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Note on the Numbering of Equatioxs,

In this thesis equations are numoered in sequence
in each section of a chapter. Thus equation (3.2, 1)
is the first equation in section 3.2, (3.4, 10) is the
10th equation in section 3. 4.

The examiners have pointed out to the author that
the equations might have been numbered in sequence
throughout a chapter. Such a system would simplify the
notation and would possibly shorten the task of finding

any particular equation.
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INTRODUCTIOZN

The radiations from heavy naturally o ccﬁrr ing ‘isotopes
were observed by Becquerel in. 1896-‘ « The identification of the
radiations - Alpha Partioles, Beta Rays and Gamma Rays «, their
nuclear origin and their properties, the stability of the nucleus
and its mode of transformation constitute the essential topices of
"Natural Ra,dida.ctivity".z- - Radiations from lighter isotopes pro-
duced by the transmutation of certain stable elements irradiated -
with miclear particles were observed for the first time in 1933
by the Joliots 3. ‘The sﬁbjebt'm&tter ‘of this*"&rtifidal Radio=
activity" includes the topies already mentioned for "Natural
Radioactivity" and, in addition, the study of the production of
unstable nuclei. The chief differences between the two types of
radioactivity are, of course, the absence of radioactive series and
the occurrence of positron emission and electron capture in the
case of unstable nuclei produced artificially.

Characteristic of & particular nuclear transformation
"are its decay scheme and its half life. The former involves the
emission of nuclear particles of energy equal to the energy
difference between the "levels™ of the initial and final nuclear
states and includes the possibility of alternative modes of dis-
integration. The transition probabilities of these possible
competitive modes of trarsformation determine the half life.

The greater part of this paper is concerned with the determination
vof the disintegratior schemes of artificially produced radioactive
nuclei frbm an investigation of the emitted radiations. Such an
investigation inwolves identification of the radiations, determin-

ation of the energies of the various components, their relative

1. Reference Bl.
2, See, for example, Reference H1l, Chapters 11 and 12,
3. Reference Cl. :
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probabilities and order of emission, ard finally, the weaving
of the e'zperimenta,l ida.ta into a self édnsistent energy diagra.m.
A method for determining short half-life periods is also
mentioned, :

Fundamental to these investigations is the task of counte
ing accurately the radia.tidns emitted. Accordingly, after a
prélimina.:ry”{':hapter '6n'ﬁadio’a.ctivit3'r,f f.his | topic is discussed
fir_st. " The methods of determining the energies of the radiations
and the decay schemes are then described, and, finally, a detailed

account of experiments on the isotopes Co®° and Hg“o is given
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CHAPTER 3

THE FUNDAMENTALS OF RADIOACTIVITY L

1. 1. The Ra.dia,tions.

The ra.diations of interest in the experiments reported
here are beta. rays. (high speed. electrorrs) and gamma Tays (electro-
magnetic waves) Either type is specified by its energy usually
expressed in electron volts » and whilst monoenergetie gamma rays
are observed, & continuous energy distribution up to a well
definied maximum is fourd among the beta particles. It is
assumed that the nuclear transformation corresponding to the
emission of a beta particle involves an energj“loss’ 'eeue.l to the
maximum energy W, observed in the beta spe cti"um. ’ Ahypothe tical
particlé, the neutrino, having no charge and very small mass |
takes away an amount of energy equal t0 the difference between
W,> and the energy observed for a.ny rarticular beta particlei.

Both beta parti cles and gamma rays can penetrate ma.tter '
although the range of the gammas may be very much greater than
that of the betas.  Beta rays can also produce ionisation in a
gas. | o
" 'The continuous abs orijtion of gamma rays in matter is due
to three processes

(1) Pnoto-electric Effect

(2)  Compton electron scattering

{3)° Pair Production.

The first of these involves the ejection of an electron from
the K, L or ¥ shell of an atom and’ the complete absorption of the

incident gamma rays The photoelectrons are moroenergetic, their

1. Ong electron volt = 1l.9591 x 10“3-2 erge

10 electron volts R ' B

: (1 M.E.V) = 931 M.U. (mass units)
, = 10768 x 10= ? g .

For gamma ra.dia.tion, the energy and frequency are

related by Planck's equation & = hV.
2. For a discussion of the Fermi Theory of Beta decay,

- see K1, €2, or Ml pp. 40 et seq. !
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kinetic energy being equa.l to the difference ‘oetween the energ
of the incident ga.mma ray a.nd the binding enery of the electron
in the atom. The second proceee ma,y be rega,rded a,e one cf ‘
elastic collieion between a ga.mma. ray and a,n electrcn’. " The
Compton recoil electrons ere found to heve a continuoue dis. o
tribution of energies up o a sha.rp ma.ximum WC which is rela.ted

2
to the energy WY of the ga:rnna. radiation by the formula

W, = 2W | ' - (ll,l)

myct + a2 W,
In the third process the gamma ray disappears and & positron=-

electron pa.ir is formed. Such a. tra.nsformation is only possible
hen the energy of the ga.mma. rays - is grea.ter than 1.02 M, e, vo. and
in the neighbourhood of a hea.vy. nucleus. The threshold energy
correSponds to the reet mass of an electron-posit:ron pair.

’l'he 1nteneity of e, monochroma.tic bea.m of gamma ra.ye, passing
through ma.tter deerea.see exponentlally. :

T o= Toet (u,z)
where the a.bsorption coefficient, }) e can ‘be - expreesed as a sum
of partial ooefficients LI L iv L

IJ /Jphato Pfo'npron o F HI’“"‘ '. Ql,3)
If N be the num‘oer of abvsorber atoms per sa. Cihe , the cross
section per atom 133

(o 30 = H/N (‘ I 4)
The cross sections for the prOcesees (1), (2) and (3) nave been

ca.lculated by Heitlerl"

For a given a.bsorber element pro cess

(1) is the most important at low energies, process (2) at inter-
mediate energies and process (3) at very high energies. Yhere
process (2) predominates, [l is proportional to NZ (there being

Z electrons pe: atom) ; thus ‘J.is approximately proportional

'i. See, for example, Reference Sl, p. 281.
2, Reference D1, 1. 85.

3« Ope has dT = =ul e "—,u.Idx ,w whichma.ybe
. compared with the defining equation (See Ref, H1,
\ P. 525) of the "Cross Section® e

I 4. Reference H2, Sections 13, 16 and 20 resp. ; QQ



Se

to P, the demsity of the absorber. Consequently a "mass
absorptioix coeffvic.:iez;t", H/ﬁ » which ;s_p:a.'ctic_a,uy:copg:taxgt -
:t_‘or t;.ll element_s may be \defined’ . Th_e photoe_leotric absorption
eoeffic1ent at a great distance from the a.‘oaorption edge is
proportional to Z"’_and to & _/" « For gamma energies .in excess
of .02 M. e, Ve where pair production is possible, Hpe:r 18 pro-
portional to. zZ* a,nd increases rapidly with energy. _

7 These fea.tures are disxala.yed in Fig. 1.1 copied from. ..
Heitler.
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FIG. 1.1 Absorption coef:t‘ioient {-Las a function of
gamma ray energy for different absorbers. '~ The components
Herota 2 Heompton and Mpacr for lead are shown dotted.

l. The signifieance is that one can express the
~ absorption as a function of grms per sq. om of
) absorber without specifying the absorber.
2, .The "Abgorption Edge®™ is defined to be -that.
' - point on the Absorption coefficient v. quantum
energy curve where the ionisation potential is
- equal to the energy of the gamma Tay.
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In passing through matter, fast chafged particles lose
energy following deflections in the fields of nueclei and as a
result of inelastic collisions with atoms.s  According to the -
classical theory, the accelerations produced in the former pro-
cess are accompanied by radiation, whilst on the quantum theory
there exist definite probabilities that light.quanta be emitted. -
The inelastic collisions involve excitation and ionisation of
atonms. The cross eections for these twoe processes as a function
of energy have been calcula.ted by Heitler and the energr 1oss
per om a8 & funotion of prima.ry energy of electrons passing o
through 1ead is illustrated in Fig- 1.2, For othpr absorbers,
the energy 1oss per Che dﬁe t0 inelastic collisions is pro-
portior:a.l to £ and that due to “impulse radiatioxf' is proportiona.l
o 27 Lo , :

2sof\ -

200 \ " ‘
150 f— . - - - e
\ - / /
ool . . e ,/,,
. \ e /1/’
50 \ z

-
-
-

Raly o~ es .
QP"‘TMN F. o

001 o-t : ! 10 J00 E-m,c*
mge™

~ FIG. l.2 - Energy loss per cm. in lead as a function
of primary energy of electrons.

Whiist a definite range can be calculated for fast
monoenergetic electronsa', the difficulty in obtaining a range-
energy curve for. beta. pa.rticles lies in the: continuous distri-

bution of energy a.mony them.f» It is found that the mean angle

1. Reference H2, Sections 17 ard 23.
2, Reference H2, p. 223.
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of deflection of beta particles after passage-through an

abgorber layer inweases"”véith“ £he atomic number of the é%é,oﬁet.
For thin layers the mean angle of defléction is proportional to
the square root of the thickness, but, as - the latter is increased,
terds to a constant value. ~ "Back s cattering”, i.e. deflection
through more ‘than %2°, may O ocurs The intensity of the .radiation
after pa,ssage through ‘thickness > of a.bsorber is found to obey a
WoaN L L deN -9

dx_ 3
Thus in investiga.ting the 1ntensity dietribution of .8 beta source,

mounted on suitable ‘oa.olcing, one, 13 faced with the problexrs of
allowing for back sca,ttering and for eelf absorption in the o |
source. ,
The density of ionisation produced by &a beta particle in
a gas varies along the tra.ck of the parti cle, However, one may
define the "Specific Ionisation .88 .the _ayerage nmnbo: of ion
yairs produced per. cme tra.ck at atmospheric pressure._ The
specific ionisation is found to vary apprez:!mately 88 the inveree
of the energy of the beta pa.rti cle. : Since the ionisation is
‘proportional to the pressuxe' 2 one has a.pproxima.te]y for the
avera.ge number of ion paire produced by a charged pa,rticle whose
specific ionisation is. »d a.nd length of track f in a gas of

pressure f atmospheres

Cor sl e o s s R n,6)

le2, The Disintegrating Nucleus.
If one as’éﬁx‘rie's" ‘that the number of nueclei dis integrating

per seconi is pro;portional ‘to the number of nueclei present, i.e.

1. Deviations from this proportiona.lity are sometimes
fourd, pa.rticularly at higher pressures.

2, The Rutherford-Soddy Theory of Transformatiorns.

i3 See, for example, H1l, p. 244.
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one obtains, by integration, the well known formula

N = N fi—)‘t,.‘ L ,(1.2,1)
for the activity at time ¢, »'-:Equation (1.2, 1) may be expressed
in another way -« the probability that a nuecleus disintegrate in
‘& time interval dt is proportional to 4T ,
'T'h‘usr A is a "transition proba’oility":[.' - If several modes of
disintegration are possible ;

A - )‘, *)\;"”"‘ o Q-%‘-ﬁ)
where )\, )@ ----- a.refthe several trdnsition pfobabilitiés. o
It may be deduced " that the mean life L of a nucleus and the . -
half 1ife T of an ageregate of nuclei are given by the rela.tions

Lo = | SR (/25)

ad T = K= R ;_,_,,_,«-z,o

The exis tence of discrete energy levels within the v‘ S
nucleus is inferred from ‘the monoenergetic alpha pa.rti cles a.nd
gamma rays observed in radioa.ctive decay. The difficultv of
reconciling the continuous dmtrzbution of energy found among -
the beta. pa.rticles with this hypothesie has been mentioned.

The energy of the parent must be equal to the energy of
the product plus the total energies of the—disintegrati'on '
particles. - In mass units, '

Mass of Parent = Mass of Product + Mass of Particles

+ Kinetic Energies of
Particles

Fig- 1.5 shows the well k:zown disintegration 8 cheme of
C e ’and Fig. 1.4 tha.t proposed by Rutledge et a.l for the

"O

isotope Rq The 1atter is unusvally complicated and provides

1« N\ is o:t‘ten ca.IIed the "tra.nsforma.tion constant"
20 L= fPtnat =

o,\'r .
4 g = No e AT = 475

3. Reference Rle
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an excellent illustra_;fiozi’of the priecing- together of

information obtained by observations of the emitted gamma

radiations, The overall agreement betﬁeen the obser#ed

gamma, energies andt"fhe .differenéés between nuclear levels is

.very good. The branching ratios’ of the alternative modes of

decay ére Vinferréd :t"'rom’the réla;}bi;e' intensities of the observed
‘ 3

particles . Recent measurements indicate a half 1life of 270 days

for the isomer Rg"°.

" @rod)_ : ’ Ca o
. %8 2924
(uasy ;r;;l
60 « ™
G . 2 : L 2477
: ' B
‘3ﬂ~ s 2246
N - 2039
At of
NI RI
SN 1114
L ¥ ) i 154
¥ 1) Mew L = 1429
1g9
— BaKe
7{13M¢V L4 ‘723
- * 651
T ——————— onf ™
Y8
A R ST Q
- Kev:
FIG. 1.3 Decay Scheme of Co“ FIG. l.4 Decay Schemes of
T - Ry propoged by Rutledge

et al.

_Decay schemes of the type shown in Fige. 1.3.where there
is only one beta ray per disintegration are called "Simple".
Those of the type of Fig. l.4 where two distinct half lives.
are observed are ca_lvled -"Compound"; that from the metastable
level” (T = 270 days) in which tramsitions may ocour from the
initial nuclear state to alternative levels in the product . -

nucleus is called "Complex".

1. Ratios of the transition probabilities.

2. Reference S2.

3. Reference Gl.

4, - "Metastable level” = TLong lived excited state.
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' THE FUNDAMENTAIS OF COUNTING

. NUCLEAR RADIATIONS -

2, 1. Self Quenching Geiger Counters.

A type of caunter commonly used for detecting beta
and ga.mma. rays consists of an outer cylinder the cathode, ard
a centre wire in a glass envelope containing gas at reduced

pressure (Fig. 2.1}, A la.rge potegztia.l difference is maintained

: _ ¢ATHODE e . CRATHODE
\ _____________J WiRE : / WIRE
F . . w:n;wow GLpts OR METAL
ENVELOPE
FIG. 2.1: (a) Geiger Couniter - FIG. 2.1 (b) Geiger Counter.
(Glass envelope) f‘w»(vﬁinvwiﬁow to permit bveta

‘particle entrys)

acrosg the terminals of the counter and the entry of any
ionising pa.rti cle- into the sensitive volume of ‘the counter :
1niti&tes a discharge. S In the cagse of Self Q,uenching Counters,
the discharge is terminated by an internal mechanism. The,i_’_v:._\
rrimary iorisation may.be caused by beta particles. directly,
provided the .bet‘a(fpa:ti; cles. can penetrate the walls. of.j:he},_.,.
counter amd reach the semsitive volume.. . Counters with thin .
mica windows, thin duralumin wirdows. and glass bubbls: wirdows-

have been constructed for this purpose {Fig.- 2. Uv)). . Gamma -
| rays are detected from ionisation produced by Comptm or Fhoto . .
electrons ejected from the walls.of the counter or the cylinder.
The electrical impulse. caused by the discharge of the coun_t_ér,_f_.;
is fed t0 an amplifier and electronic counting circuit (Fig.2.2).

