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CHAPTER

I

THE 0- DISINTEGRATION OF RADIUM D.
1.

Introduction
It

is almost fifty years since the magnetic

spectrometer was first used to analyse the electron spectrum of the 0-emitter known as Radium D,
(Dansyz, 1913).

It is thus perhaps surprising that

today, in spite of the considerable volume of work

which has been carried out during the intervening
period to elicit the details of this comparatively
simple disintegration process, there should remain

any outstanding problems connected with it.

Such,

however, is the case, since there still remains
considerable doubt whether the ß- disintegration

proceeds by one or by two modes.
of the process are simple;

The main features

most, if not all, of

the disintegrations, proceed by way of a single

excited state of the residual nucleus, which then
de-excites to the ground state, with the emission
of gamma radiation or conversion electrons.
is, however, considerable evidence to suggest
a direct ground -state to ground -state

There
that

transition

also occurs, and this thesis is mainly concerned

with giving an account of

a

study undertaken in an

attempt to observe this transition.

For the sake
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of brevity, the transition to the 47 Key excited

state of Ra E will from here on be referred to
as the p47- transition (see Fig.

1), and the tran-

sition between ground states as the ßo- transition.
Radium D, hereafter denoted by Ra D, is an
21G
isotope
p
of. lead (82P
)
and is the twelfth
b

member of the Uranium series of naturally -occurring
radioactive nuclei,which starts with UI
and ends with the stable nucleus Ra G

(92U238)
206

(

ß2'b

Since, according to shell -model theory,
(82Pb

)'

20g
)

is a doubly-magic nucleus, Ra D has two neutrons

outside closed shells, and Ra E has a neutron and
a

proton outside closed shells.

Thus it would be

expected that the properties of these nuclei would
be readily described by the shell model theory,

which has had considerable success in accounting
for the properties of nuclei having only a couple
of nucleons outside closed shells.

In fact, con-

siderable difficulties arise in the shell model
interpretation of the structures of Ra D and Ra E,
and the existence or non -existence of a ßo -tran-

sition turns out to be of considerable importance

for the theoretical interpretation.

This subject

will be discussed in considerably greater detail
at

a

later stage.

Early studies of the electrons emitted in the
disintegration of Ra D, carried out with the semi-

circular magnetic spectrograph,

(Ellis, 1922

Curtiss, 1926)3 established that the main mode of
ß- emission was by an exceedingly low energy ß-

particle to an excited state of Ra E, lying about
47 Key above the ground state.

The subsequent

Y -ray to the ground state was highly converted in
the L- shells and higher shells of the residual

atom, not having sufficient energy to eject elec-

trons from the K- shell.

Softer radiations, Auger

electrons and X-rays were also in evidence.

The

main complication to this scheme was that the
energy of the initial 0- electron was so low, that
the continuous ß- spectrum was itself completely

masked by the discrete line spectrum produced by
conversion of the 47 Kev -aroma -ray.

Thus little

information could be deduced from magnetic spectrograms concerning either the shaper or the endpoint energy,

of,-

the ß- spectrum.

A.

number of

studies of the disintegration were made during the

period just before the war (Richardson and Leigh
Smith, 1937) using cloud chambers, and although no

very accurate results were obtained, there was
general agreement that the end -point energy of the
(3-

spectrum lay in the region of 10 to 20 Kev.

Work in the post -war period has made it seem likely that the true value of the end -point energy
lies at about 15 Kev.

This work also produced

-4-

evidence concerning the shape of the ß- spectrum
and, with the exception of the very low- energy

region, most observers agree that the spectrum
does not depart radically from allowed shape.

Prior to 1939 there was no evidence that the
simple picture of the disintegration process outlined above required modification.
however,

a

In that year

Y -ray of about 43 Kev energy was re-

ported in the spectrum by Amaldi and Rossetti.

Confirmation of this result was soon forthcoming
from the work of Tsien (1943, 1944), together with

evidence of Y -rays at 37 Kev and 32 Kev along with
X- radiation from the bismuth. K- shell.

Studies of

the Y- spectrum using the curved crystal spectro-

graph by Frilley (1944) and by Salgueiro

(19'i4)

provided supporting evidence for the existence of
the Y -ray at 32 Key, although, in view of later

work, it is significant that the Y -ray at 37 Kev
was absent from Salgueiro's spectra.

In 1945 two

more Y -rays at 7 Kev and 23 Key were reported by

Tsien and Marty, and their existence duly confirmed by the proportional counter studies of Curran
et al.

(1949)

.

Further experiments byBannermann

and Curran (1952) on the coincidence spectrum of
Y -rays from a source of Ra D placed between two

scintillation counters, appeared to confirm the
existence of a cascade in the de- excitation of the

47 Key state of Ra E, and a series of proportional

counter studies by Damon

and.

Edwards (1953) pro-

vided additional evidence for the existence of all
the previously reported Y- rays.

The results of a study of the Y -ray spectrum

by Ewan and Ross (1952), using the curved crystal
spectrometer, were in marked disagreement.

In this

experiment no Y -rays other than that at 47 Kev were
observed, and limits for the intensity of other re-

ported Y -rays were determined to be

Energy

46.5

42.6

37

31

23.2

16.1

.025

4.06

(Key)

Intensity

1

4.015

4.016

<.015

.

Thus in the early 1950's the experimental situa.tior}

regarding the Y- spectrum of Ra D could only be
regarded as highly unsatisfactory.
The solution of this contradictory situation
came gradually, largely as the result of a new

series of studies of the electron-spectrum carried
out using high- resolution magnetic

spectrometers.

This work was initiated by Cranberg (1950), and
this author reported no conversion lines in the

spectrum (except in the case of one particular
source) corresponding to Y -rays other than at 47

Kev.

Work by Butt and Brodie (1951), Cork et al.

(1951), Bashilov et al. (1953) and Wu et al. (1953)

was in agreement.

Wu followed up her work on the

electron spectrum, by

a

proportional counter study

of the Y -ray spectrum, and she was successful in

accounting for many of the disputed Y -rays

particular she showed that the Y -ray at

7

In

.

Rev was

in fact the copper K X -ray at 8 Kev,caused by

fluorescence from the counter walls.

The Y -ray

at 23 Key had its origin in the "piling" which

occurred in the counter when two bismuth L X -rays
(10 Rev and 13 Rev mainly) were detected simultan-

eously.

The Y -ray at 16 kev was identified as they

LY X -ray from bismuth.

Key and

31v

The Y -rays at 43 Kev, 37

could not be resolved from the

peak at 47 Rev and its escape peak at 34 Kev.

The

Y -ray spectrum has, however, been studied since

then by Fink et al. (1956) and by Krause (l959),
and both groups reported failure to detect any

nuclear radiation apart from the 47 Rev Y -ray.
The issue of the Y- spectrum of Ra D may therefore
be regarded as finally settled.
If it be considered as established that there
is only one Y -ray in the disintegration of Ra D,

and if it is assumed that only one mode of

P.-

disintegration occurs, then it is clear that the
total number of Y -rays and the total number of
aeR.

conversion electrons emitted for disintegration
must sum to unity.

It is therefore important to

enquire whether the experimentally determined sum

of Y -rays and conversion electrons attainsthis

value.

It is a

matter of fact that all observers

have reported a deficiency in this sum.

Measure-

ments of absolute intensity are difficult to make,
and estimates of the deficiency vary widely,

from 22

±
5%

(Cranberg) to

8 ±

5% (Wu)

.

Thus it

is open to question whether the deficiency does

in fact exist.

tion of

But if it does, then the assump-

single mode of p- disintegration must be

a

incorrect.

The only other possibility is that a

Po-transition takes place between ground states,
since a ß- transition to an isomeric state of such
a long lifetime' that the 1-radiation from it to

the ground state is not observed

would have a

very high order of forbiddenness and could not
occur in significant intensity.
The conditionswhich make thed$47 spectrum so

difficult to observe directly, operate even more

powerfully still in the case of a po- transition)
and for this reason direct evidence for the exis-

tence of the p0- transition is very difficult to
obtain.

In recent years, however, two investi-

gations have been carried out with the deliberate

aim of observing the po spectrum.

In the first of

these (Stanners and Ross, l956), the disintegration
of Ra D was studied by observations on the tracks

produced in nuclear emulsion previously impregnated

with active material and allowed to stand for
known time.

Such

a

method of studying the problem

a

has the advantage that, with the exception of

escaping electromagnetic radiation, all the particles produced in a disintegration are absorbed
in the emulsion and the total energy spectrum, may
be observed.

From a comparison of the observed

spectrum as computed using known grain- countenergy relations, with a spectrum calculated from
the available evidence on the details of the Ra D

disintegration, Stanners and Ross concluded that
the

(3o- transition

integrations.

occurred in 15

5% of all

dis-

The investigation carried out by

Tousset and Moussa (1957), was essentially a con-

ventional magnetic analysis of the electron spec trum,measured with

a

double- focusing spectrometer.

In this experiment, however, special points were

selected in the energy spectrum where the

ß

0

spectrum might be most readily observed, and careful measurements were carried out at these points
on the growth of the Ra E spectrum.

