-Muller
counter for Y —rays, renders difficult and tedious any

experiments involving Y -ray coincidences. Methods of

*Ihis work was carried out before Beringer's papsr came

-

to our attention.



increasing the efficiency by using an assembly of several

(7,15)

plates with wires between them have been describeipreviously.
K new type of parallel plate counter was designed for this
experiment.

Fig. l6 illustrates the construction. The countewx
is in the form of a pyramid of square cross-section. Slxteen
copper plates, 1.6 mm. thick, of edge varying from 1*' to 3¥.5
¥8re mounted lcm. apart in slots cut in two ebonite walls
(A,B). The two other walls of the pyramid consisted of cop er
plates screwed to A,B. To form the anodes a tungsten wire
0.004 in diameter was threaded through holes drilled in A and
B so that the wire occupied a central position between
successive plites. The whole assembiy was enclosed in a brass
lining k' thick, the larger end-plate carrying a small
filling tube and anode terminal.

Tests of different mixtures showed that a filling

of 7 em, argon and 1 cm. alcohol gave satisfactory temperature:

stability. The operating potential was 975 volts with a
plateau of about 50 volts. The low value of the latter was
probably due to inaccuracies in the centralisation of the
wires. A comparison of the efficiency of the counter with
that of G+M ., counter was made by mounting a small Gbee

source at the apex of the pyramid and placing the G - & ,

}
f
)
{
1




- 59~
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counver in such a position that it subtended the same solid
angle. The gain in efficiency dependecd on the filling, the
factor being 12.5 for 9 cm. toval pressure and 10.3 for 8 em,
The reduction from the possible value of agbout 15 can be’
attributed to inefficiency of colleection of eléctrons from

the oucer regions of the 1arger sections.( This defect can

be remedied by inserting two additional wires in these seccions,

Experimental arrangement. x
Two eounters of above construction were used in

cwincidence; one of them-was fixed and the other rotated in

a circle with the sourée\as centre, The source was a copper
wire ( Cu64) of Z.E‘mm. in diameter, surrounded by Aluminiuwm
1 mm. thick ( sufficient to stop all positrons ) placed at
the apices of the byramids. The anode wires of each counter
were vertical and in the same plane as the souree. uver 500U
coincidence éounts. we/re recorded in one seikas of experiments.
( resolving time of the circuit 6.9 [v sec. ). The variation
of the coincidmce counting rate with © , the angle between
the axes of the counters, is shown in Fig.17 . The ordinate
Ky is the number of real coincidences per minute, after cor-

rections for background ( cosmic rays and chance coinecidences)
and decay have been made. The discrepancy from a single line

at 180° is mainly due to the angular width of the counter,

If we assume that two quanta are emitted exacly in opptsite
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directions, thg}rate of real coincidences due tuv the annihila-

tion radiation would be a fungtion of the angle f commen
to both counters, as one counter deviates by an angle «
from © =180°.

Let §, be the half-angle subtended by counter
(which is 10° in our case)then ,

- /8=200— 2K
If we denote the rate of real coinciderces by Kr , then
Krzixt-ﬁ- - XE(l - £ (28)
209 S
where
X=F,wi¢

is the number of single counts per min. in one counter,

¢ , the efficiency of that counter (. , is the effective
solid angle subtended by the counter).The relation (28) gives
us twostwaight lines which intersect at o<=Q where K = XE
and meet the © axis at 0= ilX. If 8, is not small

/

equation (28) takes the form of
2 A
Kp.= Xt —*’E;éz_sga_'_fﬁ) (29)
which gives two slightly curved lines. Sce Figt!79).
The positive value of Kp outside the region
180° & 100 , can be attributed to the effect of scattered

q@anta from the counter walls or the souree itself.

B TS . =
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K. , can be calculated in the folf#ing way from the observed

total numbe; of coincidences K% . The latter was assumed

to be the sum of the follwing components:
%:Q*Ky*%*Km*Ko

where;

Kg 1s the number of the chance coincidences due to the

presence of the source, which is given by
2n1n2'c

where n, , n, are the numbers of single counts in the first

2
and second counter and T 18 the resolving time of the circuit

K‘ is the number of chance coincidences due to the presence

of the high background which is equal to 2ala21: where

&y , ag are the number of cosmic ray counts per minute in

each counter ( about 2000 /min. ) *ij

K%e is the number of chance coincidences between the source

and cosmic rays which is equal to 2T( n1&2 +n3a; )

EQ is the number of genuine cosmis ray coincidencqs.