—] i AMPLIFIER .

FIG. 2.2 TElectrical connection to Geiger Counter.
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The pulse size-voltage characteria tic of a counter
of the type shown in Fig. 2. 1 is drawn in Fig. 2.; for a
strongly ionising alpha particle and for a weakly ionising

| :
cosmic ray « The counters discussed here are operated

| 1
: ! L
COVNTER BENWAVES RS |mmircm.z4 Rfﬁwrl | GEIGER

ToNIsSATION CHAMBER

ConNTINVG UJ

I 2t
Regronv ‘,_,M,,ﬂ,l REGON DISCHNRGE
PROPORT~

| ronimerry |

PULSE SITE.

t
!
!
t
}
|
|
!

|
R /

cosmic ARy

|
!
|
1
!
t
]
1
i
!
|
|
!
|
l

VOLTRGE RPPLIED TO COUNTER.

| Fm. 24 E Pulse size-voltage cha.racteristic for a _counter
of the type s cmn in Fig. 2ele

in t‘ne Geiger region where, for a given ope:ca.ting voltage the
pulse size is :lndependent of the prima.ry 1onisa.tion. _ ‘

| A Bel:f' quenching Geiger counter may be construéted a.fter
the ma.nne:c of Fig., 2. 1. The cathode cylinder may ’oe of cOpper,
steinless steel, lead or gold film deposited on the glass, and
the centre wire of tungsten (generally 0.003" to 0.012" diameter)
which’vfcan be sealed readily to glass. The counter may be filled
to apprroximately 10 oms. pressure with a mixture of 90% monatomic
gas (e. g. argon) and 10% polyatomic gas (e.g. alcohol})e  If one
places a}fsourc'evv close to a Hnewiy constructed counter and plots

a curve of ,counting”rafé,vagainst applied voltage, one obtains

1, See Reference K2, Fig. 1.2, p. 13
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& curve s_'imilar to that of Figs 2.4. The co#:recf opéra.tiné |

COUNTING RRATE

THRESHOLD.

STARTING |
J/ YOLTRGE

N VOLTRGE - RPPLIED _TO COUNTER .

FIG. 2.4 '~ Counting rate plotted against applied voltage -
for a typical- Geiger Counter.
voint 15‘:ough1y in the centre of the plateau. . When one -
examines’ the pulses obtained —from ~the counter 'onv"a. Cathode Ray
Os cillos}cope», one observes patterns of the type shown in Fige 2. 5.
The rapid initial rise of the pulse is called the "Break", the-
tinie interval for which no pulses occur following the ‘Break the

QUTPUT FRONS -COUNTER

BReAK t, g TIME .

FIG. 2.5 Output pulses from Gelger Counter. The
Deed Time \ & ) ard the recovery time ( t: ) are shown.
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"Dea.d Time", ard the time interval required for- pulses -follow-
ing the Break to attain their full size the "Recovery Time".
The "Resolving Time" of a codntéi' is the minimum time interval
between ionising events that a.re;dét-ec_ted'., . Its value lies
between the Dead Time and the Recovery Time and deperds upon. ..
the electronic circuits following the counter. . The "Intrinsic
Efficiency™ of a Counter is defined as the pioba.bility that a
dis charge 0¢curs when -the iorising particle enters the counter.
The theory .of counter behaviour has been given by,_Kg:ff__L”
A brief summary of the :essential featu;:es follows. . A single
electron within the sensitive volume of the counter .is sufficient
to initiate a discharge, - The electromsformed in -the primary ..
ionising event  are drawn towards- the .central wire in the
neighbourhood .of ‘which ‘a-"Townsend Avalanche" occurs.. - This .-
avalanche .is -complete ‘in less -than a microsecond and the positive
ion sheath remaining around :the central wire.’ lowers -the field in
this region and: termi~né.t:es, the discharge. - Positive iors then
travel out towards the cylinder; and, during this process which |
takés: a hundred or ‘more microsecords, -the counter begins .to recover;
The purpose of the polyatomic molecules is to absorb photons
férmed “in the ~.ixﬁitia.1-~a.va.lanche ‘and those :c-esultin_g-_-frogz Tecolls
bixrlation‘at the cathodes - »Thes.e_photonq_.wouldf produce photo- -
electrons and perpetuate the discharge. . The dissoclation of the
polya.tomicvmolecules: following absorption .of phot,ons -is .one of
the reasons why the 11fe of a self quenching Geiger counter is
limited. The increase in pla.teau slopa observed as the counter
ages ia due to a.n increase in spurious counts resulting ‘from
inoomplete absorption of photons. Spurious counts ma.y a.lso

result from t.he forma.tion of nega,tive :I.ons within the counter.

1. See Reference X2, P 91 et seqe
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_ - The "Intrinsic 'Efficiency"n of ‘the counter mey be
shown 'to.be‘r R

in the notation of Chapter 1, equation (1.1, 6).  Thus, for

—alp

example, for a fast electron (.o~ 50 ions per ocm. per atmosphere)
traversing a path of length 2 cms. in a counter filled with gas
at 8 coms. pressure.
G = 9987

“An expression for the recovery time in terms of constants
of the countv‘er is given: byeror:t'f?’.‘ " The recovery time is - |
inversely proportional to the capacity of the centre wire and
associated wiring, Increases with the radius of the cylinder and
decreases with the radius of the-centre wire, -

.~ The operating potential depends on the tyre ‘and pressure -
of gas used and the diameter of :the centre wire. ' The noble
gases have lower starting potentials than the common diatomic
gases, whilst the addition of a polyatomic gas to a monatomic
gas raises the operating ,potential from about 800 volts to
gbout 1100 ‘volts. ' As ' the diameter 6f the centre wire is -
increased, the operating potential rises.

‘Flat plateaus are desirable and may be obtaimed by
using a pure argon - absolute alcohol mixtu:reg’.* Contamination
with air results in the formation of ‘negative oxygen iomns which

- produce spurious counts.and cause the plateau slope to rise.

2.2. Sca.ling Circuits e,nd Recorders. L _
, | The electrical 1mpulses from the Geiger counter must
be recorded a.ccurately and visual 1ndication of the counte

must be provid’ed. | An ea.rly method of a,chieving this corsis ted

1. See Reference K2 Do 69. :

2. §See Reference K2, Do 94

3. Spatz (Reference S3) quotes a mixture of 95%
- argon (99.8% pure) and 5% absolute alcohol. .
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in ampl:lfying and 1engthening the Geiger pulses and applying
them to the grid of a power tube which ie normally non- conducting
a.nd WhiCh has in ite ple.te circuit a telephone meesa.ge regieter o
A big disadventage lies in the fa.ct that the meeea.ge register
will not respond to more tha.n about ten even;z sgaced impulses
pe:c second. Since the resolving time of the Geiger counter 18
several hundred mieroseconde, oounting loeses m the Geiger
oounter will be negligible compared to recording 1oeees which
are large even a.t low counting ratee. For example if the
Geiger COunter 1e responding to 10 random events per eecond |
loeees 1n the Geiger counter will be 1eee tha,n 0 5% a.nd those

in the reeorder 60%. o | . | '

“ | The speed: ef operation of an electro-mechenicel regieter |
is limited electrica.lly by the time consta.nt L/r of the winding and
meohanioa.lly by the moment of 1nertie. of the armature a,nd the
maximum torque which can'be applied to it. The latter is
1imited by magnetic leakage, core eaturation ard permiseible
heet dieelpetion in the winding. The uee of short equa.re
puleee to excite the winding ie suggeeted by the 1ast fa.ctor.

» High epeed mechanical regie tere have been developed.
con:mercially the "Cyclotron Specia.ltiee Reeorder will respond
to et 1east 50 evenly spaced impuleee per second an& the "Cenoo
meter to at leaet 120. A recorder of Swedieh deeign and ma.rketed
by Tracerlab Inc is capable of registering over 300 impulges per
second. Several fast counting meters using the mechanism of a
watch with the es capement. replaced by an eleetricelly operated
’relea.se ha.ve been conetructeda'. | A recorder capable of orerate

3
ing in e.bout c/aooo sec. has been des cri‘oed by Neher -« = - Il

l. An electro-mechanical device used in automatic

: exchanges to record the number of outgoing calls
, initiated by a subscriber.

2. B8ee, for example, Reference Tl.

3. See Reference Nl.
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Electronic cir cui ts for eperating_ime chani cal iegis ters
are ’dis cussed by _I.ew:j.e’. . _A,,ci:cuit_designed by ﬂie writer is
described in Chapter 5. ‘ o . ” | |

With the development of the i‘e,sj;z‘scale- of-2", the
mayj or 'responsibility‘_, for counting. ;oeses may be trarsferred to
the Geiger counter with its resolving time of several hundred
mi crosecords, ard, at the same time, elow3 mechanical recorders
may be used. A Scalé-of-2 may be defined as an electronic
cirouit® in which one "oﬁfpui': ﬁﬁisé ig obtained for 'evefsvr\two
input pulsee : & scale-0f= 27 consists of n 8cales=0f-2 “in
series. The original Thyratron scale-of-2 has the merit of
simplicity but the disadfahtage"of a Tather long resolving time.
The latter is related to the"deioziisatien time® which may oeceupy
a period as large as 1 millisecord. This long resolving time
may lead to counting losses or ,’virerse, to "jamming® © of the A
scaler." SR | |

' Hard tube sca.les- of-z usua.l]y coneist 01’ two vacuunm
tubes coupled tc:gether in ‘the manner of the Eccles-Jordan

1.

Trigger circuit A des cription of such a eircuit due to -

Rotbla.t and’ based on an original design by Stevenson and
Getting ? will be fourd in Chapter 5; this circuit contains

a feed=back loop which eonverts the scale-of :2“ to a scale-0f-i/0.

ls See Reference I.l p. 92 et seq. Coen
. 2,. "Fast® in that ils input resolving time is less
han 100 M secs.
3 and therefore not too ‘costly).
4, The first scale-of-2 was des igned by C.Ee Wynn=Williams
\ See Reference Wl. -
5¢ & discussion of the deionisa.ticn time may be found
in Reference R2, pe. 398 ard in Reference T2, p. 347.
6« Both 2tbyra.tions rema.ining alight.. See Reference 11,
PPe 83.
%. Reference E3.
» Reference R.
9« Reference 349
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"Ring Circuits" providing any desired scaling ratio
have been described's In general, these do not appear to

be as reliable as hard tube scales-0f-2 ;° however;, when driven

2

from a: cathode follower, mor,e,Satisfactoiy:operation is obtained
...A good general account of scalers and recorders (up to .-

1942) may be found in Reference Ll, Chapter VIII.

2430 Coﬁnting_l;osées. : ‘

In &iéfcusé ing cotintiii‘g{iésé;és one must know the o
distribution in time of the radiated particles and the be-
naviour of the detector and auxiliary apparatus when subject to
such radiations. The mathematical approach to the sub;]ect of:,_
cbuntihg logses is éimpii.fied by the use of .the Laplace ‘I’ra.ns-
formatio.na a knowledge .of .which is assumed in-,f};e_following; o
treatmentﬂg_' , CLn S : R A AT S

It has been shown in Chapter 1 (equation 1.2, 3) ‘that
the probability thati a nucleus disintegré.te in a time interval
dt. is equal to XcL)t,.f For N nueclei, the probability of-a
d'isi,ntegr.ation is Nhdt ; or ndlwhere » is the average:dise
integration ra,feg. From this it :t'ollws6 that the provability
of exactly m disintegrations in a time interval £ is |

O = et - (2-3,1)
, pony | ’

One notes that :

Fre - et it ]

= l> as it should.
The expected nurber of events, ™, in a time intervalt is
) = § m Pl =t @3,2)
and tlvl;e'»,'iira}xia,nce w:o o
L ot = é;bﬁ-’ﬁ)"ﬂm@‘)
= 3 (o= Bul)

4

=0

I

E [mimd Bl + Bl = E

m=0

1. References W2 ard S5s - -

2. Dr. K. Landecker, private communication.

3, See, for example, Reference Cds - R

4, The arguments used here are based on Reference El.

5. It is assumed that N is sensibly constant over the
period of cbservation.

6. Reference L1, p. 1ll5.
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i & = Vnt ' (2.3,3)

Equations (2.,5’,., 2) and _(,2_7.,5, z2) e:ipress the important fact

thatan eocféfiménta.l détei‘mina.tion of » from a total number

of observations 7 obtained in time t 1s subject to a fractional

error YV -
The probability that the first disintegration occur in

dt at time t from & chosen origin is equal to the probebility

'that no disintegration occurs in t and one im at
_ R 4

ioeo Ae =»‘Y\r-€ "d/t-

or b = DR = e (2.3, 4]

2 g f’; dcf -;{—é ‘ | ( > )

where h is defined to be the Probability Density for the first

event. : One can a.lso define the probability density for the

mk event’s
R h _an
™ def At

where APm_ is the probability that the m dismtegration
ocour in d,t' a.t f . Consideration of Fig. 2.6 leads to the

“dA=> : 0-4!:»
FIG. 3. 6. -
relation
APy, = [ ) ,LM (e x) AN At
LB 2
Thus

ks LR L{M

1. The origin is arbitraxry a.nd may therefore be taken
at a disintegration (or "event")

The origin is again quite arbitrary and ‘in the dis-
. cussion of oounting losses occurs a.t a.n evem:.

3. Reference C4, ps 37+ R «

N
.
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and hence'
m zat
L{b-f= LLLRE) T = ()
from which it follows™ that
P = cf% il (:3,5)
One observes that
wdt = o L LtTT
[poe - 25, L{e
= | Q.S'é)

which expresses the certainty that, provided one waits long

o event will be observed.

enough, the m

The mathematical theory of counting losses provides
information on the mean time interval between events and the
spread in time (standard deviation) of successive events about
the mean. Provided one krows the probability density function,
both of these quantities may be determined readily by means of
the Laplace Transformation. One has

L{peh = [ p&) c*at

= [,bft)df—, [t,é(t‘)df +f’f[£’}(t}df+ ----- +(—;;_g?[2",&(t)d¢‘+.... @-37)
= l—d?*f%‘F . R T @-3,8)

where t" is defined to be the ~*“ moment of the distributiomn.

One obtains t° by exparding L {p&)} , Which is obtained from a
Table of Tra.nsfornn3 , in a power series in 4 , and equating the
wefficient of 4" to Y ¥¥ « The variance is obtained by

recalling “that
SLTE L@ @3,9

1. Reference C4, p. 295, Transform 8.

2, Reference C4, p. 294, Operation 11 and p. 295,
Transform 5.