With the data

so obtained, the observed spectrum was corrected

for the effect of the Ra

E

ß- spectrum,and the

authors concluded that the resulting line -shape was
consistent with the existence of a ßo- transition

occurring in 19

±

4% of all disintegrations.

In a

-9-

later paper (1958),Tousset and Moussa altered the
figure 19 ! 4% to

15cf,

a result more

in line with

the best determinations to date of the intensities

of the various radiations which are emitted follow-

ing the disintegration of the Ra D nucleus.

The

experimental evidence for the existence of the 00
transition will be reviewed later.

At this stage

the main experimental facts of the Ra D disinte-

gration will be put in evidence,

since they will

be required in order to explain the ideas which

lie behind the investigation under discussion.

The Electron Spectrum

.

(i)

The

(a)

0:47

Spectrum

Half -life of the disintegration

The half -life of the p

47

-transition has been

variously estimated to lie between 19 and 24 years.
The results of the four latest determinations are

listed in Table 1.
The 047- transition takes place between two
states of zero spin and opposite parity, and is

therefore classified as first forbidden.

The

log ft value for the transition lies between 5 and
6

which is in line with the first -forbidden

classification.

The spectrum is therefore expected

to be of allowed shape.

-10-

TABLE

Observer

Tobailem (1955)

Pate & Yaffe (1959)

T (years)

Method

19.4 ± 0.35

Differential
Ionization
Chambers

23.3

Harbottle (1959)

20.4 -

Eckelmann (1960)

21.4

(b)

1

±

Proportional
Counter
47t

.3

Ionization
Chamber

.5

Geological
Determination

Shape and end -point energy

The main sources of information on the shape

and end point energy of the

,47

spectrum, are the

results of a number of observations of the inte-

grated or partially integrated spectrum obtained
using proportional counters or scintillation
counters.

Five experiments of this type have been

reported in the literature, and for purposes of

discussion it is convenient to divide them into
two categories, those in which the integrated

spectrum was observed and those in which the par-

tially integrated spectrum was observed.

The

experiments of Jaffe and Cohen (1953), Lewis
(1955) and Huster (1953) come into the first category, and the experiments of Insche

and Curran (1952)

and Bannerman and Curran (1952) come into the

second category.
The terms "integrated spectrum" and

"partially integrated spectrum" must first be explained.

If a source of Ra D in gaseous form

(e.g. radioactive lead tetramethyl) is introduced

into the gas of a proportional counter, then,

neglecting the escape of electromagnetic radiation,
each disintegration process should produce a pulse

corresponding to the detection of the initial

f3-

electron,together with the 47 Key released by the
de- excitation products.

Thus, under ideal con -

ditions, a single peak should be observed in the

spectrum at an energy somewhat greater than 47

Kevswith the spectrum of

(3-

particles superimposed

on the high energy side of the peak.

Thus if

observations are made on the line shape of the

peak obtained/ when an external source of Ra D
Y -rays is allowed to irradiate the counter, a

comparison of the spectra of internal and external,
Ra D sources should enable the observer to deter-

mine the shape and end -point energy of the ßspectrum.

In practice two peaks are observed in

the spectrum for the gaseous source, since in

many cases the L -X -rays escape from the counter
and an escape peak is formed 10 to 13 Rev below
the main peak.

Jaffe and Cohen and Huster per-

formed such experiments.

Lewis's experiment was

-12-

similar in principle.

He used a source formed by

distributing solid Ra D throughout a sodium iodide
crystal.
The "partially integrated spectrum" is obser-

ved, /if a solid source is placed in the wall of a

proportional counter.

In these circumstances, the

shape and end-point energy of the (3-spectrum are

determined from an analysis of the high energy end
of the spectrum, where M N 0 conversion electrons

are detected simultaneously with

(3-

particles.

This was the procedure carried out by Insche and
Curran.
a

The method of Bannermann and Curran was

variant of this in that they measured the low

energy end of the spectrum in coincidence with 47

Kev Y -rays detected in a sodium iodide crystal.
The results of these experiments are shown in

Table 2.
TABLE 2

Observer

End point energy
(Kev )

Jaffe & Cohen (19 53)

15.2 ± 1.0

Method

Gaseous source
in prop. counter

Huster (1953)

23.0 ± 2.5

Gaseous source
in prop. counter

Lewis (19 55)

17

± 2

Solid source
in Na I crystal

Insche & Curran
(1952)

18

t 2.5

Solid source
in 2n prop.
counter

Bannermann &
Curran (1952)

18

± 2

Solid source
in Na I counter

-13-

The greatest divergence lies between the

results of Jaffe and Cohen and of Huster.

These

experiments might have been expected to give the
closest agreement.

The present author, having had

some experience of trying to interpret complicated
line shapes, is inclined to place most confidence
in the results of Bannermann and Curran since, in

their experiment, the
a

13-

spectrum was isolated by

coincidence method, and no analysis of line-shape

was required.

Proportional counters hardly have sufficient
resolution to give accurate information on the
shapes of ß- spectra, and such information as they
give must be treated with caution.

However, the

authors of the experiments discussed above are in

broad agreement that the

1347

spectrum of Ra D is

at least approximately of allowed shape.

(ii)

Conversion Electrons

Detailed information on the absolute and
!relative intensities of the conversion electrons

has been obtained by studies of the electron spectrum carried out using high- resolution magnetic

spectrometers.

Relative intensities of conversion

electrons are computed directly from the observed
!Ra D spectra, by measuring the areas under the

different conversion peaks, and calculating the

MI

Sliv and Band (1958)

100

12.81

100

2.066

10,6 - .2

100

ergeyev (1959)

Sliv and Band (1958)
E2

10.2

100

Bashilov (1959)
} .05

10.75

.90

.1156

4.60 x 103

4.93 x 103
1.378

95.29

.93 - .o5

.95

1.0 ± .1

0.8

0.86

0.7

1.9
-,

III

102.00

.7

10.5 - .4

Frilley & Valdares (1957)100
±

8.8

15

7.5

1958)100

(

100

Bashilov et al. (1953)

Tousset and Moussa

100

9

loo
100

II

L

Wu et al. (1953)

Butt & Brodie (1951)

Cranberg (1950)

Author

29.4

24.0

27.0

25.6

29

M
0

1.64

1.4

2.1

-

2.1

per

.77

.61

4.
.85 - .05

.74 ± .05
+
.59 - .05

Disintegration

C,DriverO -Ófls

Total No. of

i

e

N

relative conversion coefficients

absolute conversion coefficients

relative conversion coefficients

absolute conversion coefficients

6.71

6.0

5.8

7.7

26.6

8.5

,-----

N

-15appropriate ratios.

In order to obtain absolute

intensities, it is necessary

to

compare the total

area in the conversion spectrum of Ra D with the
total area in the Ra E spectrum (which is pure

ground -state

to

ground- state), when the combined

Ra D plus Ra E spectrum from an equilibrium
Ra D - E - F source is observed,
data are displayed in Table 3.

The experimental
This table contains

five sets of measurements of absolute and relative

intensities and three sets of measurements of
relative intensities only.
of the

It also contains values

conversion coefficients in the L subshells

of Bismuth for E2 and M1 radiation of 1.6.51 I{ev

energy, calculated using the tables of Sliv and Bard

There appears

to

be a fairly wide measure of

;agreement between the results of different obser-

nations of relative intensity, but wide variations

occur in the different estimates of absolute intensity.

In the work of Bashilov (1953 paper) and

of

Butt and Brodie, the intensity of the conversion
lines had to be corrected for back scattering of

Ra E electrons from the source -backing, and the
lower values obtained by these authors may be ex-

plained as arising from over -correction.

In

Cranberg's measurements, the electrons were detected
Photographically and subsidiary measurements of
sensitivity had to be carried out, leading to an

-16-

extra degree of uncertainty in the final results.
'The measurements of 1Nu et al.

and Tousset and

,Moussa (1958) were made with sources produced by

!evaporation under vacuum of Ra D onto very thin

(< 15 µgm. /cm2) films.
Hoy thin -window

The electrons were detected

geiger tubes and, in the work of

iTousset and Moussa, post acceleration of the elec-

trons was also employed.

These two measurements

'probably provide the most accurate information

available for the absolute intensities of the
conversion electrons.

(iii)

Auger Electrons

The Ra D electron spectrum shown in Fig.

2 is

taken from the published results of Tousset and

Moussa (1958).

The very intense complex of lines

below 3 Kev are the Auger electrons from the M and

higher shells, and the fine structure between

5

and

1

15 Kev is produced by the Auger electrons emitted
in the de- excitation of the L -shell

Conversion in this shell.

following

Analyses of the L -Auger

spectrum have been given by Kobayashi (1953)
ét al. (1953)

and Tousset and Moussa (1958).

,

Ross
The

last -named authors state that the total number of
_.L

-Auger electrons emitted per disintegration is

0.38 and this figure will be accepted in the present
work.

-17Electromagnetic Radiations

3.