Inserting these values in the above equation we Obtailn
Ky = Kr+ Ko+ 20( ny+ay )( ngray)

The quantities we measure in the presence of the source

are Kfnl‘*ll , X= n+a and K., and in the absence of

the souree we measure K=K+ K, a, a. Therefore the

convenient form of the correction formula would be

Kyt - K- PR E -ag)

¥ SRl Kyz 2T (= Ka)(ma - Ka) AE Ka s

oo emm 0\, w3 o amal g
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The results of the experiment are shown on the next page.
The experimental value of the peak is slightly less
than the estimated value Kf= Xz + This difference might be uu
due to the Cu®® nuclear )/ - ra§53&71ffch produces single counts
but not coihcidences.
If we denote the number of nuclear Y - rays by N,
and annihiletion radiation quanta by N, emitted in to 4T
and the efficiency of the counter for both ¥ - rays ¢,, &,
respectively , the number of single counts X detected in
each counter will be
X= Xy+Xg
where
X1 N, w
- Xg = Ngé, W |
As we know there is one Y - quantum of 1.35 Mev per 40
positrons, and 25/-‘quanta of 0.51 Mev per positron;

Therefore:
N

2.5
1= oo 2

It was found,by comparison of the relative efficiency of the
pyramid counter with differedxt sources of different energy,

that for 0.5 MeV radiation only a factor of 5.6 was obtained

in favour of the pyramid counter against G -M counter.
Hence zngz

t
h -3 x 4

LA

2
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e e N
¢ ! a4 ) i
Absolute ! o 0% " | i K !
time in decay cor. ‘total count cor?ecte corregted for|
minute factor 'per minute . for decay | chance+packg.
T : A !

i i
0 1 180  32.1 32.1%146 | 24.78
13.5 1.010 181,  28.3  28.58%1.53  20.36
25 W22 179 27.1  27.79%1.65 19.57
35.5 1.031 182 26.4  27.21%¥1,52  19.00
46.5 1.041 178  25.4  26.55%1.45 18,33

. 80 051 183  25.5 . 26.80%1.60 18.58

62 1.061 177 23,9  25.42%1.51 17.20
73 1.071 184 24,6  26.3531.52 = 18,18
s 1,081 {176 | 19,5 |20.60%1.50 | 12.38
] 3 1.090 185, 28.0 23.98%1,51 | 15.76
i i
105 1.100 175 | 17.7 19.4741.35 | 11.25
§ |
36 1.140 190 | 18.8 |20.52+#1.82 | 12.30
e 1.144 [ 170 | - 14.0 | 16.02%L52 | 11.8
190 1.183 | 160 9.3 (11.00%x0.60 | 2.78
235 1.234 200 10.1  112.46%¥0.81 | 4.24
250 1.252 | 195 13.6  |15.30%1.80 | 7.08
260 1.283 165 10.0 12.63%1,0 4,41
870 1.273 [210 8.9 |10.03x1,0 1.61 :T
280 1.286 |150 7.4 9.50%0.9 1.28 |

e
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_Hénce the presence of the nuclear 1/- r«ys will reduce the
value of the peak by 3%.

The experiment gives no definite indication
of radiations from the annihilation of positrons in motion -
for the following reasons ;
a—- Small probability ( cross section ) of annihilation in
motion at small energies , compared with the annihilation a

at rest.

b- The large compton scattering effect from the source and

the surrounding for whieh the cross section varies with Z
as in the case of two quanta annihilation.

¢- The low eoipcidmnge rate at the base line of the distri-
bution eurve ( beyond 180° ¥ @, ) which entails . large
statistical errors. This is where the annihilation in motion
( mostly ) would be observable.

For further investigation of this phenomenon a counter of
even higher efficiency would be desirable. This e¢ould be a
achieved by increasing the number of sections and using

77
lead“élates of suitable thickness,

- ==0 0 0== —=
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CHAPTERIN

THE STUDY OF ONE-QUANTUM ANNIHILATiON~ PART.I.

In Chapter 11 we have seen that the cross seetion -
for one quantum annihilation varies with Zs while the
cross section for two — quanta annihilation varies as z,
This factor of 24 in the ratio of the cross sections means
that one- quantum annihilation would be negligible in alum-
inium as compared with that in lead. Thus if absorption
curves are taken with these two substances as annihilators
one would expect a difference between the two curves which
Would be due to the greater numvber of hard y/- rays pro-
duced by one-quantum annihilation in lead.