3, See, for example, Reference C4, Pp. 294302,

4, o= t:"(e-t)‘p(t)dt

- frepnde - AEfEpmat + @ poat
=T —a@®)+E).
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For example, as far as the radioactive source is concerned .

o) : et
L{'h(‘»‘)} L s =(,+%v)‘" e e
o e R
- or c =L =% o | - (23’,“)

That is, the avei'age 'intei'iral between eivéﬁts is equal to ‘the
reciprocal of the average disintegration rate, and the standa:cd
devia.tion of the' interva.l is equa.l to the a.vera,ge interva.l. |

The probability deneity function for the ?n"l‘ event is
(equation 2, 5, 5) e
B = T et
- fm-)! :

Lol = ()

Hence — RN
ot = T ('Ew)‘.
= ™
. o | s
or = = Yo V"’% T ..,,@.3,t3)

~ The significance of equations (2.3, 12) and (2 5, 13)

in relation to (2.5, 10). and(2 .3, 11) may be grasped from the .
following illustration. Suppose a perfect detector is exposed
to & source  and connects dirvect'ly, to a recording circuit. ..
The average spacing between input pulses to the recording cir-
cuit is % ard the standard deviation o:‘t‘. the spacing between
successive pulses is ¥n,  Now suppose the source strength .
is iﬁcreasedﬂ by & factor m and that & 'perfecti s cale- of=-r. 1is

1. Having zero resolving time (See definition s 21)

and therefore not subject to losses.
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placed between detector and recorder.‘v The everege spaclng
between input puleee to the recording circuit 1s again-ﬁm'but
the etandard deviaxion is now reduced from 2% to /Gn‘ Yo .
The effect of the ecaler is to reduce the numbers of ehort erd
1ong interva.ls. - _' - - 4’

o In an experimentel set-up, one hae a detector‘; 8 caling
circuit a.nd reoording unit eeoh lia.ble to introduce counting
lossee. The probability density function for the evente exciting
the detector has been determined (equa,tion (2, 5, 4-)). The
density function is modified by the detector because ef counting
losses resulting from its finite reeolving time, by the scaler
beca.uee of the sca.ling fa.ctor (end because of counting losses if ¢
the scaler reeolving time exceeds that of the detector), “apd by o
the reeorder beceuse of counting losees. The problem, then is
to determine the density function for the recorded evente, the ’-
resolving characteristice of the equipment being given. From
this.denei;ty, ‘function one’ deddces. the average rate at which |
events are recorded and the .«s-tenda.rddevié.tion. . Allowance can .
then be made for counting losses and a statistical error can be
assignedftheﬂcorreoted results Alterﬁetively, given certain
criteria, one can deduce the optimum circuit requirements. -

’A ”Resolving Charecteristic 18 ascribed to a counter;
and two limiting cases occur in practice; ENS
1) The counter recorde an event and is. unresponsive

for a definite time interva.l 1' during Which further evente are

lost. < 18 the "Non-exterded Reeolv:.ng Time" o

- 2) ‘The counter records an event ard is unresponeive for
a time interval T provided no further events occur. If, during
the interval v, an event occure, it is 1ost ard . imtia.tes the

unreeponsive time T o ’*f is the "thended Resolving 'I‘ime"

1. In the Aexper.‘inieﬁfe reportedhere, & Geiger counter
with resolving time ~ 200 K secs.
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Experimente;liy one determines which type of resolving .
characteristic is to be ascribed to a circuit by _~meaéu::emen,ts
with grours.of three pulses whose'rgla,t;vf'e ae,p‘a;fatio,nsg-%:qg._zz‘ébg '
varied, It is observed that counters cannot usually be -
clagsified strictly under the one or the other of these two.
types. AHoﬁever, ‘since most counters have. a resolving
characteris tic terding more towards the one than ._,;tAhde;_pi;-{her,
reliable calculations can be made on the basis of such
classification. CRE

The effect of the resolving characteristic of a counter |
is to introduce counting 1osses. - Mathematically, the ‘effect
is to modify the density function

M F w0 R (N

where = G R u(t 1);,@) » S e e e e P

o S u(£-7) et @b R e 2:3,15)
et €T

b}

One has. { poyat = A<, meiig s Th %
and hence the pormalised density fu:m:tlozz;Z for counted events . -
is pre.

SR TR R S
and hence’;' L.[ IO‘U-’)] #. FI [I-'/d'f + t'\' ﬁ.] (,?,g)yé)
where = - R* = f F"(f) dt (:z.s, 17)

Thus for a non-extended resolving time, ome obtains
the I.a.pla.ce tra,nsforma.tion of b*tt) the un-normalised modified

density functlon, and expa,nds it in a power series inA o The

L. ‘Nota.tio . lope. ) ... . - . (first g
o (two" ; gtar - output of (second) counting
( three) (third ) unit

2., Normalising the density function expresses the
certeinty of a further counted event.
3, C.f. equation (2,3, 8 '
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zZero moment term is_theireoipro cal of the normalising factor.
The average interval between counted events and the standard: '
devia._fiori of the i‘nterva.l_betwe%en counted events are obtained
as described before, |

©. When the counter-has an extended resolving time, “every
event, whether 'oount"ed”o‘r' no‘t iiiitiates the dead time, and
oonsequently ‘the probability that an event be oounted is

~ [ w () pOLE -

Thus N = F?* R (.? 3, /e)

where A" is defined in (2 5, 17) a.nd may be obta.ined from
equation (2.3, 16).

It is proposed to illustra.te the prmoiples described
a.bove by considering counting losses resulting from an experi-
menta.l errangement in which a Geiger counter having & mow. . .
extended resolving time . 1s followed by a soale-of- whioh ‘
ha.s a non- extended resolving time ’q ( 4 'c,) a.nd which precedee
a. reoording circuit ha.ving an extended resolving time ‘1‘3 . This
is the arrangement used in the experiments described in Chapter 6e
| . The density function for the events fed to the Geiger
oounter is (equation 2.9, 4)

}» kf) _%t' .
The un-norma.lised density function for the output of the

counter ds. . < o . : e ;
pe) = *u(/f-'f'\%'f”
| s 4E P
One has RTe BT
G | -
L{PK)} = <" [CT‘ 'Z:/"

— ..-n'c,[' /J(’Z'. ,L) +/J"(n" + : +'§r’~) "'""] @.3)'9)

Comparing ‘this rTesult with equation (2.3, 16), one fimds ' > '

b umy et ey

== F 6) -

-'r\.(_t ’E:) _2_-7\"‘:' S

{t ST mud Spoastolm G
B W - :7in the no tation of
Ref. C4, Theorem 1, p.‘22, F(!:\ = <. Hence the
result quoted,
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—NTt

B @30
5 - o “ L

Thus, for the Geiger counter aioné, the observed ov'utp‘uf rate is

nr = e = m

— e ev—

£ 1+NT
'Ihe oorrected dismtegra.tion rate is inferred from the observed

ra.te by rev:riting this equa.tlon in the form

£ .
~ = P Gaan

One could calculate the probability of observing exactlym

events in a time interval t by noting -that
Pnt) = [ [ et ——/ﬁ,..,, € at]

ard from this the st_a,nda,rd error in™m.  This enables
calculation of the standard error in »* and hence of that in
the value of n deduced from equation "(2'.75, 21). The calculation
is not attempted here.  One u’sua.llfy asoribes to 7 a fractioral
error At (e f. the didcussion immediately following equation
(2.5, 3)). ' |

. Provided T, is less than T, , the input Tesolving time
of the scaler does not introduce counting 1osses. (Mathema.tical]y,;
the density function is not a.ltered by the ‘new favctor w(£-7y) -

since the factor «w(#£-%) keeps it at zero till time 7, > 7 .)

One has' :
L{m- P“ét)} = {—,f,: p:ia)}

..'m.‘t', o

= X . :
(mw) (2-3,22) i
3 ) i
and hence |
—F“—“ P"'ft) B =. W U‘—-w\.’t. 3-,: L-{;- mt, M"'e_,n(,{-.-'_mt,) ) Q‘ 3).23) R
R -y
1. | I" p.\.ét) dt is ‘the proba.bility of observing m or

more events in the interval (o,t) .

2, T.f. Fig. 2.6 and the discussion pertaining thereto.

3, Ref. C4, Operations 11 awrd 12, p. 294, ard Transform 3,
P. 295+ See also footnote 1 Pe 234
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If row, ’Ta < wwr, , the remrding circuit does not

introduce further 1033. One may expand equation (2 5, 22)-

{Hw [oﬂkﬁ)} [(I—« T 4—(‘c~wo/J )(, Tl +-)%_ )1
2!

Ea ]

% I”A(/—'%’ + ’”’\'51) + =7 [(‘M’t)‘»i- 'rr»("“")v

] @)

‘Compaxison with equation (2. 5, 16) a.nd uge of (2.3, 9) yield -

™ = /rrt.(’r,+«r\,)
o*"" ___ (2"3)25—)

Thus m™ = -

Al S m(+nT)

T e g SERI ‘(:3;3):2(,)
T ** :
. o e “nin

Rt M,

The fra.ctional error inn 1s £aken as / Vrt
On- the other hand, if %3 > m~, , losges in the recording

circuit must be take,n}»: into accounts It is assumed that ’€3 is -

‘an extended resolving time. - This is roughly the case when the

mechanical recorder is of the message register type. The -
. 2,
density function for the recorded event is

Pt»‘é&)' = W (’f—-‘_‘tg) -n, @ e, m«l‘e'--m(/f-?vpfr,) ; @ . 27)

3 DY
with Laplace Transform

[ e T

Expa,nsion of the right ha,nd side of equation (2.5, 28) in a

power series in g , and comparison with equation (2, 3, 16) gives

~~!

AL e Rt gy

=0

1.- More a.écurateiy this couid be caiculé;t'ed as dutlined
previously

2. ¥ ut) = wlt-w) J P**¢). The factor wu(t-m=)
can be omitted for the same reason that w(-£- "a) was

omitted in the preceding case,
3.  Reference El, equations {(38) and (39).
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"‘he observed counting Tate ie ca.lcula.ted from equa.tion »
(2 5, 18) where the input rate is given by the reciprocal of
t* in eque.tlon (2 3, 25)- Thus

R < s - (“r"mz,!_-g; . (,2.3530)

.. m(lfr\.‘!’.a) - - =0 7-;',.
In nra.ctice, one multiplies the observed rate by the sca.l:lng

ratio, a.nd hence ‘the overall efficiency G in per cent is t

| -n('g """»t,) = (= "m-c) v
X G’ttssmt,) = ",""'f’rl.()t . € 7_2;0 ______:_f___'______ (2 3,2 HY
' » 2 ' st

or from equation (2.3, 26),

Glmemd = 135, - (:z 3, 32)

‘ Alaoglu and Smith show tha.t equa,tion (2.9,D 51) may be
expressed in terms of the incomplete Gamma function which is-
ta.bula,tedg.

G— L dee [l . I{w('c; T *m.g] R @.?,33)

I+ "

The efficiency of the recorder a.lone is ’
§ B o= IOQ[l"" I {’W(’C;—”\f') '”"'}] ;\ ‘ - ; Q 3 3‘-})
Considering the hvpothetical case where T =0 “ Alaoglu and |

Smith dra.w, for different values ofm two series of graphs,
one rela.ting @ and 'n‘c, and the other, G and nG/m o 'n//»v

is the rate at which impulses are fed to the recorder amd

80 the latter series of graphs shows the efficiency of the
recorder for the same average input rate from scaling circuits
of different scaling factors. From equation (2.3, 25) one

has
Q‘.’* — }

— se——

tn \w
and so there are relatively more of the 1onger and shorter

intervals for lower scaling factors, This causes a relative

reduction in efficiency for mT <1, but an increase for

1. Reference Al.
2, I'(P’f."n) fPrexa"dx
e
rey = [0 &= x" o
3« Reference Pl.
4, See equation (2,3, 26); T -o.
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™2 >]| + Hence the rather surprising cross-over of the

gra.phe'a.f, ”2,,;;\3‘=f‘.7 |
s -
I\ AN NN AN
AN V
»® 2 e N N N N\ “ \

o
£
[
3
3
3
d Q
N
E
% EFFreiency :
S

20
AR
) L& s 2
nT
T

FIG. 2,7 - Efficienay of Recorder .plotted against (1) n=,
(2) nt/mfor 3§fferent values of m « - is average input rate

to Geiger counter, m is scaling factor and —— is resolving time °
of recorder. '

- In the 'éx'periinentéi'des‘oribed*in'Cha.pter'*é,’ a scaling - -
factor of 100 was employed. Since- the resolving: time of the
éeigér'f'céunt"ers&tiSedv"\vé\,S”nef"é’r l’eés"'th‘zin"’lﬁo" Psecs. and the -
resolving time of the recorder was about 15 fmiilisecon'ds;#th‘e
counting rate » was obtained from (2.3 ?6) “and the fractional -

error in » was takem as A=t .
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- CHAPTER 3.

’EﬁE‘001NCIDEmcnrcouﬂrxmc TECHNIQUE - -

'5‘..‘1. Introduction. , " - _ e
o ) Ra.dietion detectore eufficiently close together may be
actuated eimulta.neouely" by
(a) the same particle, B o

:('b)'i“different pa.rticles originating simulta.neouely or in

| o ra,pid eucceeeion from & common disturbance,
e,:;d | (c) _diffe:cent particles resulting from different ca.uses. ‘
. The regietration of a "coincidenee" due to any of theee
causes may be effected by connecting two -Or more detectors to an
electroric oircuit which ie designed to give a.n output pulse
whenever all the detectors are actuated within a time interva.l
called the "coincidence Resolving Time of the apparatus.

| Comcidencee of type (a) may be used for determiningu gamma,

ray energies.» in thie, correctione for coincidences of types (b)
a.nd (c) are neceeea.ry. Coincidencee of type (b) may reeult from
nuclea.r dieintegratione or from COemic raye, in qua.ntitative |
investigations, correctione for a.11 typee of.unwanted coincidences
must be made. 001ncidencee o:f’ type (c) are "Chance Coincidencee" :
the counting of which ha.e applica.tion to the a.ccurate determina.tiox:

‘ of the coincidence reeolving time of a two channel eye tem.

«2. -~ Chance "'COincidences."' "

" ‘Chance Coincidences involve coincidences of type (o), -
and occur whenever all channels of a coincidence circuit are
"\re'ceiving ‘input pulses. ~ Comsequently, in co'ﬁﬁting:coincidencee

of types (a) or (b), one must be able to determine quickly or to

1. The deeign of a euita.ble cirouit ie diecuseed in )
‘ ‘Section 5.2.;and the description of ‘the cirocuit deeigned
by the author is given in the apperdix, = . =~ |




calculate readily the contribution of-cha.ncezrcoincidehéea iR
to the total coincidence rate. - In this connection, the . -
impor tance of using electronic circuits which posses a cons tant
resolving time will be appa.r.enf, from the folldWing' discussion
which is a modified account of the tr’eatzﬁent”by Eckart and - _
Shorika s |

" Consider an n-fold coincidence circuit and suppose |
that the excitation *o:‘f:'} the ith detector by an incident particle
at time t. produces at the input from the itR to the mixing
stage a squé.re'pulsefﬁeginning*a.t t; and of 1e’ngth T.:‘-:, cons tant
and thus independent of ty and of the nature of the incident
particle. Suppose, further, that the 1th detector is such
that Te-excitation within time T¢ is not possible, i.e. the -
resolving time of the detector is greater than %<, In
addit'icn, let the counting rate in the ith detector be such - :
that counting losses due to the resolving time of the detector
are negligible, = Finally, suppose that a coincidence- is observed
at time T if, firstly, at ‘this time, whilst pulses are being
fed to the mixer from each of (-/)  channels, a particle is
detected in the remaining channel, and if, secondly, the time -
Overla.p:o’f»"a.ll- n‘»»’pulseé at the mixer is not less than £ « .