(i)
(a)

The Y -ray

Energy.
The energy of the Y -ray emitted from the

excited state has been determined by Ewan and
(1952) using a curved crystal spectrometer.

Ross
Their

result
EY

46.52 ± .02 Kev

=

is in good agreement with that obtained by Frilley

and Valdares (1957)

.

The latter authors made a

precise measurement of the 11 conversion line in
a 180° magnetic

spectrometer using a ThC - ThC"

Making use of Cauchois' (1952) value for

standard.

the ionization energy of the L1 sh®.11 in bismuth,

they obtained a value for the energy of the Y -ray,

E,
(b)

=

46.503

±

.015

.

Multipolarity
A comparison between the observed relative in -I

tensities of the conversion lines in the L subshells, and those calculated for different multi 'polarities of the Y -ray using the tables of Sliv

and Band, indicates that the Y -ray is pure magnetic
'dipole.

Shell model theory requires that the ground

state of Bi
11,9/2

210

have odd parity (the proton is in a

orbital which has even parity, and both of the

-18-competing g9/2 and i11/2

neutron orbitals have

odd parity), therefore the excited state in

must also have odd parity.
state in Bi

10

B.

?10

The spin of the ground

has been measured as unity ,McNei7.l,

1954) and hence, from the selection rules for MI

transitions and the order of forbiddenness of the
-transition, the spin of the excited state at
47
47 Kev is zero.
p

Intensity

Numerous measurements of the intensity of the
Y -ray have been reported in the literature, but

attention will be confined below to those deter-

minations made during the last decade.

There are

three such measurements, by Damon and Edwards
(1954)

,

Fink (1957) and Krause (1959)

.

The results

are listed in Table 4.

TABLE 4

Observer

No. of Y -rays/

Method

disintegration

Damon & Edwards

.0J8

±

.906

(1954)

Fink (1957

045

.004

.047 - .011

Krause

(1959)

.0405+.0008

Scintillation
Counter
Scintillation
Counter
Proportional
Counter
Scintillation
Counter

-19Of the three experiments noted, the researches
of Fink appear to have been the most thorough.

'Fink measured the absolute intensity of 47 Rev

Y -rays with a sodium iodide crystal, under conditions
of known geometry,

from a source of Ra D- E -,F in

equilibrium whose activity was determined by
P210.
measurements on the a- particles of
He also

measured the number of L-X-rays per disintegration
using proportional counters, and in the same ex-

periment determined the ratio of the number of
L -X-rays to 47 Rev quanta.

Thus it is possible to

obtain two values for the intensity of the
from these measurements.

-ray

The most likely value of

the Y -ray intensity would appear to be about .045

per disintegration with aa upper limit of .05 per

disintegration.

In her estimate of the deficiency in the sum
of
a

conversion electrons and Y -rays, Wu (1953) used
value of .07 for the Y -ray intensity, a value

which is considerably higher than any of the ex-

perimental values.

Her derivation of the intensity

was, however, indirect, being based on her own

measured values of the number of conversion electrà.ns

and of the ratio of L X -rays to I Quanta,

and Kinsey's (1948) value for the L -shell fluores-

cence yield.

-

-20 -

Bismuth L X- radiation

(3)

Two determinations of the number of L X -rays

per disintegration have been made in recent years,

by Damon and Edwards (1954) using scintillation
counters and by Fink (1957) using proportional

The former authors obtained a value of

counters.
±

(.19

.03) for the L -X ray intensity and the

latter author a value of (.23g

±

If these

.02).

E'CNlßitii.l>

values are compared with Tousset and Moussa's value
for the total number of L Auger electrons per dis-

integration, which is 0.38, the two quantities

should sum up

to

the total number of L conversion

electrons per disintegration.
.57

±

The values of

.03 (Damon and Edwards)

±

and .61

.02 (Fink)

are quite consistent with the direct experimental

Fink has also measured the rela-

determinations.

tive intensities of La, Lß and L

in the X -ray

spectrum, and obtained the result
L

:

L

:

L

Y

=

1.0

:

1.1

:

0.19

.

More detailed information on the LX-ray spectrum,

based on studies with

a

curved crystal spectrometer

has been given by Ross et al. (1955).

Summar

Table

of Experimental Information
5 shows the

division of the different

kinds of Ra D events which will be tentatively
accepted at this stage.

In this table the symbol
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'e'

represents a conversion electron,

Auger electron and

'X'

an X -ray.

'A'

an

The subscript

indicates the atomic shell from which the

radiation originates.

TABLE

Type of Event

1347

1347

+ Y
+

ß47+
°

5

Intensity

5

eL + AL

38

+XL

22

eL

0 #4IF7

Unclassified
perhaps 13o

20

15

(

%)
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CHAPTER II

EXPERIMENTAL METHOD
1.

Analysis of Method
The investigation which will now be described,

was carried out in an attempt to make a direct

observation of the

(3O- transition

in Ra D.

The

method adopted was originally devised by Stanners

(1956)

,

and was intended by him as a confirmatory

experiment for the results obtained in the nuclear

emulsion study.

The double proportional -counter

used in the work was also designed and constructed
by S tanners.

The experimental method employed,rests on the
fact that there exists a distinction between the
two possible modes of ß- disintegration of Ra D;

in the normal or (347 -mode, the ß-particle is always

followed by one or more electrons or quanta,
whereas in the ßo -mode, only one particle is

emitted per disintegration.

Thus there exists the

possibility that the ßo- spectrum may be observed
directly, in that region of the total spectrum,

where some or all of the ß47- events may be eliminated by a suitably cbsigned coincidence arrangement.
The method selected for the investigation,
which incorporated this idea, involved the use of

-23 -

two proportional counters, arranged in a side -to-

side position, with the Ra D source, mounted on a

thin film, placed between them.
an arrangement,

Ideally, in such

each counter has a

2rz

counting

angle, so that, following a disintegration, every

particle must pass into one or other of the two
counters.

In practice, the necessity of using

solid sources and source- backings means that much
of the low- energy electronic

radiation never pene-

'trates into the counters, while a large fraction
of the electromagnetic radiation escapes altogether

from the counting system.
the

p

d

These facts suggest that

-events must be sought in that part of the

energy spectrum where the efficiency of coincidence-

detection of ß47- events is greatest.

low- energy events occurring in

a given

Most of the
counter are

those which correspond to the emission of a con-

version electron into the other counter, hence it
is

clear that, if the po spectrum exists, it should

be most easily detected at low energy.

A more de-

tailed treatment, based on the known distribution
of events in the Ra D spectrum (see Table

support to this idea.

5)

lends

If it is assumed that the

47 -Key Y -ray escapes, and that M-Auger electrons
are absorbed in the source, but that all other

radiations are detected, then it is possible to
calculate, from geometrical considerations only,

-24the constitution of the spectra which should be

observed in the two counters.

The results of this

analysis are displayed in Table

6.

The first colunri

lists the different kinds of event Which may occur

and the second column indicates the approximate
energy range for each event.

All intensities given

are intensities per hundred disintegrations.

It is

lseen that the events in the single spectrum from a

¡given counter fall roughly into three energy groups.

Events falling into this group

Group (i):

(intensity 30%

)

lie in a range of energy extending,

from 0 K ev to about 20 K ev, with most events at the
All but the 2.5 events, which arise

low -energy end.

from the escape of the 47 Kev Y -ray, have conversion electrons in coincidence in the other counter.

The events of this group

Group (ii):

(intensity 30%

)

come from the detection of L-

conversion electrons.

A maximum intensity of

22.5 of these events may be detected in coincidence.

Group (iii)

:

Events which arise from the

detection of conversion electrons emitted from the

M- and higher shells fall into this group.

Only

ß- electrons are available for observing these

events in coincidence,

and even under the best con-

ditions only half of them may be so observed.

The ßo- events, may lie in any part of the
spectrum, but they are only expected to constitute

5.0

_.j -_

42

42 -60

.

7.5

35 -63

eL +ß +AL(XL)

Po(?)
0 ( ?)

eTvi`T0+ ß

er:110

-0 -65

7.5

35 -45

eL +AL(XL)

--

7.5

30 -48

eL +ß

__

7.5

30

eL

AL(XL)

5.0

7.5

5 723

ß

7.5

5 -15

+

5.0

0-18

P

AL(XL)

7.5

0 -13

ß

)

2.5

(

%

Intensity

0 -18

A

Energy
Range
(Key)

P

Counter

Detected

Particle(s)
in

_°7o-á

10.0

30.0

30.0

- - - -.-

of Group

Intensity

Total

TABLE

+

_-

-

(3

-

(3

AL(XL)

AL (XL)

eL

;_

-

+ ß

AL(XL )

+ ß

ETO

eL

e

eL

-

coincident
in Counter
B
.