The experimental technique used for this experiment
consisted of coincidence measurements in two counters between

whith an Al absorber of varying thickness could be ihsnrted.
The Yy - ray energies were measured in terms of the range of
the ~converted electrons in aluminium. The ratio of the
number of real‘coincidéncas t0 the number obtained with no
absorber was plotted against the energy of the Y - rays.

Apparatus: Two thin walled rwclgudar counters were made from

a rectangular copper wave guide of dimensions 23* x 1" x 13"
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The windows were formed by soldering Cu foils 0.001* thick,
on to both sides of this cathode frame ( 1.6 mm. thick §

The anode was a 0.008" tungsten wire of 13" effective length.
The counters were filled with a mixture of alcohol and argon
up to a total pressure of 7.5 cm. in the ratio of 1% to 6

cim. respectively. Under these circumstances a plateau of "
200 volts minimum was obtainable at an operating voltage ot
1100~ 1300 V. - |

Experimental Arrangement:

Two of the above counters were placed 4 mm.apart
and the first counter window was covered with v.4 mm. of
lead sheet. This absorbed any incident - rays and also
increased the efficiency of the counter by a factor of more
than two. This factor was determined by measuring the effi-
ciency of the counter with and without the lead covering,
using a standard Radium source of stremgth V.6 mec. The abso-
lute value of the efficiency ( with leadey was found by
comparison with a G -~ M counter of known efficiency. The
values obtained for 0.5 MeV and 1 MeV ( approx. ), were
0.2 and 0.45 percent.

The source consisted of an ac@ivated Cu64 -foil

0.001* thick placed " from the first counter. When it was
covered on both sides with Al foil 1.6 mm. thick or Pu

£0il @.4 mm. thick alternately ( each thick enough to stop
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all the positrons) about 3000 te¢ 40,000 counts per min..
were recorded in the first counter.

A quick run within the life of ome cu“' source gave a
satisfactory result. stin; the Pb and Al amnnihilator alter-
nately two absorption curves were obtained, the curve for
Pb being abeve the Al curve. (see Fig.l8).

We should expect the Pb curve te be above the Al curve
fer the following reasen: Let f be the factor for the
abundance of one-—quantum ahhihilatien compared to the two-
quantun se that £ << 1. Let us indicate the efficiency
of the counter for one-quantum annihilatien by ¢; and fer
the two-quantum process by £, + We should expect, for n
sositrons, nf of one-quantum annihilation and 2n(1-f) of the
two—quanta type. Then the number of <Y's which we weuld
detect in the same counter at 4&X solid.'angl,e is

an(1-£)¢, + afy =n[8¢ 4+ £(€ =2L)) ____(30).
From measurements of { and 6?_ as functions ef the quantum
energy we know that ¢ -2( is pesitive. Further, if f ig
cositive (i.e. if the one-quantum precess eecurs: ), the
additional temm f( {-3f) 1s pesitive in ( 30). Thus the
larger £ is, the greater is n:)and hence thewcurve for Pb
is expected to be slightly above the curve fer Al.
Te make certein that this differemce was real the experi-
ment was repeated with very long readings. In erder to reduce
the statistical error to a satisfactory value, especially at

the greater abserber thicknesses where the number of coinciden-

¢es per minute is very low, 10-15 hours continuous counting
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was required for each point. Since the half-life ¢f the

64
cu is only 12.8 hours 1t was necessary to use different

sources of slightly different size and dist&nooﬁ%hef%g?nts
of the abserption curve.

To be sure of the consistency of the apparatus during
leng counting periods, single counts in both counters were
taken for one minute and the efficiency of the counters was

checked by means of the standard radium source after each rum.

A i A A A
50 55 60 65 70 xi0°
AL absorber thickness wn inch

.

FlG. 18 ey

At the time of performing this experiment only one scaler

was available and therefore single counts and coincidence
counts could not be made simultaneously. The procedure

for taking readings for each point - was as follows.
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(1) Single counts in both counvers without absorbver,

(8) Number of coincid:nces with no absorber.

(3) Number of coincidences with a given absorber thickness.
(4) Single counts in both counvers with absorbver.

(5) Check of efficiency of counters.