~ For an n=-fold coincidence ecircuit, "chance coincidences
of the first kind® are defined as coincidences due to the:
superposition of mixer input pulses, no two of which are related
causally ; | chance coincidences of the second kind are those in
which tw6 events are causally siniulténeous and (M -2) ever:zté'} é;:.;e
a.ccidenta.l]y simultaneous. other types Qf coincidences_ may be
defined similar]y. - Al e e

vv On the basia 61’ wha.t ha.s been said a‘oove, the proba,bility

Pet) At that a ooincidence is observed in a time increment 4l
at € is equal to the product of the probability that a particle
is detected in one of the cha.nnels in dt at t a.nd the probability

1. Reference E2,
2. (op7THE FiRsT k1N D)
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that, at t , ;the‘re'a,re: being fed to the ini xer stage from each
of the other @w-/) channels pulsea whose time distribution is

'mus the m”" channel must have been a.ctue,ted in the interval
(t—,,,oq-m &) ., the probability of which is Nm.{t (hf—r».)} |

where Non, ie the a,verage input rate, Hence ‘

 Pgat - N;w[/v (-). Ny b5-p) corveon N (ory
o  + N, dt [N (- F) -Ng( ) .‘..N,;@_ﬁ]
‘7 + N df('[N (rl ‘F) N)(T» f)) R a., Tt f)}
R S ISP S Vi SR [-J— s g } (31’ )

For a two—fold circuit where ohanee coincidenca of the first
kind only occur, this becomes |

P&) < NN, [t- P+ b f)] B )
The term in the equa,re bra,ckets is obviously twice the ,
coincidence resolviag time™ R "and ii‘ this :ls to be & eoneta.nt,
the pulse widths must be comta,nt (independent of counting rate,
detected particle etc.) and the minimum overlap time must be
consta.nt. ~ on the~other~ ha.nd, the -resolving time may be varied
by altering the pulse widths at the mixer input, or by altering
the mixer circuit so that P ie changed.

Equation (3.2,2.) expresses the fact that the chance coin-
cidence rate C'is given by |

C o N A, [(r, )4tnf)] }

.-=N,.'c

(3:2,3)
Obviously, the resolving f‘imé‘-’-ﬁé&. be determined by observing -
simultaneously the chance coincidence rate and both channel
impulse rates when the detectors are excited from indeperdent

1. See the secornd paragraph in Section 2. 3.

2. It is assumed equally probable that each
counter be actuated first.
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sources,  Experimental verification of the constancy of the
fraction ' S/NN. “for the equipment designed by the author is
described in Section 6.1; the dependence of C on < and o is
also verified. Several circuite have been described in the
literature in which the resolv1ng time is altered by varying P !
Thus the sigmfica.nce of equation (5.2 2) is that, firstly,
it provides a means of determining thevres olving time of &
coincidence : ci: cuit, and Becond]y,oncetheresolvmg “time has
been determined, the contribution 61‘ chance‘cdincidences to the
total observed number of coincidences, may be calculated quickly.
More exactly, the contribution of the chance coincidence rate
to the total observed coincidence rate would be = = o
C N (6 oze o (2
where (3 is the coimcidence Tate of events Telated causally.
© For triple coincidence, the probability of +a coinecidence
of the first kind in dt at 1‘,:';:;'"”15 , ‘from equation (3,2, 1)
Pe) dt = NN, N; [(ft,’-f)(r'-’e) + Cf;-f’){(fs—P)"'+(¢s'-'(’)(fi~5fil"df'ff "
The probabillfy of coincidénces of the secord kind also must
be deduced ,ard is found t6 be > = B AT el
Q) «umm[ma+md
e ey Nys N, [(nre)'f- @,;f)]a‘::, |
+N3,NL[('cu~f)+ @UJ i3 el (32)5)

where Ty is the smaller of < and Ty
“amd Nijis the rate of similtancous actuation of detectors ¢

and J by particles related causally.

3.3, Coinciderice Absorption Measurements of Gamma Ray Energies,
The experimental technique, Fig. 3.1, consists firstly

in the production by the gamma rays from the source 5 of Compton

electrons in & suitable ra.dia.tor R a,nd ‘gsecordly in ‘the’ measure-

ment of rate of electron coincidences (type (a)) as a function of

1. See for example, Reference B7.
2, Reference 2,
3. Section L 1.
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the thickness of an absorber H between the two detectors, B,
a double window Beta C'ounter, and B2 , a single window Beta

Counter ’.

'NHI!MEL 1. CHB"NL‘L -Z

%MES

FIG, 3.1 Experimental Arrangement for measuring
Comptor electron Coincidences. See also Plate 4h.

Correctiors to the observed coincidence rate for
cosmic coincidences, for possible gamma~gamms coincidences
and for chance coincidences must be made, Determination of
the contribution of the Cosmic.rate together with the gamma.
gamms, rate is effected by increasing A till the observed rate -
falis to a cbnstant‘value,' The chance coincidence rate may
be evaluated from equation (3.2, 3}.

The evaluation of the énexg} of the hardest gamma ray
may be effected by compa.:ison:with the graph of Curran, Dee - .
and Petrzilka, in which Compton electron range is related to
mcidenf,_gamma ray ~energy2£ '

- A gsecord method for investigating the gamma spectrum
consists in using the methvod of Figs 3+ 1l,ard in determining the
thickness of absorber necessary to reduce the coincidence rate
‘to one half, one quarter, = = - - of the zero absorber rate,
The way in which the spectrum is resolved from these observations

is described in Chapter 4,

30 4e Nuclea.r Disinteggation Schemes. o

(1) The e:ggerimental technig ' This jinvo;ves' the

following eteps -
| (A) Determination of background for each counter used.

i. The beta counters used in the experiments of Chapter 6
are reproduced in Plate 3, (v), (o), (d).
2. See Reference C3.
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() Determination of the cosmic coincidence rate for
each pair-of counters connected in coincidence 1:': ‘the succeeding
steps',.,- . , = . R

- (C) The single Beta counting rate is determined .as a
function of thickness of absorber placed between source and
counter. o

(D) Gamma»Gamma. coincidences are investigated,

(E) ‘I‘he Beta=gamma coincidence rate is observed as a
function vof thickness of a.bsorber'--placed before the beta counter.

(F) The energy of the gamna rays is investigated by the
methods outlined in Sections 3.3 and 4.2,

‘Step (C)- yie&da the absorption curve for the whole Beta
ray spectrum. - The thickness of absorber necessary to stop all .
beta rays provides a measure of: the energy of the hardest beta
rayz, amd, if, beyond .this point, .a steady _:counting;ra.teia,bcvew‘_
the ba.ckground is observed, one can infer that the disintegration:
involves at least one gamma ray.

Two ::b}etaj;;coux;tera ‘may be used to dete:mine;wheth_er; Salmbim
ga.mmacoincidences occur: sufficient absorber is placed between
each counter ard the source to remove all bets particles. - In
determining the gamma=-gamms rate,: one»;_a.]:bws for-cosmic coin.
cidénces», and:,:for,,cha_ncé coincidences whose contribution to the
coincidence rate may. be calculated from equation (3.2, 5}.

~ The beta ray absorber in.front of one of the counters .
used in the preceding step is removed and. step (E) is. carried
out. -~ Allowance is made for the cosmic rate, the chance rate
and the gamma~gamma rate which has been determined in the
preceding step. To interpret the experimental results, it is
oonvenient, a.t this point, to consider specia.l disintegration

s chemes.

1. The counters are placed in a horizontal. plane to keep
the cosmic rate to a minimum,and should. be used in the
same geometry throughout the experiment.

2. See Chapter 4. _
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(11) One Beta Particle, One Gamma Raye In the first

Place, suppose tha.t a nucleus of the isotope being investigated
decays with the emission .0f one beta pa:rticle to an excited
state of the product which loses its excess energy by the ...
radiation of one gamma ray, (Fig. 3.2).

lx

Step (C) has given the beta ray end point energy and has shown
the presence of at least one gamma ray. Step (D) has shqvgxi_th&t
there a:re o gamma.-gamna. coincidences. This does not mea.n- |
necessarily that there is only one garma ray pér disintegration.
Now let us suppose ’tha.f;. there "a.‘re N'disimegrations per second and
let the net efficiencies of the counters be €] and €1 ‘for gamma
rays ard . €F and €2 . for beta particles, - The neét efficiendy
is given by |

€ = ZLL-F,- {mr_é( Lol o s s i o sri L :'(3;43 l)

s

where £, is the intrinsioc efficiency of the counter for the
detection of the radiation in the element of solid 'é.xilg:le Al
subtended at the source. The follcwing relations holdo

N6 = NP ¢ oNT = NeF iy Ne, SR DY N (3«,1) R
where -Fg) is the fraction of beta particles penetrating the

thickness x of absorber. -

1. The prefix identifies the step, the superscript, the -
radiation, ard the subscript, the counter. The
expressions on the left are counting rates and they
represent the corrected observed rate in each case
Ce e

Noyrefers to counter 1 in ste% (c) and represents
the total observed counting rate (corrected for back-
grourd) for absorber thicknessXx.

eNTxyrepresents the observed coincidence rate in
step (E) corrected for Cosmic, Chance and ¥-¥
coincidences.
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N =0 a3
SN = N 64, 4)
pN»i«'..-a. ,_ N €% Q.u,g)
EN,’;Y(;),.:; Ne‘: Fay el ‘ G u, ¢)
NP ='”~_Neﬂ":@) B-«,7)
E N{ = _NG{ . (3"‘)3)

From the last three relations, one deduces

Ee: o & (9
Wy oy e
ENu("-)

Ve may summ.rise ‘the case of one beta particle, one
gamma, ray pe:»disintegra.tion by moting: :

Step (C) .g’i_ves ‘the absorption curve of the beta ray .
and its erﬁ point energy, and }_,indica.tes the presence o’j:’ ge.mma
raye. A R T T S

- Step (D) shows that theére are:no gamma~ gamma, coincidences.

From step. (E) , one finds that the ratio ¥ /nn plotted as
a function of abaorber thicknees is a constant, and ie, in fact,
equal to the net efficienaqy of counter 2 for the emitted gamma
raye. One may qélcula.t'eja;}ao, from equation (3.4, 10), the source
strengthe T

Finally, extrapolatiqp of the curve N, () to. x=o
enables the net efficienay ¢f to be determined, whilst €] may
be determined from equation (3.4, 4). |
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- (1ii) * Complex Beta Ray Spectrum, Ope Gamma Ray per

jDisintegra.tion.: . In this scheme, the nucleus has an

‘alternative method

of decay, (Fig. 3.3).

- FIGe 345 " Complex Beta Spectrum.. Fi ©)  is the fraction of

nuclei decaying by way of f-¥ transition.

' 'In the previous notation, the relations which hold are;

N

>N

Lt o8
o N2

= N¢t [EL;) + ﬁ(z)] + Ne¥ o

:,,O
= Ney

= Neil

L NP = Neffed

i

eNf@) = Nek [+ ,ELI)_J

NG N

Hence

eN P @)

BY
e N, o

eN?-:(?C) -

T

B

= _hoe. € N
A V-
A

= ¢fhre)

]

¥
eNa

and BN

eN AT @

 Wlwake)

- B.gym).

b

S (3, 1)
. Qiiu;"b')‘ SANE
6o,

@-4,19)

G-4, 17)

 eard)
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One a_.dditiena.l irelat‘i_op holds, bpamely

‘o) + F\,@)* =4 - = Co 63'7’#’2')

If one examines these equations, one ﬁnds that
there are six unknowns = é’ , €7, fie, R, ¢, N.
Now one may suppose tha.£ e‘,‘_ hae been determined in a previous
experiment, such as “d'es.eribeid in the'pi'eceding section!. Then
by extrapolating eN @ to x-o , and noting equation (3.4, 21)
one determines N. From equations (5.4 13) ard (3.4, 14), one

evaluates €; and ey respectively.  Then, by .extrya,polationuoi;_‘; -
eNT &) |

= to x:o, 6 one obtains Fie) and hence o).
TNT , enee.

The information obtained ‘may be summarised. ,
step (C) gives the total beta absorption curve and the
end point of the energy of the harder beta particle and 1ndicates
the presence of a.t least one gamma raye
Step (D) shows that there are no gammsegamma coincidences.
As a consequence of step (E), equation (3.4, 19), one
obtains the absorption curve for the softer beta ray and hende ' its
end point*energy. ’ The ratio N N decreases to zero as the
thickness of the absorber increases.‘z__ :

Other quantities of interest are deduced as des&'ibed above,

o ‘(iv), SOne Beta Particle, Several Ga.mma Ra&rg per Disintegra~
tion. The simplest case of two gemma rays . is illustrated in

RN

Fi go 3. 4'0

S
D

. FIG.  3e4.

1. The intrinsic efficiency for beta particle detection
does not depend upon beta ray energy and is practically
equal to unity, so that this assumption is justified
provided the Bame geometry is used,

2. c¢f. the ca.se (section (7¥)) where the Beta. spectrum

is simple : @.) = a constant.
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Rela.tions of interest areo '

cNa) sNe‘? o +(~eﬂ ’+~e SOV U (g 4,:.1)
N“‘ - N {en [én: +ea§ ) + e“ [ eb’s 1
. F """"""_7__;_**""‘---’w---
et [e vt -f--+e?:']}
DNT v N{(: 1—€ FU. +€‘:"‘

and | ’N‘( .*—7- N {e"’ R 5 _,+ e’{”} |

If one makes the a.ssumption that GY’ '_-' e = -' -Q. ;' e ». : g?{
a.nd G = = oeaen = :ﬁi = €f these equations reduce t.o

DN»z

: . : L > : X e = J LT :
= Nn (-9 Efr @bi ,‘ _ , : @ 4, L3)
P Nv' ‘ = N‘h. E? L e e L e (3.“,2'4) _

CoNT = NEY G4, 2s)

Other relations of interest a.re |

Ao MR g

ENI(‘>’= NefF(z) - A AR R BRI S S (34’17)

and NI = Nn X e .;(3 . 22)
NP* ;

The ratib —,—;;5 ‘is thus a consta.nt equal to " é’ »)
1ndependent of absorber thickness. | (x) equal to 6;"@)
u'a.ces out the sha.pe of the beta aiaectrum and gives the end
point energy. ' extrapolation to 1=o gives et . Extra.pola.tion

of sN'gCZ) to X=0 . then permits a determination Of the source

strength N The ra.tio ) A
R - N’/N" P R a® ( ) ‘l)

gives the number of gamma rays per disintegration. the average
quantum efficiencies may be deduced, now, from equations (3.4,24)
ard (3,4, 25). |

1. This assumption is justified only when the energies
-of the several gamma rays do not differ greatly. =
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 To eummarize, ve observe that Step (C) provides the
beta ray energy a.nd indica.tes the presence of e.t leeet one
gamma. ray. ’ Step (D) 1ndicatee that there are gamma coincidences,
whilst Step (E) shows tha.t the beta spectrum is simple. v Inter-
preta.tion of the results leade to ini‘ormation concerning the :
number of ga.mma. reys per disintegra.tlon, the sour ce strength a
a.nd the net quantum efficiexaciee. - o

| (ir) Complex Beta Spectrum and Severa.l Ge.mma. Raye pex N

Disinte a.tion. coincidence abeorption meeeuremente elone |

are not sufficient to determine completely disintegra.tion schemes
of this type. Valua.ble 1nforme.tzcn, however, ‘can be obta.ined
a.nd this together with data. from a magnetic lene or bete ray
spectrOgra,ph, enablee the decay scheme to be Tesolved.
| The informa.tlon that ‘can be ob te,ined from ‘the coincidence-

e.bsorption technique includes . | o ‘

(a‘.)’ The tota.l beta. a.bsorption curve, the energy of the
herdeet beta. ray ax:d the presence of gamme. rays(Step (C)) “