- - --

5.0

22.5

27.5

Intensity

_ax'mum

Coincidence

-- - --

Particle(s)
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a

significant fraction of the total events in that

part of the spectrum below 20 Kev which appears in
anti -coincidence._

Thus it is natural to study the

low energy anti- coincident spectrum, in order to

see whether there are any excess

which must be attributed
gration.

to

a

events present

ßo -mode of disinte-

The use of solid sources and the prac-

tical limitations of the proportional counter mean

that inevitablyy many events which should appear at
high energy are degraded into the low energy region,

and for this reason,
of the

a

straight-forward measurement

intensity of events, appearing in anti -

coincidence at low energies, is an unreliable

method

of detecting the

ßo- spectrum.

In this ex-

periment therefore, attention has been concentrated
on gaining an understanding of the distribution of

events in the coincidence spectrum,

since any excess

events at low energies in this spectrum, must be

attributed solely to distortions introduced by the

experimental apparatus.

This whole topic will be

discussed in greater detail in the section dealing
with the experimental results;

at this stage it is

more convenient to describe the practical details
of the experiment.
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Description of Apparatus
(i)

The Proportional Counters

The design of the double proportional- counter
system is shown in Fig.

3.

The apparatus was made

from brass and the double counter was constructed
as one unit in the form of intersecting cylinders.

The geometrical form of each counter was therefore
almost a circular cylinder.

The boundary plane,

which separated the counters, was made from per-

forated zinc sheet and carried at its centre a
fitting for the source -holder.

This whole piece

was made to slide between the counters,so that
sources could be readily removed and replaced.
The entry -slot was made vacuum -tight by means of a

distorted
plate.

0 -ring

held in position by a flat brass

A general view of the whole arrangement as

seen from behind, and slightly to the right of, the

double counter, is shown in Plate I.
a

Plate II is

picture of the source carrier containing one of

the square aluminium discs on which were mounted the

source -bearing films.

Each counter was 35 cm. long and the diameters
were 14.5 cm. and 7.5 cm. respectively.

The anodes

were made from .004 inch diameter tungsten wire and

were

lefid into the counters

through shielded end-

pieces.

The details of the end -pieces are shown in

Fig. 4.

Each end -piece was made from a block of
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,ebonite formed to screw into a brass plate, which

itself screwed into the end of the counter.

In

order to preserve the vacuum, all the screw -con-

nections were fitted with 0 -rings in the conventional manner.

Each ebonite block contained a cavity

connected by two holes to the counter volume, a
hole of large diameters through which the cavity
could be pumped,

and. a

hole of smaller diameter to

guide the counter wire,

The wire was anchored by

a small screw to a brass plate

the inside of the

cavity.

which was fixed to

'Alen this

connection had

been made, the cavity could be closed by a small
ebonite cap fitted with an

0

-ring.

In order to

form the electrical connection between the anchored
wire and the amplifying system, one of the ebonite
caps had a hole in it,

through which was passed a

short brass rod, sealed on the inside by an 0 -ring

and connected by a spring to the anchored wire.

From the point at which it was fixed, to

a

point

about an inch beyond its entry -point into the

counter -gas, the wire was covered by a steel
sleeve made from a hypodermic needle.

By thus

effectively increasing the diameter of the wire near
its exit point, the operating volume of the counter

could be confined to

a

region away from the end.

In this manner it was hoped

to

reduce the end -effect,

since no field- adjusting tubes were used,

The whole apparatus was placed in a magnetic
field of about 1500 gauss, aligned, as close as

-29-

possible, in a direction perpendicular to the
ïsource,

The purpose of using such a magnetic field

'(Rothwell and

:'Jest

1950, Curran, Cockroft and

Insche, 1950) was to reduce the effective range of
the

electrons in the gas and thus prevent them from

hitting the walls.

Considerable overall improve-

ment in the energy resolution was obtained by in-

corporating this device, although the heat produced'
by the electro-magnet tended to upset the stability,
of the counters if

used over long periods.

The energy spectra were calibrated by using
the

Lx-rays from

a 1.5 uC external

source of Am241

For this purpose, each counter was fitted with an

aluminium window

(

5 mm.
.

in diameter.

The lower

(and larger) counter had two such windows about
3 ems.

apart,

in order that the central part of

the',

counter might be checked for uniformity of multi-

plication.

(ii)

Pumnin

.g

and Filling System

The counters were evacuated by a rotary pump
nd oil diffusion pump;

the subsidiary pumping line

nd filling system are illustrated in Fig.

5.

ressures were recorded on a mercury manometer at
high pressures and on a McLeod Gauge at lower

pressures.

A small discharge tube,

to the counters, was used to
f air in the

attached close

test for the presence

evacuated system, since air is readily
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detected by observing the characteristic nitrogen
bands excited in the discharge.

When there was a

source in the counters, all pumping and filling

(except pumping at very low pressure) had to be
done through a needle -valve since the thin films

supporting the sources, broke very easily;
this happened, as it did frequently,

had

to

when

the counters

be dismantled and cleaned of active material.

The gas filling, which was common to both
counters, was composed of a mixture of

methane.

and 10
,a

90-%"

argon

Experiments were performed over

range of pressures from 10 cms. Hg. to one atmos-

phere, although most of the observations on Ra D
,sources were taken at a pressure of 40 ems. Hg,

since at this pressure the counters worked at

conveniently low voltages.

In the earlier experiments, the gas was
'purified by passing it over calcium turnings heated
to about 35000,
,since

but the purifier was soon abandoned

it was found that it took several hours to

produce any appreciable effect.

Ra E grows with

a

half -life of 5.1 days in a freshly prepared source
of Ra

D,

and for this reason a long delay between

the preparation of the source and the taking of

observations could not be tolerated.

ment designed

to

In an experi-

detect a ßo- transition in Ra D,

low-energy Ra E events would be indistinguishable
from the events sought.

For this reason a maximum
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of four hours was permitted to elapse between the

preparation of the source and the completion of the
measurements.
(iii)
(a)

The Source

Source Backing

Since it was planned to detect particles
emitted on both sides of the source, it was

necessary

to

use extremely thin source -backings,

,which also possessed sufficient mechanical strength
to

withstand the stress caused by pumping and fill-

ing the counters.

ficial density of

Source backings with a super1 µgm. /cm2,

have been made with

-films of a certain polyvinyl chloride known as

'VYNS',

(Pate and Yaffe, 1955) and the source-

backings used for the Ra D sources were always made
from this material.

It was not however possible to

use source- backings as thin as

1 µ gm. /cm2

since

these were not sufficiently strong;

the source-

backings used were estimated to have

a

density of between 10 µgm. /cm: and 20
VYNS

fils

superficial

µg}n. /cm.

are made in the following way.

A

solution of VYNS in cyclohexanone is made up to a

concentration of three parts liquid to one part

solid by volume.

The VYNS powder must be added

slowly and in very small quantities;

otherwise a

liquid and this
glue -like suspension forms in the
The final VYNS
is very difficult to dissolve.
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Solution does not spread into a film if merely

dropped into

a

tray of water, but films may be

produced, by depositing small drops of the solution

between a glass rod and the edge of the tray, and
then drawing the rod rapidly across the surface of
the water.

These films may be picked up on a

metal disc quite easily and, when left to dry,

form a very smooth tough surface which
to

acids and alkalis.

is

resistant

The thickness of the films

may be gauged by observing the colours in the interference fringesformed when light is reflected

from the surface of the films.

Figures relating

colour and thickness are given by Pate and Yaffe
(1955)

.

VYNS films are non -conducting and, in measure-

ments of the energy spectra of particles emitted
in radio -active disintegration, it is usually

necessary to deposit sources on conducting source backings since, otherwise, the continuous emission
of electrified particles tends to charge up the

source with subsequent distortion of the energy
Spectrum,

In this work, thin layers of gold (or

latterly aluminium) were evaporated under vacuum
onto the films.

Some experiments were done with

non -conducting films, but very poorly resolved
spectra were obtained.

This result was however

charging,
attributed, not to the effect of source

-33-

which would be very unimportant for the sources

used in this work

(

ry 5 x 104

disintegrations per

minute) ana would in any case be a time-dependent

phenomenon, but to the fact that much more uniform
sources are obtained if the source material is

deposited onto

a

metal backing.

Observations on

the spectra of particles emitted on both sides of

the source showed that the counting rate was reduced by about 10%

on the side away from the source.

This reduction took place almost entirely in the
energy region below 15 Kev and most of the absorption occurred in the source itself rather than in
the source -backing.

(b)

Preparation of Ra D

In the earlier experiments, the Ra D sources
were prepared from solutions of Ra D available in
this department, but since these solutions were

found to contain large amounts of extraneous
kuiatter,

carrier -free solutions of Ra D- E- F in

equilibrium were obtained from A.E.R.E. Harwell.
The procedure followed in the preparation of

pure Ra D from solutions of Ra D in equilibrium

With its daughter products is described below.
aliquot of Ra D solution is evaporated

to

An

dryness

in about 5 ca.' s,
in a crucible, and then redissolved
Of N/10 HC1.

This solution is then extracted with

-34an equal volume of a solution of dithizone in

chloroform made up
per litre.

to a

concentration of .1 gm.

The bismuth and polonium go down with

the dithizone while most of the Ra D (lead) remains'

in the aqueous solution which goes to the top of
the mixture.