This procedure was repeated for each annihilator. The total
number of coincidences divided by the time of observation

was taken as the average rate of coincidences at the middle
of this interval, and the decay correction factor ékt was
applied, t being the period, from the middle of one inter-
val to the middle of the next interval., It can be shown that
the error involved in this assumption is smaller than 3% even
for t=19 hours.

The chance coincidences from the source were
calculated from the relation 2nnt where ¢ is the resolving
time of the recording circuit. This was measured and found
to e 1.65 éusec. The same kind of decay correction was
also applied to the chance coincidence counts; in this case
the correction factor wawm ght . ( The chance coincidences
between cosmic rays and source were neglegted since the
cosmic ray count 1is extremely small; a maximum of 70-75
pepmin}%ach counter.) The true cosmic ray coincidences
were measured as a}funcﬁion of the absorber thickness,

The real number of coincidences n from the
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source was obtained by subtractimg the sum of the calculated
chance coincidences and measured cosmic ray coincidences
from the total number of coincidences observed at a given
absorber thickness. The‘same prdcedure waé applied to the
caleculation of the imtial pumber of coincidences N, at zero
absorber thickness. Hach n, was normalised to the corres-
ponding N;i{ ( N, was measured separatly for each n; ).
The ratio of ¢ / N, wam plotted against the
absorber thickness the statistical acouracy being 1% ( See Figk
_ The difference becween the ordinates of the two absorption
curves for 282 and 2-13 lies between &% — 11% which is

much greaiter than the probable error.

To ensure that this real differmce is not acci-

dental but due to positron annihilation , the experiment

was repeated with a different source, not a posit;on emitter,

exactly under the same conditions. A 0060 source was found

suitable for comparison because of its long life time(5 years)
(78)(8.0. <> *

It emits 1two Y - rays of 1.155 and 1.3M ueV and ‘g —reys.,

' Of Y
When a sourde[few square mm. in size was wrapped with Al

p
and Pb alternately‘as in the case of the Cu64 source, the
same number of single counts was obtained in the first coun-
ter at the same distance. The number of coincidences cor-
rected for background was plotted against absorber thickness

after being normalised to the initial number of coincidences.

. ]

The morefmeent  Volves are . LIMC L, 03318 Seeref. TP (def)
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The resulus are given ;njFig.ao. . fhe‘uwo absorption curves
are identical in nacure , they are parallel to each other,
the Al curve being slightly above the Pb one. This
discrepancy could be attributed to the difference in the
superficial mass of the two annihilators.( 1.6 mm. Al 0,432
gm/cmz : 0.4 mm. Pb 0.448 gm/cm® ).

| On the ad?issae of the above graphs is indicated
the energy of the electrons of range corresponding to the
ahsprber thickness. These figures were obtwined from tvhe
, range—energy curve for homogenous'fL rays as given in " The
Science and Engineering of Nuclear Power " p.52 Fig. 1-24.

To show that these figures are direcly applicable
to our apparatus an absorption curve of £ - rays of RaE
was obtained . This curve had an end point 543 mg/cm2 Al
which according to the table corresponds to an energy of
1.32 MeV , in agreement with the known energy of these P -rays.
( In dériving the above figure allowance was made for the
three cgpper windows, involved in the coincidences,each of
whichfg.OOI' thick. The stopping power of the copper rela-
tive to that[aluminium was obtained by direct comparison of
end-point measurements and half-value layers. Mean value
of this factor was 4) .
The experiment proves conclusively the existence

of one-quantum annihilation which appears to have an end
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point( mainly due to the compton elctrons ) in the neigh-
bourhood of 1.3 MeV. It is not possible,however ,to make
any quantita_tive analysis of the result or to compare it
with theory, because it is very difficult to assess the
effect of the nuclear | - ray which is now. known to have
an energy of 1.35 MeV.