(b) The presence of ga.mmaa-ga.nmla. coincidencee (Step (D))

('c) Whether the spectrum is complex amd, if it 18,
whether the hardeet beta. ra.y leads to the ground ste.te of the
product. (Step (E))- ‘ It is not diffieult to show tha.t “in
genera.l if the spectrtirt is complex the gre,ph of N:, e) ’:"de.-
creaees es xincrea.sesi if 1t decree.ees urziformiy tc zero,v the
ha.rdest beta ray lee.ds to the gro‘und state of the product, whilst,
on the other hahd if it decree.see uniformly to a conetent
va.lue, the hardest beta re.y 1es.c1 to an excited state of the

produ ote

3¢ 5. Half«Life Measurements (Delayed: COin__cidences) .
| In cases where the product of a radioactive tramsition

N

has a short half 1ife ( /07 gec.: to /07" sec.), the technique
of counting delayed coincidencee provides a method for the
accurate determination of the half life. The half lives of
isomeric std.tes formed from beta. decay ha.ve ’oeen investigated

I tx_u:f,rccuﬂ-:. cases ARE PISCUSSED 1N - ReF. W3
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in thne way, a.nd ini‘a,ct, many isomers ha.ve been discovered
by thie technique. | S

The registra,tion of a dela.yed eoincidence may be effectedr
either by dele.ying the firet pulse or by lengthening it. The
former method has been called the "Differential® method ard the
1a.tter ‘the "Integral® Method. Sin_ee,-the” probabi']_.ity- that a
nucleus disintegrate in dt at t is’ At at , it follows that,
if the pulse (of width dl) correspording to the initial beta
particle be delayed for time T , the probability that it be in-
"delayed coincidence" with that eorresponding to vthe'pairticle
‘subsequently _radia.t’ed»from ‘the short lived product, is a,lso‘
N4t . Thus the genuine delayed coincidence rate is pro=-

At

vortional td < ‘On the ‘o ther hand, if the length of the

rulse correeponding ‘to ‘the beta particle be T , the probability
At -\T

that a deleyed ooincid.ence be registered is f )u; df - '~‘
Thue from a plot of the delayed coincidence rate a.gainst either
the delay time or the pulse length one deduces A\ apd hence the
half lifes o

An upper 1limit to the half life that can be determlned
in this way is eet by the cha.nce coineidence :ca,te. With the
Integra.l method for example, the condition that the chance
ooincidence ra.te be 1ese than the genuine rate is equivalent
to the conditionl | _

N < il |
and, since one must plot the genuine ra,te over at least one -
half-1ife (i. e T~ % ), this cordition is |

N < ~A.

A source strength less than 100 disintegrations per secord
would give too small a eounting rate for reliable results:to.-

be obtained. COnsequently an upper limit to the half life is

roughly T eec-

1 Equa.tion (2 5, 4) m = NX = )\, the transformation’
constant satisfying equations (1.2, 5) amd (1.2 6.
2. Reference R4
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‘The effect of time delays in ‘the counters are dis cussed
in Reference B3. - The fluctuation of intrinsic time delays in
the counters sets a lower limit to the half life that can be
measured. . Calculations of the semsitivities of the methods are

given in References B3 and D2, -

3. 6 6ptiinmn ‘c’am‘a‘am for & Coincidence Experiments

- Let us consider for simplicity a coincidence experiment

in. which a deca.y scheme of the type of Fig. 5.2 is bcing in—

vestigated with a. coincidence circuit whose resolving time'C is

known accurate]y. The gcnuine coincidence rate, G is ’
IRURRE TR G(o) ~ Nﬁw(o) _ Ne’e{ : L

a.nd the chance rate, C is

e - 2 N‘e"e - :
Hence ¢ = ahw | (3-6,1)
G

and, for a given resolving time, this ratio increases with the

sour ce strength.

The standard error in an observed coincidencse rate

isl

Ve
S = (C" G) (3‘1‘2)
| T
and, consequently, the fractional error, f , in & ( C being

known accurately) is

"
f = (+ £)
which may be reduced to the form

“

(3-¢,3)

= Q9% _ (14
f T% (eﬂer'yﬁ ( )

or f = £ Gea)” , (3.6, %)

where % :
£ = (D : 3¢, 5)
T4 (ePeD)™

1. Equation (3.4 6)
2. See equatiors (2.3, 2) and (2.3, 3) and the discussion
ver taining thereto.
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is the limiting value of the fra.ctiona.l error in G when a

very stironhg source is used.
It is obvious that no great advantaze is obiained by

inoreasing N bey_ond’ the value for which %[=&’Vv)_= / .'

In fact, if © be small, a value of N‘ satisfying this relation
may not be. permiss ibls since the counting rates in the single .
channels may be too high. . , , ‘ ‘.

One deduces from equa.tiov (5.6 5) that, for & given v(

fractional error f , the time of experiment Tis L
T = 2 (I + 2/\/?) L (5" 4)

PR . eﬁe\‘f ‘
COnsequently. to keep the time of experiment to a minimum,

one strives to use counters o:t’ high net ef.ficiencies, and a. .

coincidence cirouit oi’ short resolving time.

1. For example, if % -1 , f- ref
if %,

]
p
L ]
N
|
»
SN
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.. ENERGY MEASUREMENTS BY ABSORPTION ==

4. 1. :Beta. R%.

1t ha,e been pointed out m Chapter 1 tha.t the thickneee )
of a.bsorber required to etop a.ll beta raye from a. eouree provides
& meaeure of the maximum energy of the beta ra.ye. ' In contrast
to other methods . the determination may be carried out quickly,
the experimenta.l a,rra,ngement a.nd pro cedure e.re quite eimple, and
oompara.tive]y wea,k eources may be ueed. On the other ha.nd |
' however, the eetimation of the end point (pa.r ticular]y when
gamma rays are present) is largely eub,j ective a,nd it is difficult
to allot a etanda,rd error t0 the point 80 choeen. ' Further, it ’
ie not poesi’ble from the absorption curve alone to determine the
energies and rela.tive 1nteneities of¢ a.mr eofter eomponents preeent.
Before a.n estima.te of the energy of the ha.rdeet beta ray can
be made with a.mr certa.inty from absorption measurements, one must
have a reliable ra.nge-energy rela.tion, and ore must be able to
determine accurately the ra,nge. Moreover, if the abeorption |
method 1is to compete with ‘the spectrographic method, a mea.ne of
determining the relative intensities and the respective ermd points
of the several components from the absorption data must be fourd.
- An empirical range-energy relation proposed :by»Fea.th‘e‘rs is
R = aE +46 .
This relation has been found to hold quite well for energies
above about 0.8 M.e,ve  Estimates of the comstants a amd ¢
vary, but a reeent determination by Bleuler and Zunt1” appears
the rost reliable. . They quote T R
R = 0smE —076) | E> M (#:4,1)

where K is in gms. per sqs ome amd £ inMeeive

1« Magnetic Spectmgraph or Cloud Chamber.
2, Most early determinations were too low.
3, Reference FL
4, Reference B4.



44,

. To enable a.ccurate determination of the Tange from
abeorption measurements, _severa.l methode of trea.ting the
Qbeerved}.“data.}ha.ve Nbeen propos‘ed. Qhampion and Widdowso‘.n’
suggest that a po]ynomia.l | :

y = 2 a, (xo-'x) , Qf’ﬂ)
represents a goed',app‘ro:;ima.tion to the observed chara.cteris tics_
of an e.bserption curves 5 is the ra.tio of the number of beta_,
parti cles penetra.ting a.bsorber thi ckness x to the number observed
for zero thickness, xo is the end point arxi 2. is a constant.
They find that, for a given exper:lmental arrangement a. single
term (M ~ 3 or 4) is adequate. X, is obtained by, produoing
the straight line dra.vm through the points (y"™ . x )} to cut thex—v
axis. A standard error (includmg only errors due'to fluctuations
in the eource) can be assigned to Xo o I . |

| An extension of the method Just deecribed has been made
recent]y by Katz and his aaeo cia,tes’Z , A;; absorption curve '

g = K(to"E) o (1;-4’)3)
is assumed.  One has | | | L

’6093 ~'_=_K 4%—€ag(bo E)b' | . '(q.l,u),
emd y = K"(E-E) L wns)

Fro'm»ithe~~"exioerimentel'» absorption curve, ‘an upper energy ‘value

Eo ‘i assumed. A plot of log.y ‘against log. (E5-€ ) yields
a value ' of n. - y 'is now plotted against € and a new
v'alue Eq of Eo is obtained,  This process is repeated tmtil E,
i determined with sufficient acourad.

" A different approach to the problem has been made by
Feather 3 The procedure involves the use of the ‘a.béorptien_” e
curve ( "10g.'y 2.3 ) of the beta rays from a stapdard eoﬁrce‘f
The range R of the latter is divided into ten equal parts
(4.=- R ) and the correspording fractions ;;,,,of the zero

1. Reference Cb.

2. Reference K3.°

3« Reference ¥2. - :
4, In Fea.ther 8 Case Eal:
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absorber intensity are obtained.f The va.lue d.! of. abeorber

( 'density necessary t0- reduce the beta. intensity of the scurce 1

under investiga.tion o the fraction y.v 1s obeerved and the

sequence L ’ ' ‘ G

s ,'*.‘?”-,"‘;;, ....... | ) . .
tends towards the ratio of the re.nges R/K . An abrupt chenge in

‘ elope of the ratio d“'/c(,., indicatee thet the spectrum is complex.

: 1ls!he.n sufficient data a.re avazlable, the ranges and rela.tive |

intensities of the severa.l components may be determined. .

Weaknesses inherent in Feather'e comparieon method have
- been pointed out ’oy Bleuler a.nd Zuxzti[. : Ix; the first place,r
 RE is not a good atandard o The reasozi‘ vis“”tha,t the form ":o'f';
the beta. spectrum depends upon the chera.cter o:t’ the transition
ard , in the case of forbidden transiticne as for RaE , the :
spectrum contains a rela.tive]y large number of slow electror.e._
s a, result the sequence "/dw may. decrease ::a.pic}.:{y3 and, if |

' the absorption curve of the unknown cannot be followed far
enough as may be the case when gamma rays are present, the

f'}limiting ve,lue of d*“/d;v , and hence the ratio ”/R , DAYy be

difficult to determine accura.tely. Further, the curva,ture of

: the 10garithmic a.bsorption curve increases markedly with the I

- energy and denends a good deal on the nuclear charges

The form of . the a.bsorpticn curve for allowed spectra |

j ha.s been calcula.ted eemi-empirica.lly by Bleuler a.nd Zuntil.

? .The results for beta pa.r ticles emitted from a scurce for which
220 , have been presented in the convenient form of Fig. e 1
To use these curves, one determines from the mea.sured a,becrption
curve the absorber thickness d» necessary to reduce the zero
thicknese beta intensity To to the value I, =2~ T, . One then

A

uses the ,curve to find the value Ei. (estimated upper en,e_rgy of

i le Refererce B5. ‘ ’ -
2, The reasons R=£ was originally chosen as standard weee
firstly, absence of gamma radiation,and ;secordly, the
comparative wealth of information on the diaintegraticn
energys - , .
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the beta spectrum) corresponiing to the value of obw, “If
the spectrum is simple, the values of En are constant; if
complex, they increase with n ard an end value ‘ce.n‘beraesigned
to En by extrapolation to n = . When the spectrum is coiﬁblex
it may be possible to resolve the observed 1oga.rithmic absorption
curve into several normal curves which yield the erd points
(constant Ew values) and relative intensities of the componeénts.
Changes of slope in the curve are frequently an aid to such &
resolution..  For Z X 20 ard for positszi emigsion, the correc-
tions of Fig, 4.2 may be applied. The limits of error quoted
for these comparison ocurves are | '
§<oou Mev., forE, < 1MeT)
."‘5<o.o'b‘M.e‘.v.‘, for E, < 2, e, 7 o
§<0 Mev., for E < 33&9.?.’?’ -(I'L'I’Q
$<02WMev., for £ < SMewve]

- The effects of thick sources are discussed in References
F2, C5 and BS. Since the gamma intensity from a eeurce is
roughly proportional to the thickness l of the source and since
the observed beta intensity does not increase proportionally
with t, a,nd attaine a miximum value when U is equal to the range
of the beta pa.rticles; "thin sources should be used.  The method
}used to obtain thin sources: for the experiments described in
Chapter 6 is outlined in Appendix L -

4, 2, Ga.mma. Rays.

| In Chapter 1 it was sta.ted that the 1ntensity of a
homogeneous bee.m of ga,mma. rays emerging from thiclmess x of
absorber ia pimn by the relation (L1, 2)

Ty = T, c"/'m
where p, consists of the three pa.rtial a.bsorption coefficients
given in equation (1.1, 3).  Consequently, if one plots? for a

1, See, for example, the resolution of the beta
a.bsorption curve of Ag"° described in Chapter 6.



homogeneous bea,m of ga.mma ra.ys, the loga.rithm of the intensity
aga.inst the thickness of a:osorber one obtains a. stra,ight 1ine,
the slope of wh;l.coprovides the value of M. Then, from
Fig. 1.1, one'obta.ins the energy of the gamma radiatior. Such
a determina.tioxi," however, gives an a.mbiguous result, for, in
general, two va.lues of gamma energy correspond to the same total
abgsorption coefficient. To be sure which value is to be taken,
one must plot. tho absorption curve in a different material and
obtain the absof]otion coeffi oiefnt. for this material. Again, two
values of eneféy Lare obtained, from\‘F:‘Ig. 1. 1, one of which agrees
with one of the two values for the firot o.bsorber. The common
value, then, isﬁ‘ the energy of the gamma radiations

When the gamma. spectrum cortains more than one component,
a plot of log. I a,gainst x. is not linear.  However, provided
the intensities are not too 1ow, ard the energies not too close,
the plot may be able to be split up into its several linear .
componenﬁs, and the energy of each component deduced. The
rela.tive intensities of each component can also be determined
provided the efficienqy v energy curve for the counter is
ava.ila.ble so tha.t the necessary corrections can be applied to ;
the observatzons. | The method of resolving the spectrum 1is
similar to that used in cha.pter ) for resolving the obgserved

ne. Since an ana.lysia of a gamma

beta a.bsorption curve of Flg
spectrum by this method was not underta.ken in the experiments
reported in Cha.pter 6, Fig. 4, 5 I'is included. It shows the
absorption curve for the first part of the gamma spectrum of
90"’8 am its subsequent resolution into linear cOmponenta.
Jl second mothod for 1nvestigating 2{ spectra by the |
absorption technique has been dee cribed in Section 5. 3.  The
energy of the ha.rdest gamma. ray may be obta.ined from Fig. 4.4

in whioh the experimental linear relation between quantum energy

1. Referemce W8, Part II, Fige 2.
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and correspoxding Compton electron range in aluminium is

4
reprodyced «  Another way in which the "Compton-coincidence"

1NT£N$'TY .

o 5 e ‘\Sv
THIcKNESS OF Pb (g/c»,')

FIG. 4.3 Resolution of Absorption Curve of ¥ Rays from Ru'®

results may bé used ig ’diue to Bleuler arnd Zunf;‘iz' who hé,.vé
calculated absorptioﬁ dtii'ves for the ComptCﬁ elecﬁfons éjected
from aluminium a,nd ’brass[_.‘;"'é,diators.‘ Th?ir re-sulf:,s are yresented
in Fige 4.5 which may be used in precisely the sa.nié manner as
Fig. 4.1 is used for determimation of befa.‘ra& energies ard for
resolution of beta rey a.bsorp.t»ion éurves? into component curves,
The factor K (Fig. 4.5) depends ubbn the_? geometry and experimental
set ups These curves are used in chapt-er”é to resolve the |
experimental coincidence absorption curve for the COmpton
electrons produced by ga.mma. rays from Co . In these experiments
OL was taken ‘equal to @', thickness of absorber A (Fig. 3. 1).

| (The method due to Becker and Bothe (B6) ard described
bj-Mitchell”(lE) +s not a good one. The "constant s Cyrn 3 in

1. Reference Cj, , Fig. 10.
2, Reference BSe.
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Mitchell's equation (1} varies considerably with energy. This

may be seen by rewriting Mitchell's equation (1) in the form

;.‘l,. : Z,t .‘,‘
cvw = d%v “ZEv

by teking Mt = A approxa
From »}the’ curve =t , Fige 45, one deduces the results
tabulated below. o T N

E; ’ d /2 c V' C‘h. .
o5 Me | 0.045mm. AL| P"”ﬁ""ﬁlm o 035"9/C""
ool eas e ‘O.l(,'_ql‘;}-? e 0 043 -

5w | 0430 .| Ouas7 ‘O»osof R

26 v | 095 o @an -

'l'he last value is in reasonable agreement with the

consta.nt va.lue , 0.063 gms. /m , qQuoted by Mitchell for the
2,62 m. e.v. 1ine from Th. . .
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 IHE DESIGK OF EQUIPMENT

5, 1.+ Introduction.