This procedure is carried out several

times and the final aqueous solution of Ra D is

washed with carbon tetrachloride to remove any of
the excess dithizone, and then evaporated doom to
a

very small drop.
The separation procedure described above is

very efficient and the only objection to it is that
a

fair fraction of the Ra D is lost.

It was estimar-

ted that after four extractions there was less than

2% Ra

E remaining in the Ra D solution.

In the

actual experiments the extraction procedure was

carried out ten times and under these conditions
the Ra E content in the sources was negligible.

(c)

Deposition of Source

The preparation of the source was finally
completed by placing a drop of Ra D solution in
the centre of the film and evaporating off the

This evaporation

water with an infra -red lamp.

process usually took about fifteen minutes if
carried out in a fume cupboard under a partial

vacuum.

Sources made in this manner tended to

evaporate out on the film as

a

series of ring-

-35shaped deposits and it was difficult to produce

uniformly- deposited layer.

a

Considerable improve-

ment in the uniformity of the deposit could be
obtained, if the surface of the film was first

covered with a layer of insulin also obtained by

evaporation from aqueous solution.

All the

sources used to obtain the final results were de-

posited on films treated with insulin in this way.

(iv)

Electronic Equipment

A block diagram of the arrangement of the
electronic equipment is shown in Fig.

6.

The

positioning of the different units in this figure
corresponds to the case where the pulse- spectrum

from counter A is being recorded singly or in
coincidence or anti -coincidence with, the pulse -

spectrum from counter B.

The positions of the two

counters were however interchangeable.

All the

electronic equipment was supplied from stabilised
mains.
(a)

H.T. Voltage Supply

Since the counters had different radii, their
voltage -multiplication characteristics were different, and for this reason each counter had its

own separate high- voltage supply, which was applied

positively to the anode wires rather than negatively
to the outer

cylinder, as is the usual practice.
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-36The polarizing voltages were supplied by Dynatron
type 200 H.T. units,and the larger counter was

usually operated at about

2

KV and the smaller

counter at about 1.6 KV, and since the condensers

which coupled the counters to the amplifying system were rated to withstand 4 KV, the method

adopted

to

polarize the counters was considered to

be satisfactory.
(b)

Amplification

The output from each counter was coupled to
an Ekco H.F. preamplifier set to give a gain of
fifty, followed by an Ekco N568B main pulse amplifier.

Both differentiation and integration time

constants were set at 1.6 µsec.

The output from

one of the main amplifiers was fed into a commercial delay line,which could provide a total delay
of 4 µsec. in steps of .2 µsec.
to

It was usually set

give a delay of 1.6 µsec. for coincidence meas-

urements.
(c)

Fig.

er Unit
7 shows the

circuit diagram of the

trigger unit used to obtain 'gating' pulses for

measurements of coincidence and anti -coincidence
spectra.

The positive pulse from the main amplifier

is fed onto the grid of a triode valve and the out i

Mut is taken from the anode;

the function of this

first stage is to produce negative -going pulses to

Z

TfziççEirR UNIT

NEÇATIVE SQUARE PULSE OUTPUT

B

Fiy.'7,''

POSITIVE SQUARE PULSE OUTPUT

A

INPUT
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-37trigger the second stage.

The second stage is a

iunivibrator which operates when

a

negative pulse,

having an amplitude greater than one volt, is
applied to the first grid of the double triode, a
negative square pulse appearing
This univibrator

Park (1956).

at the

second anode.

circuit is taken from the work of

The remaining stages of the trigger

unit are an amplifying stage and a final inverting
stage to give negative output pulses.,

(d)

Pulse -Height Analyser

It is not proposed to give a detailed account
of the operation of the Sunvic multi- channel

analyser which was used to record the spectra, but

merely to note a few characteristics of this instrument.

The analyser could be used

to

sort

pulses, in a wide range of voltage, into 60, 80 or
120 separate channels, the total capacity of the

storage system decreasing with the number of

channels used.

It was usually operated on the

80- channel range.

Generally speaking the pulse- height analyser

worked very well, but on account of its long 'dead'
time

(

w740

jlsec)

it was not very suitable for

making measurements of absolute intensity.

The

dead-time of the instrument originates from the

method whereby the pulses are sorted into their
respective voltage ranges.

':":'hen

a pulse enters

the

-38analyser its amplitude is compared with

linearly

a

decreasing sweep voltage,whose total period is
about 1.5 milliseconds, and the pulse is kept
'waiting' until the linear sweep reaches the

appropriate voltage.

In this way measurements of

amplitude are reduced to measurements of time.
After a pulse has been sorted, a time must elapse

approximately equal to half the linear sweep period,
before another pulse can be accepted, and when this
'dead'

time is about 740 ltsec., counting losses

become serious for counting rates greater than

Thus the use of

about 15,000 counts per minute.

the pulse- height analyser in an experiment, where

absolute counting rates are important, setsan

upper limit to the counting rates which may be used.

For not too high counting- rates, counting losses
are usually calculated using the formula
rT

N

2.1

=
1

where

N

-rTT
0

is the 'true'

counting rate, No the

observed counting rate, and

T

time.

the 'dead'

time is not

For the pulse -height analyser the 'dead'

should be replaced,

a constant and the formula (2.1)

by
N

where
Torj'

«

=-

T

log (1 -

NoT

the sweep period.

)

,

.

.

.

.

2.2

For values of

T

is

1

equation (2.2) reduces to equation (2.1)
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Z

provided

T

2

is set equal to

.

Even (2.2) is

not quite correct since the frequency of repetition
of the linear sweep is dependent to some extent on

the rate of arrival of pulses.

In practice it was

therefore found simpler to calibrate the pulse -

height analyser using a scalar of known paralysis
time.

The calibration curve is shown in Fig. 8.
The analyser was also provided with facilities

for recording coincidence and anti -coincidence

spectra.
'gating'

Coincidence

spectra are recorded by

the coincidence unit with negative pulses

of amplitude not less than 25 volts,

and the gate -

pulse must persist from at least .5 µsec before,
to

at least .5 µ.sec after,

the arrival of the maxi-

mum of the pulse to be recorded.

In this experi-

ment the coincidence gate pulses used were about
3 µsec.

long.

Anti -coincidences are recorded using

positive gate pulses greater
this case,

than.

25 volts but,

in

the gate pulse must persist for the total

period during which the pulse in the other channel
of the coincidence unit has an amplitude greater

than .5 volt.

Since the delay line always intro-

duced considerable broadening in pulses transmitted
along it, gate pulses exceeding 10 µsec. in duration were required for anti- coincidence measurements.
f sufficiently long gate- pulses were used (and the

results corrected for random coincidences) the ob-

served coincidence and anti- coincidence spectra

added up to give the total observed single spectrum, but with short gate -pulses the anti -coin-

cidence spectrum always had an excess of counts in
the low- voltage channels.

In practice coincidence

spectra were recorded rather than anti- coincidence
spectra, since,

in any case, the coincidence spec-

trum was far more useful in the analysis of results.
The random coincidence counting rate N

was

calculated by using the formula

Ncr

=

2/4(N,

- Nco) +

Ncr(ïSs

-

Nco)+

Tcrj

where Ng is the counting rate for gate pulses, Ns
the counting rate for the single spectrum, and

The
the observed coincidence counting-rate.
'co
coincidence resolving time 22o was determined to

be 6.6 µsec.

from measurements of coincidences be-

tween unrelated sources.

(e)

Scaling. Units

All counting rates were recorded on Dynatron

Type 10093 scalers which had paralysis times

variable from zero up to l04

tlsec.
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CHAPTER

III

EXPERIMENTAL RESULTS
1.

Observational Procedure
During the course of an experiment, the follow-

ing procedure was carried out.

nmeasured

First, the background

in each counter, and the spectrum of

L X -rays was also taken to give a measure of

the energy range.
a

These measurements were made with

non -active film placed in the source holder, in

order that the electric field distribution might not
be disturbed when the source was placed between the

counters.

While the source was being preparedythe

rotary-pump was turned on, and the diffusion pump
heated up ready for use.

It usually took about two

minutes to place the source in the counters and close
the system down again, but, during this period, some

air always flowed into the system which had therefore to be pumped and flushed out with argon several
times.

After the last flushing, the diffusion pump

was switched in for about twenty minutes, and then
the counters were finally filled.

The single spectra from both counters were then

measured on the pulse- height analyser, together
with Ra D spectra on which were superimposed the
spectra of L X -rays from Am241.

The composite

Ra D - Am241 spectra provided a very simple and
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reliable method of removing the background from
the Ra D spectra, as direct subtraction gave the

pure Am241 spectrum, and the spectrum of Am241
plus background had been previously measured.

Coincidence spectra were always taken last, since
these spectra were less liable to contain any

significant fraction of Ra E events.
In the earlier experiments it was noticed
that,

over a period of counting, the peaks in the

spectra tended to move gradually down towards
lower energies.

This always meant that some air

was entering the counters, since oxygen, being an

electronegative gas, has a high cross -section for

combining with electrons

to

form 02.

The output

pulse from a counter having an air -leak is therefore reduced.