'here are Other features of (his experiment
which render very difficult any attempt to predict the
shape of the absorption curve. The Y = ruys which are
incident on the wall of the first counter zre heteregquus
and consist theoretiéally of the follewing components:

(a) X—raysw( K=-radiation accumpanying one-quantum annihi_
lation and K-eletron capture )
(b) < % Mev( Backwards eomponent of two-quanta annihilation
in motion )
(e) % Mev ( Two-quanta annihilation st rest )
(@) > & Mev ( Forward component of tnO-quanta annihilation
in motion )
() >1Mev ( One-quantum annihilation in motion )

The % MeV radiation will form the larger part
of these Y - rays but even assuming that the incident beam

e
wers homogerous the effect of the wall of the first couhter

W These most probably will be stopped by the counter's

window .
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will be to produce a wide wariation of energy ofthe.conver-
sion elsctrons. The total thickness of the Ieéd foil and
copper window is of the order of the range.of & 1 MeV elec~
tron. Photoslectrons produced inside the}wall will lose
energy before reaching the inside of the first‘counter.
For % Mev. Y -rays in lead Compton electroms and photo-
electrons are produced in approximatély equal amounts.
Therefore, in any case, fifty percent of the recoil electrons
will have energies varying from zero up to 340 Kev, (12hese
will also be affected by energy losses in the wall). Thus
the beam of electrons entering the first eounter will have
an arbitary energy distribution - which will bear 1little
resemblance -0 the -energy distribution of the original Y-
radiation., In addition to these considerations we have in
this éxperiment large so0lid angles subtended by the counters
and also a variation of counting efficiency with energy.
The complexity of the problem is such that it is not possible
to make any reliable esvimate of the cross-sectiom for the
two-quanta annihilation process by introducing very many
approximations in deriving the shape of the absorption curve.
The difficulties due to the presente of the nuclear
Y -rays can, however, be eliminated by two methods;
(1) The use of a positron source whieh has no nuclear Y -rays

(52,79)
(at least no Y -rays of emergy>l MeV) such as 3, Since
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N3 has a short life—time (1l min.) the experiment would
have to be performed with a continuous supply produced by
nuclear transformation e. g. in conjunction with a high
voltage generator. (The department H.T. generator -was not
in operation at that time).

(2) The sepe®ration of the positron beams from the nuclear
Y -radiation with the aid of a magnetic field.

This method was adopted and the experiment is

described in Chapter VI .

—0 G Q0 m—
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CHAPTER.Y.

CORRELATION BETWEEN THE BETA= AND GAMMA-RADIATIONS

.

FROM Cu®t™,

One reason for éelectihg cub% as the positron
that the 7-1adishon cas that of
source was that it was thought/be—bd a pure annihilation
pedi-osion source. In every paper relating to Cu64 published
before 1948 there is a positive‘assertion of the absence
(57,68,80-3)
of bhd nuclear‘{— rays. In a preliminary experiment we have
done as a test of the source the absorption of Y - radiation
from Uu64 by a coincidence method shoved a prolonged tail
up to 1.3 MeV which was ascribed to the existence of the |
nuclear | - ray (Fig.21) ( The study of the end-point
is given ¢n a larger scale; it indicates the preeise value
of the maximum energy of the recoil Uompton electrons which
is equal to 1.105 - 6.015 meV, The 1nteﬁsity of the tail first
appeari& to be too large to regard it as due to the hard com-
ponenﬁbf the annihilation radiation.)
In this cChapter an additional experiment attemgting

; 64
to relate this Y - ray to the energy scheme of Cu  will p,

described.
The appardtus used in this experiment consisted

of two square counters as previously described& , a small magnet
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having pole pieces of 2" in diameter ( which provides 3Couu

Gauss at 1 amp. 3.5 cm. pole gap ) and the same recording

devices.

: %
Bxper'mental Arrangement ; The two counters were placed in

the inagnetic field. One was used for counting ﬁ - rays

and waw placed in the pole gap with the window horizontal;
the other was placed at right anglei to the first counter |
and separated from it by a few mm. This was used as a Y - ray
counter with 0.4 mm lead covering on the window. The source

ghick uu®?

foil of area 2x10 mm was mounted in the space
between the two counters. ( See rig. 22 ). <1he position
of th9 source and the counters was adjusted so as to collect
the maximum number of positrons ( or electrons) and Y- rays
in the g and Y ray counters respectively. <the number of
real(ﬁ,{)coineidences was investigated for positrons and

for electrons as a function of the energy of the/g particles.

This was achieved by varying the field in direction and

- magnitude.
I'he real number of (B Yy)coincidences was obtained
from the following obse;:ations :
(1}; Number of single Y -ray counts in the Y - ray cownter.
(2 Number of single ( /84-‘)/ ) counts in the B - ray counter.
(8- Mumber of Y- ray counts in the - ray counter.. The

last was obtained by covering the thin window of t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>