" The first task in the pro.ject under taken by the writer -
was to design a complete ‘new electroxnc unit suita.ble for ca:r:ry- |
ing out coincidence expcriments. Brieﬂy, the assignment might
have been “s~et70ut"-‘" R

L Y ¥ Geiger counter furnishes an electrical
impulse of the form of that shown in Fig.: 2,5 .- The ,

" pulse height varies between about 0.5 and 2 volts. Design
an arrangement which will count all the pulses occurring.
in each of two such counters and which will count, in

~addition, the number of pulses in one channel which occur’

~within a time interval T of pulses in the o ther channel.
Choose a suitable value of ¢ , design the circuits anm
cons truct them. Plan experiments along the lines of the
discussion in Chapters 3 and 4, and verify that the equip-
ment works satisfactorily by checking the well known decay
s cheme of Co® ., “"Use the equipment to 1nvestigate the
decay scheme of Aghe ° ,

5.2. Basic Design.; ;

It was decided to mould the equipment rourd a coincidence
circuit of medium resolution (v ~ 2 Mse«s.),  The disadvantages
of such a circuit over one of shorter resolving time are

i) La::ger chance coincidence rate (equat:.on 5.2 2)

ii) ‘Longer time of experiment for given fra.ctional |
accuracy (Section 3.6). R "

On the other hand, however, ‘the a,dva.nta,ges 111 the prelimina;r:y
steges ‘of the work were -~ = S

© i) Less ‘eritical ecir cuitr'y.“ ‘A well designed reliable

__’i_._g; could be constructed fairly quickly and put into opera.tion.
'§1) The opéeration of the circuit could be checked ‘oy the |
provision of test” pomts at wh:.ch the pulses wgum be suitable ‘
for presentation on the C.R.O. available. o o R
- 1i4) Genuine coincidences would mot be missed due to chance
fluctuations in the times of response of the Geiger counters. |

iv) Re’solwfi'ng*’time experiments (a‘very important preliminary



5le

task 1!1 a coincidenee experiment) could be done quickly and
checked. _ . -

V) The experience ga.ined in the construction and |
operation oould be used later in the design of a cireuit ohf o
shorter resolving time. ) ) o » v

| ,vi) ~ Some information on (iii) ceuld be obtained by ) o
mpa:ring results from a, higher resolution circuit with tﬁose o
from the original medium resolution eircuit. - -
| } Several methoda oi’ registering eoincidences he,ve been
described ‘.' ~ome of the mos t relia,ble is the "Rossi Circuit." 2,
which wa.s chosen fcr uee in these experiments a.nd. the operationm

of which may be understood from Fig. 5. 1. Each tube is normalls

H.‘R

FIG. 5. 1 Rossi Stage. -

corducting heavily until a large negative pulse fed to the = -
grid cuts ‘it off. 'The common load R'is large compared to the-
D.C. resistance of either tube when conducting.’ Thus, when
only one tubé' ig ‘cut off, only a.small pulse appears at:.the .
plates But when botfh .are cut' off simultaneously,- the plate - -
veltagé begins to rise towards the full HE.T. supply and a large
positive pulse may be taken from the plate to register a coine
'eidenbe*be‘tWéenl' pulses -on the gridss  Thus, in the Ros si'stage
of the Coincidence ecircuit of Fig. 5.5, the output pulse:when - .
only one tube is cut off is about 12 volts, but when both are
cut off simultaneously, it is about 120 volts. ~ Discrimination
in favour of the latter is easily arranged. |
1. Referemcems.
2. Reference Rs.
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- It was apparent that a reliable coineidence circuit
could be constructed by designing an arrangement which would -
rreserve the fast initial rise of the Geiger pulse and amplify
it to. the point where it would trigger & fast one-shot multi-
vibrator. With the latter, triggering could be initiated with
a pulse as small as 5 voltse Further, very stable output pulses
(stable in duration and in height) at 2 or 3 fsecs. and at 30
to 100 volts could be obtained. The 'la,rgev negative pulse (from
the normally-off tube) could be fed direc;tly to the Rossi stage
and the large positive pulse (from the normally- on tube) could be
feci directly to the scaling circuit counting the numberv of input |
' pulses;  The vositive pulse occu:r:rving in the Rossi stage when a
' coinvcidew_ric'e* takes pla,ce' could be fed directly to the scaler
counfing coincidencess -

The -block diagram of the final experimental set up is
sho'wn'i'n I';ig. 5.2,  The pulse from the Geiger counter is
diffefenti“aied and fed to a wide bend j-stage preamplifierv close
to the couhﬁér. The cathode follower output permits the use
; of a comparatively long 1éa,d to the approprriate channel of the
c}oinéid}»ebée circui’t without attendant distortion of the pulse.
| The latter is fed via another differentiajbing circuit and gain
control tlo}};a'}, wide band 3-stage amplifier (gain ~~ 100) giving a
narrow‘pbsitive output bulse of about 15 volts maximum. This
pulse triggers the multivibrator, and a preset control énabiea
the width of the output pulse from the multivibrator to be van:'-ie‘d‘
betwéen approximately 1.5 and 3 [Lsecs. Thus the resolving
time 6f the circuit can/be varied over about 1.5 Msecs.
(equation 3.2, 2)., Cathode followers are provided at various
points in the eircuit to preserve pulse shape and to enable test
points to be ineorpoiaied.

The scales-0f-10 are a modification of a design by

Rotblat ' They require a sharp input pulse of about 30 volts,
"and provide a sharp output pulse of about 50 volts.
1. Reference R3.
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The general purpose recording unit was designed by the

writer and the developmental work was carried out by Mr. Bishop.

It will operate directly from a ée‘iéer counter or from a source

of elther negative -or positive pulses. | The circuit will drive

any mechanical register operating on a pulse width between 5

ard 30 milliseconds and a pulse current in the range 5 to 30

milliamps. | o B , T
| Detailed circuits and full discussioms of them togethef

with instructions for operation aml 'maintené.nce, are given in

the App'ei:d 1%

Se s Geig;er Counters and Atta.chmente. ‘

| Conventiona.l Geiger countere with copper cathodes and
fined with 9 cms. Argon and 1 cm. Alcohol were. used for detect—
ing gamma rays. G.E.C. end wi:ndqw:pqum;e:s,.vm W,,GW'? were
used for detecting beta particles.  Single w}i}ndew counters and
double windew counters of epecia.l design fo:_C'ozgpton qgincidence
abeorption mea.eurements were.conetrgeted.l The‘s,e..;cognpe:s,are
reproduced in Plate 3. ’ , B -

. Special supports ard attachments fo:r: ea,ch of the two
types of C'oincidence Experimevts undertaken were designed a.nd
constructed by the workshop staff. = Plate 4a shows the arrange-
ment for carrying out bote-gamms colucldence absorption measure-
ments, and I_Z’la»te, 4b that fqi‘ carrying out Compton coincldernce .
abeerption,measurements}.; . Miscella.neous‘items qfeg.,tk;;ipment are

reproduced in Plate 5.
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CHAPTER 6.

EXPER IMENTAL RESULTS

6.1  Coincidence Resolving Time.

It was shown in Section 3.2, that the rate of chance

coincidences in a twofold coincidence circuit is

C = N/N,. 2 T ' (3’3)
in the usual notation.' The validity of this formula. ha,s been
established experimenta.lly by Dunwor th!, and its impor tance has -
been ‘emphasised. ; In the first place it may be used to determine
the coincidence fesolving time when each channel is a.otuated by,
separate sources, and, in the secord place, it may ‘oe used to |
determine the "chance correction to be made to the obeerved
coincidence rate. Consequently, the fi;st rroject in a coine
cldence experiment is to establish that the equipment has a
cons tant resolving time, T, and to neasure ite

~ The Coincidence Circuitoeéignéd by the author and

described in Chapter 5 is ve:"ir‘vsuita.ble for "resolviné— time
exper‘iments” since the pufise wid,ths in each channel and hence the
resolving time may be varied. The first series of exp'eriments
corsisted in plotting, for pa.rticula.r settings of the pulse widths
the ,cha,nce, coincldence rate as a function of the product of the
a'ingle chonhél counting rates. A typical result is shown in
Fig. 6 1. where the coincidence resolving time is e,pproximtely
2. 5 Q.L secs. The significance of this result is, firstly, that
it shows that the coincidence resolvihg £ime for this equipment i's
constant, independent of the counting rate 1n either - channel a,nd
secozzdly, that it yields experimenta.l confirmation of equation
(5.2, 3) over a comsiderably wider Tange of values of the product

NG Ny than provided by the experiments of Dunworth.

1. Reference D3, Table IL.
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Further experiments carr:.ed out on the "Coincidence

Resolving T:Lme involved the use of a cathode ray tube in which';,

the input to the Rosei ata.ge from one of the cha.nnele was viewed

on the "tra.ce triggered by a pulse from ‘the same channeL Al-

though the full input pulse was not displayed becavse of a delsy

of a microsecond or more in the triggering, the trailing edge could
be seen, and as the pulse length wa.s varied the shift in position

of the trailing edge gave the cha.nge in width of the pulse; this

change in width was compared with the cha.nge in resolving time
determined from chance coincidences. Typical results ate

summarised in Ta.ble 6. 1.

i

Tame) | increased by|  ineréessed vy| . (7t ;

(CHANCB comc.) 1 (051},9,) - __.(c.R.o.) 1 (CH.ANCE comc.) |

549 t 043 psecsd  0e5 |isecse 0 P 6s6 T . 0e3 psea.‘;
5.44+ 0,32 " | 0u5.c " - 0 . | 566%to0i31 "
5, 66 * 0;51 “towo " 0 16499 + Os47 "
6499 .t 0,47 - "} o e, ‘= 1s0 Msecs. § 5:95 + 0437 "
4,26 + 024 "} n0 " . 0:5 " 159 %0s25 "

642, The Disintegration of Co° .-

The decay scheme of Co’ (Fig., 6.2) is well known ard -

accordingly this radioactive isotope was used t0 test the equips:

‘ment and to obtain practice in the experimental technique, :

[-T-J

BRI T ot L.
(5'33“) ; 8
Ce ) . &;)M-_e.\t’. .
v _\ . N‘:ép

Yt Meav,
N

,Y._,“3 M.esv... o

~
| FIG. 6.2

1. & "time-calibrated" double beam Cossor C.R. O,
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The absorption of the beta rays in aluminium is shown in
Fige 6.3 where the presence of a gamma ray background is observed
and where the ’ooté. ray end point occurs at approximately 0.07 |
gn/cr?s  This sbsorption limit corresponds to an energy of
0,28 Meave' |

Gmwg@a ‘coincidences are also observed and the
beta-gamma coinoidence rate per beta particle, plotted im
Fig. 6.4 a.ga.inst thicknesa of aluminium absorber, yields a
Vstraight line a.s expected. From the ratio

R»= ul’ N’:: - |— 1 R - (4,29)

one obtains :f'or % " the number of gamma rays per disintegration,
the value 2, 10 "’ 0.55, in good agreement with the expected value
. of -2 The plot of NFY 4+ N¥2 a.ga.inst absorber thickness is a.lmost
identical in shape with the plot of N‘?—f N¥ as may be seen ,
from Fig., 6.3. where the former curve ha.s Vbeexi ma,tched to the
la.ttéz_' at absorber density 0.0055 _gzm./cm.zo "~ This is precisely
what i;s expected (Section 5.4(IV)). Thus the decay scheme of
Fig. 6. 2 one beta ray followed by two gamma, rays, is verifi_ed.-

F:ro’zg; the “"Compton electron coincidence rate v. abgorber
thi ckness" ' curvez of Fig. 6.5, Ex values of 0,97 Mae, ve,
L06 Meenve, L14Mewvs, L19 Mev., 1.20 Moy are deduced,
These values indicate that the gamma radiation consists of more
than one component. That they are about 10% lower than the
valoes one would have expected is probably due to the failuxé to
add a correction term '(C, f. d=d'+2k5, Fig. 45 to the absorber
density. The magnitude of"éuch_a correction for the experimental
arrangement used is not known, and %o‘ould onlymbe,v__c_ile}o;néiooc}__hy_
‘ "'éa;'libra;’ci‘on”'agaiqst a nu:p‘oer’ of sources y‘iel@iyg" ’ga,mma"::ayra“of e
known energies. | o |

Additiona.l experimental results of considera.ble interest

were also obtaineu with the isotope Co | v:;E’ig\ure ‘6'._6_shows the

1« This value is determined from the rela.tion Q = 0407 E”g
‘ 0.15 M e Ve< € < 0.7 Mo e.ve (Reference F3). The under-
estimation illustrates the point discussed on p. 43,

footnote 2, The curves of Bleuler and Zunti (Fig, 4.1)
do not extend to 0.3 Meeevs
2, Sections 3, 3. and 4,2,
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gamma counting rate plotted against thickness of aluminium
gbsorber Placed betweén & strong source of €o*® and a beta ray
count er. One would expect the countmg rate for gamma rays of
& Ppar ticular energy to increase wa.th the thick*xess of absorber
up t0 the absorptlon limit of the Compton electrons produced in
the absorber, and then to decrease exponentially -beyond this
thickness; such is the case in Fig. 6 6 Using firstly
Feather's relation‘ to determine the ene:cgy of the Compton
electronszcorrespondipg to an absorptlon 1imit of a.pproxima.tely

3
R 5 gms/ P, and secondly the relation

2
W,._ = Wy
m,c” + YWy

coxmecting the upper limit of the COmpton spectrum with the energy
of the 1ncident gamma Tay, one obtains the va.lue .1 H.e. v. for
the mean gamma ray energy in good a.greement with-a.n e,XPected

value of 1.2 Moeeve Although the gbsorption curve has not been
taken far erough to obtain a religble estima.i;eioi"} the mean garma,
ray energy, an absorption coefficieht of app#oﬁg;ateiy 0.1 may
be dedﬁced from the graph.  This cbriresponds fddghls; to a mean
energy of 0.9 Me.vs (Pige 1.1). Fig. 6. 6 has ‘oeen ‘included to
illustra.te one of the chief difficulties in interpretxng the beta
absorption curve of a radioactive isotope. It will be remerbered
that Jt‘he procedure involved the subtraction of the oomtant

ga.mma backgroum beyord the absorption 1im1t of the hardest beta
ray. Obviously such a procedure is only :celia,ble when the
absorption limit of the hardest detected beta ray is less than
the po’ini at which the gamma counting efﬁciéfmy Begins to ine

crease appr@ciably.' 'conseque_ntly,ﬁ vihen thé spectrvm is conplex

e Bquation (4-.1 1)

2, Feather's relation holds strictly only for Beta rays

-~ but the error is of no conseguence to the point under
consideration here.