For this reason, considerable care

was taken to ensure that the counting system was

leak -free, and that the output pulse -spectrum re-

mained stable.

2.

Energy Resolution
A typical spectrum of the L X -rays emitted

following the disintegration of .ßm241, as observed
in the large counter, is shown in Figure 9.

There

are three peaks in the spectrum at 17.8 keV, 14.0

keV and 8.2 keV.

The peak at 14.0 keV is the

X -ray, and that at 17.8 keV is the Lß

La,

X -ray, the

30
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-43slight 'bump' in the spectrum at about 20 keV may
be identified as the LY X -ray.

The peak at 8.2

keV is the Cu K X -ray produced by fluorescence

from the counter walls.
The half -width at half -maximum (measured on
the low- energy side) of the 14 keV line, is about

1.5 keV, and the half -width at half- maximum

(measured on the high -energy side) of the 17.8
keV line,

is about 1.8 keV.

tributed line,
o,2

For a normally dis-

the half width t2 =

(y

is the variance in the line shape.

log

where

2,

If

E is

the energy of the radiation, and N the average

number of ion-pairs released in the counter, then
the theory of (III.4)

shows that

b is a number,

under the best conditions,

.jhich,

should be less than two.

(É)2 =

Ñ where

Accepting that it re-

quires an energy of 28 eV to produce an ion -pair,
(Sharpe, 1955) the observations on the 14 keV line

give a value of b equal to 4.2, and the observations on the 17.8 keV line give a value of b = 4.7.

The observed resolution was therefore considerably
less than might have been expected from theory, but

since the X -ray lines were themselves composite,

and since amplifier noise and electronic effects
introduce an extra variance into the line- shape,
the resolution obtained may be considered as

satisfactory.
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The X -ray spectrum, as observed in the small

i

counter, was very similar to that shown in Fig. 9,

except that the Cu K X -ray line was relatively

weaker in this counter, and the energy resolution
was not quite so good.

Since it was desired to

observe the spectrum from one of the counters,

under the best conditions of energy resolution,
and also with the maximum coincidence detection rate of low- energy events, the source was usually

placed on the side of the supporting film which
faced the smaller counter.

3.

Ra D Spectra
Ra D spectra, as

The single and

observed in the large counter, are shown in Fig.

lÓ,;

the equivalent spectra from the small counter are

displayed in Fig. 11.

These results are discussed

below, from a qualitative point of view, and the

more detailed analysis is contained in the subsequent sections.
(i)

single Spectra

The distribution of the different types of
event in the single spectra appears, at first
glance, to be in accordance with expectation.

The

intense group of L- conversion events produces the

maximum observed

at

iv 27 keV and the maximum at

/v41 keV lies at the position expected for the

t
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conversion electrons from the MNO shells.

The

spectra below 20 keV exhibit the predicted con-

centration of high counting-rates at very low
energies, although there is no obvious Auger-

electron peak in the neighbourhood of

l0 keV.

(ii) Coincidence spectra

The coincidence spectra are not in accordance
with the predictions of the analysis in Chapter II

o

There is disagreement both as regards the shape
and the intensity of the coincidence spectra.
the first place,

In

since to every conversion electron,

detected in coincidence in one counter, there must
correspond a low -energy radiation in the other
counter, therefore the total intensity of 'lowenergy' events in one coincidence spectrum should

be equal to the total intensity of 'high-energy'
events in the other coincidence spectrum.

This is

clearly not observed to be the case, as both coin Icidence spectra exhibit a marked concentration of

low- energy events.

Thus each coincidence spectrum

must contain an excess of 'low- energy'

events, the

corresponding radiation in the other counter being
also of low energy.

The observed intensities of

the coincidence spectra are also much less than

might have been expected. (25.4%

of the small

counter single spectrum and 28.6% of the large
counter spectrum are coincidence events.)
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For instance, some fifty per cent of MNO con -

version electrons detected in one counter should
be detected in coincidence, since the accompanying
13- electron

is emitted into the other counter,

whereas in fact only between five and ten per cent
of the MNO conversion electrons are detected in

coincidence.

This fact in itself does not rule

out the possibility that the results may provide

an answer to the question whether or not the

ß

0

-

transition exists, since it is only at low energy
that this transition may be detected, but it does

suggest that there may be low energy events which
should be detected in coincidence but which are
not so detected.

(iii)

Low- energy Anti -coincidence Spectrum

There is clearly

a

considerable excess of

events in anti -coincidence in both spectra, in the

energy region from zero to about 20 keV.
question that is posed therefore is:

The

how many of

these events can be accounted for, as arising from

ordinary 347 transitions, and how many (if any)
must be assigned to some other cause?
seems three ways in which 'ordinary'

There are it

transitions

can give rise to events in anti- coincidence at low

energies.
(a)

Such events are

1347- particles

accompanied by unconverted

Y -rays which escape from the system,
(b)

347- particles and /or Auger electrons, not

-47-

detected in coincidence, since the accompanying
conversion electron has been absorbed in the
source or back -scattered into the same counter,
(c)

conversion electron events lying on the

low - energy side of the L- conversion peak, which

have been degraded into the low- energy region,
either because they have been scattered in the
source or have been back -scattered from the gas
into the walls of the counter.
The contribution to the spectrum from (a) will

clearly be small since a Y -ray is emitted in less
than 5% of all disintegrations, hence the main
sources of low energy anti -coincidence events,

produced by the normal mode of
those listed in (b) and (c).

(3-

emission, are

The method of estim-

ating the contribution of events of type (b) will
be discussed later;

at this

stage it is clear

that events of type (c) are the most important,
and it is only possible to estimate the contribution
of these events by extrapolation of the low-energy

edge of the L -peak.

The line -shape of the L

conversion peak is however well defined over a
considerable range, so that it is at least possible
to set limits on the total intensity contributed

by the L conversion line at low energies.

Taking

into account the considerable error involved in
the required extrapolation, it is concluded that
the "excess" anti- coincident

events at low energy
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comprise 14
and 12

±

4% of events in the small counter

2% of events in the large counter.

These

figures are presented at this stage merely to

indicate the maximum intensity of low- energy

events which may possibly be assigned to a
transition.

ß

0

-

The more detailed analysis of the

observed spectra will be given in the following
sections.

This analysis will be carried out

according to the following programme:
(A)

To obtain an understanding of the con-

stitution of the observed spectra by comparison

with spectra computed from the known facts of the
Ra D disintegration and the theory of proportional

I

-counter action;
(B)

From a comparison of the observed coin-

'

cidence counting -rates of conversion electrons

with those predicted for ideal conditions, to
estimate the effects of the finite source and
source- backing and
(C)

To estimate the contribution of 347- events

of type (b) listed above, and to see whether there

are any events remaining which must be assigned

t

a genuine ßo- transition.

4.

Theoretical Spectrum
(i)

The Line -Shape
In an ideal proportional counter, the shape of

the spectrum produced by the detection of mono -

energetic particles is determined by two factors

-49(a) the fluctuations in the total number of ion

pairs released in the counter, and (b) the

fluctuations in the number of electrons arriving
at the counter wire, when a given number of ion

pairs (N) is initially released.

Curran et al.

(1949) have shown, from observations on the multi-

plication of single electrons in

proportional

a

counter, that the pulse -height x is distributed

according to the law

-"

-I
X

Lrc

r

(3.1)'

.e.

where b is a number which is about two -thirdsx

when the fluctuations in the number of electrons
in the avalanche are taken into account, but is
about double this value in practice

tuations in

N

also occur.

since fluc-

In general the number

b1 which determines the resolution of the
may be regarded

counter,,

as a free parameter to be fitted

to the observed resolution.

The distribution of

pulse- heights as expressed in equation (3.1) is
normalized so that the average pulse- height is
¡IT

.

The gamma function

P

normalizes the

(b)

total probability distribution to unity.

The

variance in the pulse height is readily calculated
to be

0-z

--

î
x

z
- (x)

"

N

x

(3.2)

-50The problem of the probability distribution of
the total number of electrons/fin the avalanche

produced by

a

single initial electron, will be

discussed in Chapter V.

At this

stage it will be

assumed that the line -shapes for monoenergetic
events may be accurately described by Curran's
empirical law as expressed in equation (3.1).

From the outline of the theory of the experi-

ment given in Chapter II, it will be apparent that
there are three types of event which may contribute
to the proportional counter pulse -spectrum of Ra D.

These are
(i)

monoenergetic events such as occur when

single conversion electrons, Auger electrons or

X -rays are detected, or when any two or more of
these particles are registered simultaneously in
the counter,
(ii) events arising from the detection of un-

accompanied

13-

electrons which have a continuous

distribution in energy, and
(iii) events which occur from the simultaneous

detection of ß- particles and monoenergetic particles.
Events of the first type may be computed directly
using equation (3.1), a value of b determined from
the known counter resolution, and a value of N

determined from the energy of the particle and the

energy required to produce an ion pair in the
counter gas.

In events of the second and third
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types, N has itself a probability distribution
of which account must be taken.

It

is, however,

more convenient to calculate with the quantity
N
b which from hereon will be designated by the
symbol a.