3, Equation (1.1, 1)

4, The absorption limit of the Compton electrons may be

~ seen from Fig. 6.5 to be about 0.42 gms/cr® (an extra

0.04 gms/cm? has been added for window thicknesses).
Using the same procedure, ore obtains a value l.2 M. e.v.
for the energy of the harder gamma Tay.
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and particularly when the gamma backgrowsd -is large.it may - -
be difficult to interpret the absorption curve. . TFor example,
where -a low energy gamma ray  is assoclated with a hard beta ray
of comparatively :low intensity, the small beta countmay be
difficult to determine accurately because of .the initial increase
in gamma effi cieﬁcy and subsequent decrease with absorber thick- _ |
ness; - and more so, when other gamma rays.are present as in the

_,c,asel;'of Rqhe .. described in a later section

6 5. A New Method :t‘or Determinlng the Reeolving Time of a

_ Coincidence Cirouit or the Strengrth of a Radioactive Isoto ope

of Simple Deca,y Scheme.
RN Fol‘ the disintegration scheme of Fig. 6, 2, the following
GQuations ho].d‘ ' SR . L g e
M© - 2N e N efj';:@)s, e o
N, - .:sz(;“‘L Lo ©22)
Ne® = N‘“ & * N+ N Nyt K

‘ QNe"Fwe“ +2Ne"e* + 2N, N;c+l<

= NN, [,L + R‘c] + K- Nlex - @‘5)3)

Comsequently, if N, @) 1is plotted against N,&) , &
‘straight: line».ofns»l\O-pé (& *+2¢) amd in_ter»ceptf-(extrapO'lat,éd-,eto'
N,=0), K=:Ny€F -y results. - If one of the quantities, N,27,
is known, the other may be deduced. . Further, if K ie-. known,
| éf-ma&.be determined and-checked against the value obtained
from a measurement of N,() where F)= 0.

The advantage of using this method for:determining the.:
reso‘lving time .of a coincidence circuit,:in place of that in which
the cha,nce coincidence rate and the single channel rates are |
determined when the two Geiger counters are pla.ced some dis ta.nce
apart and actua.ted from separate sources, is tha.t the covnters

need not be removed from the standa.rd positions with the pose-

1. Se ctién (3.4, IV) L | K - c;s‘M;c RATE.
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ibility of a subsequent change in the net efficiencies; ixﬁ fact, -
the method enables the net efficiency of the beta countér for
gamina. rays of the approPriate energy to be checked.

The methqd has been used to determine the strengths of a
strong and a weak source of Co bo, In the former case, illuse
trated in Fig. 6.7, chance coincidences contribute more to
the total rate than do genuine coincidences. From the slope
of the graph one obtains

‘ AT + g, = Y x 107
and since 2t has been determined previously,
2t = su x 10

one infers

No = 0.25 x :o(‘ disintegrations per sec.

From equation (6.3, 1) é’f may be calculated:
€Y = 2.¢ x 107%.
Trom equation (6.3, 2)
€Y = 35x 1o
Sinee K has been determined in a prior experiment-,
K = 0. 0l,
one calculates
N, ¥+ K = —0:035%
in excellent agreement' with the value inﬁercepted on the y»axis
by the extrapolation of the straight line graph to N, =0
The case of a weak source, illustrated in Fig. 6.8, is
obtained from the measurements used in plotting Fig. 6.4 The
net efficiency of the ¥ counter in this experiment was increased
relative to that for the experiment illustrated in Fig. 6.7 by

improving the geometry. Ags in the previous case one deduces

1. This is fortuitous in that several straight lines
could be, drawn through the four experimental roints
which would need to be determined with much smaller
statistical error for reliance to be placed on the
value of the intercept om the Yy-axis. ~Nevertheless,
the fact that the intercept is negative for this strong
gsource is well established. ‘ ‘
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AT, = 535 x o7

No = 0.02l x 10°

I = 2.4 x1074

e¥ = 13 x 1077 ‘ , v
-ard K—Ny¢¢ = o.ooyt o}ooz 3 oomparéd with the

value 0.013 from the intercept. The positive value of this -

quantity for the weak source may be contras,ted with the

negative value for the atronger source of Flg. 6. 7.

6o & TheDeca.yof Ag"° T

Fragmentary information on the decay scheme of Flg""

ha.s been glven by & number of a.uthors. , Meaeurements made

by Siegba.hn with a magnetic analyser have shown the scheme ’co

be very complica.ted. . The disintegra,tion pattern vproposed by

Siegbahn is reproduced in Fige 6.9. (The more recent inves tiga-

tions by Rutledge arnd others - see Fig. L4 - do not add to the

essential features of the scheme). Accordingly;" initita.l

experiments by the 001n01dence—absorption technique were planned

to test the pattern suggested in Fig. 6. e

ngno
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m;'.é.g  Ag"? Disintegration s.cnem suggested bf_y -Siégba.hn.

"The absorption curve of the beta rays is ‘shown :m Fig. 6 10
and the first part of the curve may be seen more clea.rly in
Fig. 6. 11.° Beta rays of sufficient intensityj to be measured

1. . Reference 2.

" 2. 'The relation between density 70 thi.:ckn,e_s“s tand
" surfacezdensityz is pPt=x. _ } L
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among the gamma background do not appear £0 ocour beyord an
absorber surface density of 1.2 gms/cm®.  The subsequent

lirear absorption curve of the gamma rays may be projected back,

a.nd the true beta absorption curve obtained by difference.
¥hilst the gamma absorption curve has not been taken far enough
to obtain a reliable value for the mean absorption coefficient

& value of jlequal to 0.3 may be deduced from Fig., 6.10. One |
would have expected from Figs. l.4 ard l.1 a value of gbout 0.2, it

One notes the compara.tive'lyv large gamma baokground; (Iyn
Fig. 6. 10, 'tg ~ 10% for X ~ 0,008 gms/énlzawhilst 11‘1 Fig. 6.3,
‘»}L: ~ 4% for X~0.008 gms/car?). This is due partly to the many
gamma rays associated with the decay of 1513,"'0, and-partly to the
total ";a.bsorption of the softeét beta ray (0.087 M.e.v.) in the
wirdow of the counter used for obtaining the curve of Fig. 6. 10.
A similer curve taken with a very thin 'v_wvindow‘ counter was parallel |
to and below that of Fig. 6.10, ard, when superimposed on the
latter, yielded the point marked X. :-’vThis point iﬁdicates the
preéerice of & very soft beta component, and, since;va.n abgorption ‘1‘

curve ',for it could not be}obtained, it is assumed that it is !
Siegbahn's 0.087 Yo €, Ve beta ray. ' The thin window counter was

not used in any of the subsequent experiments, ard consequently,
effecﬁs due to the 0,087 Y. e, v. beta Tay were not observeds
After allowing for. the gamma component of Fig. 6,10, one
obtaiﬁs the beta absorption curves of Figa. 6.12 a.;:zd."é._ 1. A
Bleulér and Zunti a.na.]yais‘ o’f the component B yields the Exn
values:; 2.52 Moo, ve, 2465 1. e v s 276 Moo, ve One concludes that
the p,, cq;ﬁponent is complex amd the &, values are cons istent with
values 2,12 M.e,ve and 2,86 M. e v ptopoSed by Siégbé,hn.
Furthéi, the [Sivpdinpoﬁent; represents about 10% of the activity |
B: +st5 . If one vadcepts Siegbahn's estimate of 35% for the
a.ctiv;ifs»rﬂ Pv , then, t‘onﬂvth»és’e ”ﬁéaéﬁiéméhts, ]3:. comiarises 4% of the
to tal activity. | Ti’viisv é.greé.s well with the vé.lue 3% deduced by‘
Siegbahn from his magnetic analysis.

1« Section 4.1,



-

o]




O
| /
:&.\ 1
=3 4
T~
= :

—

v
/ p
B / : e |
5 /
. =
/

—

L

=

715

-

-—




62,

Figure 6. 14 represents the a.bsorption curve for B .. Fi:o‘mi

a Bleuler and Zunti ana.]ysie,v one deduces En va.lueso 0455 M. e. v; ,‘f
0.55 Mo eave, 0.55 Meeeve, 0.55 A & Ve One concludes that §
simple and has the energy 0.55 M.e. Ve, with error 0.04 M. e.v.’-'
This valus agrees well with the value 0.55 I e Ve qucted vby_
S1egbahn. - |

A garma~ gamma coincidence rate of 0.0460 was also obtained.

fhe observed beta gamma coincidence rate is plotted against
thicknees of absorber i:la.ced between the socrce ard beta counter
in Fig. 6.15, and the correspording beta gamma, coincidence rate
per beta particle is shown in Fig. 6.16.  On-the e,w%erage, 900
;coincidences were obtained for each point plo&.ed. : The large
fsta.ndard errors shown in Fig. 6. 16 a,re due to° the fact that the
‘observed coincidence rate at each po:.nt comprisee a beta.—ga.mma.
:ra.te a8 gamma- gamma. ra.te, _e. cosmic rate amd a. chance rate. ~ The

magnitude of the betar-ga,mma rate over the regior 0. 15 to 0.8
gms/cm2 is rougl:ly of “the same order as that of the cosnmic rate
and that cf the chance rate and considera’cly less than that of
the ga.mma-ga.mma rate. E In the subtraction, the a.bsolute errors
»mount ard the i‘ractiona.l errore become very la.rge. The gamma.
ga,mma rate was measured accurately at L5471 gms/cn? and the
ra.te to be subtra.cted for N at any other a,bscrber thickness
wa.s computed from this value by a.llowing fcr a, mea.n a:osorption
coefficient of 0.2 cm™! for the gamma rays.
" The initial rapid fall in the ourves of Figs. 6. 15 a,nd
6 16 and the abrupt change in slope at about 0.15 gm/cm2 may be
compa:ccd with the corresponding behaviour of- Fig. 6.12, - Thus -
-the . presence of B a.nd its end point are confirmed. ,5/ leads to
an excited state of the product which 1oses its excess energy by
| radiating one or mcre gamma Tays. If B leads to the grourd
sta.te of the product one would expect ,:: to fall to zero at

an absorber thickness of appnoxima.tely 0.15 gms/cm2 " On the

1. See the relations quoted in (4. 14 6l)e
2. Section 3.4
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other hamd, if B: is simple and leads to an excited state of o
the product, &7 should decrease with absorber demsity to
0.15 grms/cem? and should: then remain constants " if, however, S
is complex, L would fall away slowly beyoid 0. 15 gms/cx? if the
harder part of B were the les_s 1ntense. ‘and more rapidly, it
the softer 'bai{i' were the less intense, ~ One would not expect
N%’ to 1ncrease beyord the end pcint of 13, .

- Some conclusions may be drawn from‘ the"behé.vio&i' of the

first part of the curve of Fig, 6. 15. " Let us a.ssume that the
diaintegration scheme ta.kes the form of" Fig. 6. ]7 .

P16, 6. 17

Suppose ¥ -—/:{e‘( = k¥ o (64D

Then one deduces SO o i R -
) = No 6"6‘[":@:) (I-Ik)-rF)LL)] i, e s Lé'#)?,\)

;;,N:F@)"’“—’ Noc® [F> + B>+ G003 g 43y

where - the figﬁrés”qﬁo’ted in Table 6.2 holds

TABLE 6.2

moorver &) EeBen. . &4
0.01 gm/cma | 1 0,88 0.62
o gm/cm? . 008 0 o.0u

Consequently “one has

;»vo gg(i'f"k) +ﬁ(°'°b—;—_ ua .
F(om) o

TF,@-,m);;u:: 0-020 (14k) . (ay)

1. : Slnce the beta. component of eziergy 0.087 M.e,v. Coes

not contribute to the shape of Fig. 6.14, it is comitted

from Figo 6 17.
2. Fig. _6. 12.
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\r.tlr’leref1 0< R <132 | | (6-4,5)
If one uses the "counter efficiency v. quantum energy" curve
,of Bradt anrd his asso ciates‘?’ and. a.ésu;nes that Siegbahn's scheme
is correct, one deduces that k 4,  Hence the conclusion to be
drawn from the above observations (equations 6. 4, 4 and 6,4, 5)
is that i << hh .  This would be consistent with a cors tant
value for NFSNB  beyord absorber thi ckness 0.14 gms/crP. Since,
according to Siegba.hn, P. contains the components 2,86 1, e.v'v.
and 2,12 M e Ve, and since, on the above analysis, the fornior
component is only a small fraction of p. , one would have expected
Envalues closer to 2,12 N.e.Vv. than the three values deduced
(2 52, 2,65, 2.76 Iue.v.) by a Bleuler ard Zunti a.na,lysis of
| (Fig. 6. 12).
If one supposes that P is simple and represents the

radia.tion of energy 2.12 M.e.v., the_curve N ,

x > 0415 gms/enP, should trace out the shape of the absorption
curve for B, , and, when analysed by the method of Bleuler and |
Zunti, should yield En values of approximately 2.1 M.e.v.

Fig. 6.18 shows the beho,vio_ur of log. [Nn.(")/,v,,(o)] e An
erd point of about L. 1 'gms/czxt'2 is observed for the beta ray con=
'tgx'ibuting to the ‘Nﬁ*ratme beyord 0.15 gms/enf. This represents
ah energy of 2,2 M.e,vo If, however, the gamma rate is sub- |
tra.oted from B, +¥ , the resulting a.bsorption curve fa.lls |
vaomewha.t more slowly than that of B in Fig. 6.12 and very ‘much
more quickly than that of ¥ in Fig. 6.0, Thus the‘_ fall of

the coincidence rate in Fig.\ 6. 17 beyord 0. 15 g.gm‘/cm2 is
gttribute;l to the absorption of a beta ray. It doesi appear,
however, both from this rate of fall and from the fact that

N/Np © inecreases, that the observed NFS ia.te is too high, It
ha.s been explained that, in ‘these mea.surements, & very small
N"" rate is being obta.ined by subtracting rates C (~ NF¥ ),
K (~NF ) and N“ ( ~ §xNF* ) from an observed rate,

1l Fow) € Rew) + Rouww) = 0,084
2. Reference B8,
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and ~thati,‘ ‘consequently, only a small systematic¢ error would be
needed to alter the courses of several of the curves.