Let

have

a

f'(a

)

ok

l'Ca)

probability distribution

a

ECc<) At(

_

c

cito

(3.3)

otherwise

= o

Then equation (3.1) must be replaced by the equation

p( X) cl.x

-

-L

d

.x

a foc ) dot

ac

dv

(3.4)

,

!(octr )

and events of the second and third types may be

computed provided the appropriate functions
are known.

f( a

)

In general it is impossible to

evaluate the integral in equation (3.4) explicitly,
and recourse must be had to approximate methods.

The following method is very simple although it
should be emphasized that a more exact treatment

produces the same results.

follows.
a

The

function of

The argument is as
ec

function

Ct'

,

considered as

f
a, has a strong maximum in the

neighbourhood of the point

a = x, and hence the

greatest contribution to the integral comes from

points in this region.

In the function

af(a),

the variable a may therefore be set equal to x and
this function may then be removed from under the

-52integral sign.

P(x)

The equation for

e`Xcl)c

clic

P(x) now reads

5(x)

dac, (3.5)

X14

al,

p0,4 t 00

and the problem reduces to a study of the function
oc.

1)

(x a)

:

)c
Jr a

°(

aA oc

I

rYceti )

This function is not tabulated and there is very

little information available in the mathematical

literature concerning it, although some of its

properties are discussed by Erdelyi et al. (l

55),I

In the circumstances the simplest way to treat it
sum

is to replace the integral by the equivalent

and write

)c

QX_2aC'`),

Cx,
where

-eabc)

(3.6)

is the truncated exponential func-

tion defined by

(3.7)
It has

been shown by Tricorni (1950) that, for

large values of a,

Qom,

Cx)

may be expressed in

the form

Cc

)_

Q

J-

1-,.

\

Vz

)

t Ql

t3.8)
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where

Er-S'

C)

is the error function defined by

'"-f C7)

-e44

)

2

/

Ñrr

Using these results, the function
I

- 6 Lau

(3.9)

may be

P(x)

expressed in a form suitable for computation.

function

P(x)

has a slightly different form for

the different types of event.

Events of the first

type have been discussed already.
the second type,

The

ao

For events of

is zero since the p- spectruml

extends down to zero energy;

al, which is pro-

portional to the number of ion pairs produced by
p-particles of maximum energy, will be a large

number and so P(x) becomes

(3.10)
For events of the third type,

ao..

corresponds to

the number of ion pairs released by the mono-

energetic particle which accompanies the p- particle,
and is therefore also a large number.

P(x)

In this case

may be written

po c)

a

e

f

z
ac-

o,a

oro

e,,

x-

ri/îr

(3.11)

Two comments should be made on the final

expressions (3.10) and (3.11).
lLtion

Concerning equa-

(3.10), the finite resolution of the counter

has very little effect on the shape of the p-

-54spectrum, as observed in a proportional counter,
and merely introduces a slight flattening of the
line -shape near the end -point (x = al).

This is

in agreement with a remark by Huster (1953).

The

second comment concerns the appearance of error

functions in (3.10) and (3.11),which suggests that
the same results might have been obtained had the

form of a monoenergetic line been assumed to follai
a normal law.

This in fact proves to be the case,

and the approximations, incorporated in the cal-

culations of the spectra of events of the second
and third types, are equivalent to assuming that

Currants empirical distribution (3.1) goes over
a

t

normal distribution provided the number of elec
arriving at the counter wire, is large.

This it must do, by virtue of the central limit

theorem in statistics.

It

is clear therefore that

there is no paint in retaining the distinction be-

tween the two distributions in calculating mono energetic events, and these events have therefore
been computed using the normal law

-,!6 (x-aoi
Vzi?á,

C4K

(3.12)
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G3-

Spectra

In order to carry out the calculations it
is necessary to know the form of the functions

f(a)

which depend on the shape of the

13-

spectrum.

Of Course only the (347- spectrum may be detected

simultaneously with other particles;

the

13o-

spectrum can only appear unaccompanied.
1347- Spectrum

The

(a)

The

transition in Fa D is first -forbidden

(347

spin-favoured and is therefore expected to be of
allowed shape.

Hence, ignoring screening con-

nections, the energy spectrum is given by the

formula

¡v ( w )

c

1nil

wo

w)

2

/-

z

l^i ) d "(z3

.13 )

W is the energy (including the rest energy) of the
13-

particle, and Wo is the end -point energy and p

F'(Z 'J) is the 'Fermi factor'

the momentum.

which expresses the effect on the energy spectrum
For small

of the Coulomb field of the nucleus.

values of

W

Wo,

PC'z,J) is approximately equal to

(Konopinski, 1943) and, since

little from

Wo,

W

differs but

the energy spectrum may be des-

cribed by the relation (Stanners, 1956)

NC4) eta,
where

E

c-0-E.)1- ace.

is the kinetic energy of the

(3.14)

13-

particle.'

-56The number of ion pairs released by a

particle is proportional

f3-

kinetic energy, and

to its

equation (3.14) may therefore be used to obtain the

function f(a)

If

.

NE

is the number

of ion pairs

0

released by a ß-particle of maximum energy, and Ne
is the number

of ion pairs released by the accom-

panying monoenergetic particle, then it follows
that

xi

O

Q(o

oc, : Nz

o[

N(-'o

_

-

-

N,Q

-Fr

C

Typ

ca.)))

ci

(3.15)

t

( TYPE.

Neo

Ca)

rer.

and the normalized function

f(a)

is given by the

'relation

3

5

et

(3.16)

--04)

°(u)3

(b)

The ßo- Spectrum

The Po-spectrum, if it exists, is first forbidden with a spin change of unity, and so its
energy spectrum is modified from the form (3.13)

by a 'shape-factors

hi() d 1,4

-

(z w)

5(z, 1,./) FCZ

SCz,

W)
i)

the form

í)/i. w (% -/, -w)

ptanners (1956) has calculated both
F'(2.,

to

for the ßo transition.

(3.17)

5.(20.4 and
The function

is unity if the spectrum is of allowed

shape, but /may vary approximately linearly with

-57energy, from unity at zero keV to about 1.6 at
60 key if the

shape,

to

ßo- spectrum departs from allowed

the extent that has been observed for

the Ra E ß- spectrum (see Chapter IV)

F7(751"1)

.

varies from unity at zero keV to about 1.2 at
60 keV also

linearly with energy.

In the present

calculations both functions have been set equal
to unity since there is no hope whatsoever of

obtaining any information about the shape of the
P

o

spectrum in this experiment,

and the effects of

small departures from the 'statistical'

quite unobservable.

shape are

Equation (3.14) has therefore

been used to calculate the contribution of the ßo
spectrum (assumed to have

(iii)

a

total intensity of 15%

X -rays and Auger Electrons

The exact contribution of the X -rays and Auger
electrons to the spectrum is somewhat difficult to
determine,

since most of the L X -rays escape from

the system while the Auger spectrum is extremely

complex and to calculate its contribution exactly

would be very laborious.
An attempt was made to calculate the efficiency
for detection of electromagnetic radiation from a

source in the wall of a cylindrical counter, but
this attempt was only successful for the case where
the counter was of infinite length.

The details of

-58this calculation have been prepared in a separate

appendix, since they are rather lengthy, and are not
of great value for the analysis of the experimental

results.

Considered as a separate problem, however,

the calculation may be of some interest.

If a source of radiation is placed centrally in
the wall of a counter of radius a and length

the counter gas has an absorption coefficient
the radiation,

'),

counter

may be expressed in the form

,

72 (Ata, od )

=

(/uß, oo9 _9(A9i.s

where 1

for

then the detection efficiency of the

(Ma%

( i")

and

2,6,

ly long counter, and

-

(/ucc,

r41),

(

3.18 )

the efficiency of an infinite-

x (fia)

luX)

is a term ex-

pressing the reduction in the counter efficiency
caused by the finite length.

"00 (/ua)

Appendix that
,c0(AA )

÷

/NA Cl.

_

I

2/". ç

-

[ Ia (Aa)/

o //u

It is shown in the
may be written

{ To ("4.a) k;
c. f

1

CA4a)

r, (AA)

-I-

/a a) ! 12 - / }
!

(3.19)
where

?o

functions.

(A44.), T,

(Auk)) r00,44)k(r6kre

The function

modified Bessel

x (µa, .a)

has not

been obtained in a closed form, suitable for use in
a calculation,

nor has it been found possible to ob-

tain an approximate expression for this function,

valid for the case where the length and diameter of
the counter are of comparable magnitude.

counters
The calculated efficiencies of the two

Y

LY

Lß

La

Radiation

.018

15.3
5.8 x 10_4

.026

13.0

46.5

.044

-1
)
µ (cm.
(40 cm. pressure)

10.7

(keV)

Energy

TABLE 7

42 x 10-4

.130

.188

.318

µa
I

I

I

I

I

I

I

I

0

.203

.280

.393

1902

I

i

10_4i

.067

.097

.165

µa

I

i

0

.117

.160

.250

"oo

Small Counter
a = 3.75 cm.