These experiments may be summarised as having confirmed |
the dieinteg‘ratilon s cheme suggested by Siegbahn for R3"° . ' The
: only point of difference lies in-the determination of the ratio-
ey 3 Rhe « A method -has been devised by the writer for
determining this ratio and, on the measurements reported here, it
has been deduced that RE) + F©E) = 4% of the total disintegra-
tione, and that F©): >> Fe) «  -Several apparent inconsistencies
have been pointed out. - These canonly be regsolved by repeating
the experiments“a.nd by a.iming; at increased accuracy. - The de-
tailed results included here will serve:as a guide “to i;he;eouree

of these new experiments.

6. Be Future Egperiments. -

”O ;

Of imnediate intereet is the deca,y scheme of Hs . |
It has been pointed out in the preceding section that the .
chief requirement in fur ther experimente is an inereaee in the
e.ccura.cy. This, of eouree mea.ns tha.t with the present arrange- |
ment, »the time of experiment muet be increased):; It is desirable, j
therefore, tha.t the a.pparatus be improved so that the time Te-
quired be not prohibitive. " Two murses are open. o |
1) Improvement in net efficienciee of countere. |
2) Reduction in Reeolving Time of Coincidence circuit.
With regerd to the first of theee, it doee not seem possible that
the geometry3 could be much improved. The intrinsic efficiency
of the gamma ray oountere, however, could be increased by a
factor of-two or more by the use of lead cathodes which are
recormended for ihcorporetion in new counters. Further, the
corstruction of a coineidence circuit of resolving time ~ 107 Tac,

is now desirable, The original coincidence circuit can be

1. Equations (6.4, 4) and (6 4, 5) and the atterdant
- discuseion. PR

20 Section: 3.

3, See equation (5 4 1)
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used to ensure that genu;né coincidences are not being lost
in the new eireuit.

" The amount of information that can be obtaihed from
experimental results ‘of NF, N‘»,‘, NFY 3g° increased corsiderably
if the efficiencies of the counters are known. It is desirable,
therefore, *that*’caiib'ration ‘curves for :the gamma counters be
obtained. - The obvious procedure is to check the efficiency-
energy curve of Bradt and his colleagues ! for the counters in
use > Once ‘the ‘shape of this curve has been confirmed, only
one point on it need be obtained for the calibration ecurve of
& new counter to be drawn. - Experiments ‘on the efficiency of
thin window beta counters of standard design for detecting gamma
rays are recommended. In particular, information is desirable
or the way the e’i‘fiéié'ncy-"variés‘”a\S‘"alﬁminiumfabsorber*in front
of ‘the window is increased. = Since thesé experiments require
known source strengths, the technique described in Section 6.3
may be found useful, « =
7" A eircuit suitable for measuring delayed’ coincidences
would double the usefulness of the Coincidence Unit. ~In an
experiment involving delayed’ coincidences, the only alteration
to the Unit would be the replacement of the circuit of fixed
‘t‘ by the newcircuit. It may also be mplbzssible to use the
Unit in ‘}doﬂzji;j‘unkct'i‘o_nbwith' omer __equipmem; gt:‘pgesgnt_under cop-
gtr}}uction a.nd desigpe@ for iﬁvestigatipg 16_0111_19;:«1,0:3;&_‘;35‘ .pro-

duced by___negfrqn activation,

l. Reference BS.
2. It is assumed that the counters are used in a
standard position.



67.

APPENDTIX

1. Prepa,ra.tion of Sources.

The fo llowing method provides sources suita‘ole for

use in the experiments des cribed in this paper. The active
material is converted to powdered form suspemed in collodion
and a drop allowed‘ to fall on a ‘shee'lv;‘.orf\a.luminium which has been
cleaned thoroughl'y"ﬁifh éﬂwl‘acefef"é;i::VE”” f[f the sheet is still wet
with amyl acetate Qwhen the drop of active material is allowed to
fall on it, the active material spreads out evenly and does not
reel off when it dries..  Sources: &as thins'as,z_or 3 mj.llig;ms;./g:m2
can be obtained in this 'way. :
| The Cs* obtained for the -experiments described in -
Section 6.2 was received in ’the.form of Cobalt oxide, ‘a black
powder, = The R9"®, however, was received in the form of small
silver sheets. - Sufficient silver was dissolved in nitric acid
and excess sodium hydroxide added tof“preciﬁ;éte'silver oxide, a
derk brown powder. - .The silver oxide was filtered off, washed
with aicohol.intd a test tube, and separated in a centrifuge.

The alcohol’ v}as' poured off and collodion added, " i

2, Detailed Circuite, Wirigg Diaggams ste.
(a) Couplmg Unlt.

The ooupling um.t (Fig. 5s 5) di:t‘ferentiates the pulse
from the Geiger counter and the size of the differentiated pulse
fed to the preamplifier ca.n be varied by mea.ns of the potentia.l
divider Rz .  The high voltage supply fed to the Geiger counter ‘
through the eeupling unit is obta.med from a 0-1650 volts power
pa.ck which ha.s been 1n t.he Nuclea.r Physics Labora.tory for some
years a,nd which 1s of q\nte conventional design. Volta.ge ’

stabilisation is effected by a eeries of V.R. 150'5.
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FIG. 5.3. Coupling Unit .
(b) Preampllfier

Circult and Wiring dia.grams are ehown in Fig. 5.4, and
a pho tograph is included in Plate l. The potential divider' on
the COupling"Unit is ‘adjustedl so that the negative output pulse
of about 10 velts”from the Preamplifier (viewed on the COss'er N
C.R.0.) ,just shows sa.tura.tion and is not followed by positive
" throw back"s |
(0 Coincidence circuit.

: The operation of this circuit has been outlined in ,
Cha.pter 5 by reference to the Block D:Lagram of Fige 5.2, : The
circuit dia.gra.m 1s.,shovm ‘in Fig. 5.5, the wiring diagram in
Fig. 5.6, and the Power Supply in Fig. 5 12,  Photographs may be
seen in- Pla.tes 1 and 2, | |

The followmg description of the circmt operation
amplifies the discussion in Chapter 5-

_ Negative pulses from the ca.thode follower in. the Pre-
amplifier are differentiated in an R=C circuit of time constant
0.2 or 2 Q.Lsecs. ‘I‘he differentia.ted pulses pass through a three
stage wide bard amplifier having a. gain ~100.  The wide bam
dlara.cteris tic which is necessary to preserve the sharp riee of
Geiger pulses, is obtained by the use of video amplifiers 6Ac7 |
ha.ving 1ow pla.te 1oa.ds a.nd by the incorpora.tlon of a high degree
of negative feed-back from the cathode of \é to the cathode of

1. The Preamplifier and the amplifier in the Coincidence
circuit are modifications of ecircuits des cribed in
‘Reference J1l. |
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V)« Positive pulses from V3 are fed via & cathode follower
'V, to a cathode coupled multivibrator V5.  ~ A bleed from HeT.
'to- the cathode of Vg enSuresi‘-’thatVonly‘ positive pulses larger =
than a few volts are transferred from V3 to Vye ~ The multi-
'vibra.'tor Vs produces square ‘pulses at its 'plates, the diuxja.t‘ion
of the pulses lying between 1.5 and 3 ‘Msecs. according to the
setting’:-.of ‘the bias ' control v'on the grid of the first triode in
Vs o “Positive pulses of about 65 wolts are fed through the
'oathOde follower V& to the appropriate- scaling circuit so that .
the input pulses are counted. The negative pulses are fed -
through & cathode follower to the Rossi sta.ge V7 o Pos‘itive'
bias on the cathode follower Vs suppresses the small pulses
accompanying each non- ooincident pulse on the grids of th'e Rossi
tubes. ~ When a coincidence takes plece, a positive pmé‘ of
a.bout ’70 volts passes the cathode follower ‘and actuates the
scaler counting coincidences.

~ Vhen the control Rl on the coupling unit has been set
correctly as explained in (v), the cont:cols on the Coincidence
Circuit may be correct]y ad.jueted 1n the following wa.y-

Set the Time Base control on the Cossor C.R.0. %0
"Positive External Trigger" the range to 15 plsecs. and the
Gain control to 50 volts. "Connect -the Test: point "Output“
to the terminal "Trigger" and the Test point "Rossi Input" to
the terminal ”Amphfier 1", . Set the Fine and Coarse ga.in
controle on the COincidence Circuit to0 their mid range positions

" till the time base 13

and adjust the preset width control
triggered and a large negative pulse of about 1.2 Mesecs. is
obeerved : The pulse width can now be increased or decreased
as deelred. - If decreased, the gain control should be advanced.
The ga.in control should a.lways be set so that a steady Rossi
. 1l A screwdriver adjustment located on top of the chassis.
The control "Pulse Width" on the front panel adjusts
the width (and size) of the input pulse to the Coin-

‘cidence Circuit by altering the ca,pa.c:.ty in the
differentiating circuit (R.C., 0.2 or 2 Prsecs.)
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input pulse with no flutter is observed. Thié will usually
be ihe case;:wh‘e,ti}-t.h‘e gain controls are set not too far above the
point at which the multivibrator is Just triggered. (It should
be noted that, if the preset width gortrol is set too low, the
'amplifier,gain.is»notfsufficient;to,griggerathg-multivibrgﬁor,
"a.nd, if too high, the multivibrator free-runs.)

The appearance of the pulses at the several test points -
is shown in Fig. 5.7. - Slight "ringing" in the amplifier is not |
ob.jegtiona.ble.- - It could be eliminated, if desired, by altering
the Capacity Cg. '

”

”
_OUTPUT |

AMP. OUTPUT..

S ouTPUT

FROM . TasT PoINT

ROSSI  INPUT.

5. psecs

- Rosst_ourpur ‘(No.cowc.) , ﬁv% S .

_RosSI QUTPUT. (COINC)

| TRACE TRIGGERED. AT

~ FIG. 5.7 Pulse Shapes at Test Points on Coincidence
Circuite : :
_ Maintenance on the Coincidence circuit imnvolves checking
the pulses of Fig. 5.7 ard Checking the Resolving Time, . Faults
may be localised by checking the pulses of Fige 5.7
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(d) _Secaling Circuit.

'Ciréuit and wiring diagrams are shown in Figs. 5.8 amd
5. 9 respeétife,ly and pho tographs are iﬁcoiporated in ?1&.1;9 2.
The Pom:r surply ig drawn in Fig. 5.‘13.
‘ The opera.tion of the circuit ma.y be described briefly in
the following way; - . ' . h
When the reset control is opere.ted the right hanpd memb ers |
of the twin triodes corduct and the left hand menbers are bie.ssed
beyond= cut-off. A sufficiently large negative pulse through
the first d_idde cuts off triode 2 of V¢ ard triode 1 comes on.
The resulting positive rulse in the platé circuit of triode 2 of
V7 does not pass through diode Vs, Yhen a éeoond negative pulse
passes through diode V, , the first pair of triodes Vy returrs to
its initial state. The negative pulse in the plate circuit of the:;
second triodje, of V7 is passed through the top diode of V5 and :
causes V§ to "turn over". (This pulse cannot pass through the
bottom diode when Vo is in its normal sta.te.) The fourth input
rulse causes‘st to return to its initial state ard the negative
6utput pulse "turns over"Vq. The eight pulse causes Vq to "turn
back" 'azid the resulting output pulse "turns over® Vio . The
volta.ge changes accompanying the turn over of Vio are such that
a negative pulse from V7 can no longer pass through the top
dicde of Vs but, imstead, can now pass through the bottom diode,
‘Thus, when the tenth pulse comes into the scaler, \/}o_ " turns back"
and an output pulse may be taken from the scaler. |
The scaler may be checked by observing the neon inter-
’pola.tin.g' lights as they register the backgrourd count of a
éeig.er‘ c‘sovum:er. Alternatively, pulses can be fed into the
scaler and these can'v"be compared on the double beam Cossor with
the output' pulsés at the plates of the triodes, If the lead
to the C.R.0. from the plates incorporates a differentiating
circuit (e.g. & cordensor of 50 p.f. and a resistor of 100 K),

' the patterns of Fige 5.10 should be observed,
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: FIG. 5. 10 Pulses a.t the pla.tes of the triodes in the
Scaling Circulte

(e) Re oording Uni te

‘Circuit diagrams of the Recording unit e.nd of the Power
Supply may be seen in Figs. 5.11 and 5,12, |

An amplifier having a gain of sbout 100 is included in
this ecir cﬁit. 'l;his ‘enables opera.'tionvdirectly_ from a éeiger
counter or & source of smzll pulses.- A ca,thode’ coupled multi-
vibrator is direct coupled, to a power tube in the plate circuit
of rhich is com;ected the mechamcal recorder, Normally the
‘power tube is biassed beyond cut off by the voltage drop across
the pla.te load of the second triode which is- cor.ductlng heavzly.
A positive pulse i'ed to the grid of the first triode or a
negative pulse to the common thode causes the multivibra.tor

to flip over for ‘afftime interval determined by the setting of
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the bias control onthe first triode. -During this interval,
the bias is lifted from the power tube, and the mechanical
recorder is energised by the énsuing pulse of current, the
magnitude of which can be controlled by the setting of the
feedback control in the cathode of the power tube. -

Pulse widths of 5 = 50 milliseconds and pulse currents of
5 - 50 millia.mps. are a.va.ilable. The circuit is best operated
by feeding positive pulses to the grid of the flrst triode. If
nega.tive pulses a.re fed directly to the cathode of the multi- :
vibra.tor tube they shoum be taken from a. som:ce of low output

impeda.nce.

(f) - Summary of Operating Instructions.

-{a) Set the operating voltage on the Geiger Counter at
a convenient point on the "plateau"..
- {p) - Adjust ‘the input voltage to the preamplifier so
that maximum negativé output ié ob ta,ined_. This may be achieved
by feeding the output to the "Cossor® C.R.0. with the repetitive
time base set," forf;prei'erence; at fifteen or fifty millisecords.
() ?r‘esent a radioactive source to the Geiger Counter
80 ‘that :the c‘ountihg ia,te' is about two hurdred per secord.-
»Tri‘g"!gert:‘thé Y Cogsor" time base at fifteen microsecords from the
CeRe 0, Test"‘.Po'int marked "Output" on the .'::Co_invciderice Circuit and
feed the Test Point "Rossi Input® 1;6 "‘ﬁhe BA" Amplifier: - -Adjust.
the preset width control in conjunction with the gain-controls
S0 that a steady pulse free from "jitter" is observed. - The gain
cecontrol should be left only slightly above the minimum setting at
which this cordition is obtairpeds -
: »(di) . With the radioactive source removed, the operation.
of -the s calers. may bé checked by 'observing the neon interpola_.ting
lights as they i’ecord the Geiger counter background, -
(e) ‘The mechanical register, fed from a.scaler with

negative pulses, should be operated with the amplifier. switched
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in, . The gain control should be set slightly above “the . - .
rinimum setting at which the register pointer advances each
time neon interpolating light "8" extinguishes.. If the .
register 1s driven directly by positive pulses from an output.
terminal on the coincidence circuity . the amplifier should be

switched out. .
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1 Power Suppxy for 5 Scalere

IV Deaign of epecial types of beta countere.
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»fPlanning of experiments to - determine decay ‘s chemes of
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PLHTE I. COINCIDENCE  UNIT.



A. COINCIDENCE CIRCUIT, C. COINCIDENCE CIRCVIT.

d. SCALER €. SCRLER.

PLATE 2.
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