2.16 x

Large Counter
a = 7.25 cm.

,

.

(assumed to be infinitely long) for the detection of
the 46.5 keV

Table 7.

'Y

-ray and the Bi L

Xrays, are listed in

It is seen that, even were the counters

infinite, between 707, and 8O7 of the L X -rays would

escape altogether, and taking account of the finite
length, it does not seem unlikely that the fraction

escaping might amount

to as

much as

90%.

For this

reason the X -rays have been ignored entirely in the
calculations.

It will appear later, however, that at

least a significant fraction of the X -rays are detected.

Reference to Fig.

shows that the Auger elec-

2

trons form a complex of lines between 5 keV and 15
keV.

These electrons have been treated as if they

formed

a

homogeneous group at 10 keV but the actual

spread in energy has been incorporated into the cal-

culations by including an extra fluctuation 0"n = 2.5
keV, and computing the contribution of the Auger ele -

trons using a variance

a
(iv)

a

z
a.

s

given by the relation

t

`st4tisticat.

(3.20

Calculated Spectra

The analysis of the theoretical spectrum in (i)
has been discussed in terms of a pulse- height variable
W is the energy
x measured in units of (b) . If
the
(in keV) required to release an ion pair in
is
counter, then N = `V and in practice, it
in energy
more convenient to express the pulse- height

number of ion pairs
units than in terms of the

-61released.

Thus the calculations have been performed

for a variable

y

rather than for

x, where

y

is

defined by
(3.21)

The calculations have been carried out using a value
of

b

equal

to

5

,

and a value of W equal to 28 eV

per ion pair (see III, 2).

Table 8 lists the

dif.-

ferent types of event included in the calculation,
together with the values of

sand

appropriate to each event.

The calculated single

the intensity

and coincidence spectra are shown in Fig. 12;

the

ßo- spectrum is drawn separately in order to indicate

clearly the magnitude of the contribution it might
be expected to make to the total spectrum, if it

occurred in 15%

of all disintegrations.

+

+

+

Po"))

eMN0

+

+ ß

AL

AL

(3

+ ß

erm

eL

eL

eL

eL

AL

AL

P

Event

ß

0

ii )

(

2.46

iii)

2.46

(i)

(

3.44

(iii)

(i)

3.44

3.02

2.90

3.8o

7.50

5.00

5.00

4.75

4.75

10.25

2.60

2.08

(iii)

10.25

2.08

0.00

0.00

5.00

0.00

4.75

4.75

10.25

4.75

4.75

4.75
4.75

15.25

intenity

Coincidence

17.75

,

(i)

3.19

1.58

keV )

,)

2.76

(

Q11'

(iii)

2.76

(i)

keV
o

(

Q'

(ii)

Type

TABLE 8
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Analysis of Results

5.

(i)

Comparison of Computed and Observed Spectra

The main features in which there is disagreement

between the observed spectra and the theoretical
spectra are assembled in Table

9

Apart from the low coincidence counting-rate of
conversion electrons, which has been discussed
briefly already, perhaps the most significant point,
in which there is a large measure of disagreement

between theory and experiment,is the marked discrepancy between the calculated and observed values for
the ratio

of the height of the L peak

of the MNO peak.

to

the height

In fact it is not difficult to find

the origin of this discrepancy.
it has been assumed that

In the calculations,

events arising from the

simultaneous detection of L- conversion electrons and
L -Auger electrons,should have a total energy of about
40 keV and should therefore contribute

rather than to the L peak.

to the MNO peak

If, however, the energy

of the L -Auger electron is ignored, the ratio of the
two peaks should be about 3, almost exactly as observed.

It must be concluded therefore, that neither the

Auger -electrons nor the

(347- electrons

contribute sig-

nificantly to the energy of any event where they are
simultaneously detected with conversion electrons and
that the events under the MNO peak consist entirely
of MNO conversion electrons.

This conclusion is quite

(b)

(a)

L peak
MNO peak

Coincidence Counting -Rate

Spectrum from 20 keV
to 25 keV

Auger -Electron Contribution

50 %

73.5 %

(no ßo)

zero

atN10 keV

Weak maximum

1.3

Ratio of height of L peak
to height of MNO peak

10.0 %

15.6

L peak

65/0 of

Minimum

No peak

2.7

", 6 keV

3.5 keV

4 keV

.'

I

I

I

I

1

1

2.9

8.5 keV

7.0

j

12.4 %

Minii um
%
55 of
L peak

No peak

...i

ti 5 keV

Observation:
Small Counter
Large Counter

3 keV

Theory

9

Half -width at half-maximum
on high -energy side of
(a) L peak
(b) MNO peak

Property

TABLE

-65in accord with the observed coincidence counting-

rates for conversion electrons.

There are two further

conclusions which may be drawn from this result.

The

first is that the increase in the observed widths of
the

conversion lines, over the calculated widths,

must be attributed, not to the addition of low- energy

radiations to the main conversion electron, but to
the effects of the finite source thickness, and to

the fact that the radiations are emitted diffusely

from the source and not perpendicular
of the source.

The result

to the surface

of Insche and Curran

(1953) for the end-point energy of the ß47- spectrum,
as obtained from comparison between the observed line -

shape at the high energy side of the

IvNO

-peak, and a

calculated line -shape, must therefore be rejected
entirely.

The second conclusion is that, since the

MNO peak consists entirely of
trons,

íßv0

conversion elec-

the observed coincidence counting--rate of these

conversion electrons gives a measure of the absorption of ß47- electrons,

in the source and source back-

ing, and may therefore be used to estimate the

effective thicim.ess of the source and source -backing.
(ii)

Absorption of ß- electrons

When a beam of p- electrons, of inhomogeneous
energy, is passed at normal incidence through an

an absorbing foil it is observed that the number of

electrons transmitted decreases initially exponential
ly with

increasing thickness of the absorber,

-66i.e.

the number of transmitted electrons

is given by the relation

m.
where

d

e .Pa

rno

(3.22)

is the thickness and

absorption coefficient.

is the mass

According

Paul and

to

Steinwedel (1955) the exponential law is valid so

long as the foil transmits at least half the electrons and the range of validity is greatest for

13-

emitters with a high atomic number and low end -point
energy.

The experiments of Gleason et al. (1951) on

the absorption of S35 ß- particles in aluminium, inthat the exponential law is followed closely

dicate

to transmission factors between 5/0

The end -point energy
be

E0

of a

determined by measuring either

maximum range of the

(3-

13-

(I)

and

10

spectrum may
or

R,

electrons, and using one of

many empirical relationships between Eo and
between Eo and R.

the

(j),

or

The first empirical relationship

relating R and E0 was given by Feather (1938) and
other relationships have been given by Glendenin
(1947)

,

Katz and Penf old (1952) and by Flammersfeld

The relation given by Flammersfeld

(1946).

R

=

.11(1/1 + 22.4 E0 2 - 1);

0

<

E0

<

3 MeV

(3.23)
(R measured in g. /cm.2, Eo in MeV) will be used

since it has the widest range of validity.
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is the thickness

áz

If

of absorber

re-

quired to reduce the number of 13-electrons by one half, then the relationship between R and

cis

according to Wapstra (1959), is
ch

cL

l
i

(A2)
(z)

O.1

=

ROE)
E)

di (fu)

=

2.

(3.24)

x !IS

ioÇtZ

This result agrees well with that obtained by com-

bining Gleason's empirical law

170 [o

=

-

4.3

cm1l,

IIh°V<E,<IoMaV

(3.25)

with Glendenin's empirical law

Í

_

IFo7

Eo

I38

(3.26)
IS-Mev<Co<SMaV

Hence it will be assumed that in the energy region
of interest (E0

thicknesses

<

100 keV), the ranges R and half

di may be calculated by combining the

results of Wapstra and Flammersfeld.

have been made for R.

Calculations

in the source material (Pb)

and in the foil, which has been assumed to behave
like aluminium.

The results are listed in Table 10

below.
TABLE 10

Eo
keV

Range (R)

cii

(

al)

(µ gm/ cm2)

(u,g111/cm2)

18

400

40

65

5090

509

di (Pb)

(µm/cm2)
25.3
320

-68(iii)

Absor.tion of Conversion Electrons

The transmitted intensity of monoenergetic
electrons, passing through an absorber, falls off

approximately in proportion with the absorber thickness.

The ranges of monoenergetic electrons are also

usually determined from empirical formulae.

Lane

and Zaffarno (1950) have studied the transmission of

thin films for monoenergetic electrons with energies
less than 40 keV, and have found that their data fit
the empirical formula,

167

(3.27)
where R is measured in mgm./ can. 2 and E in keV.
The range of an L conversion electron

calculated from this formula to be
and for an M conversion electron

(-..30

keV) is

R = 1.65 mgm. /cml2

(~42

keV),

Exactly where the Auger elec-

R = 3.52 mgm. /cm.2.

trons fit into the picture is not very clear, but

with a maximum energy of 15 keV it would be expectedly
that the average range of an Auger- electron should

be approximately the same as that of a 3- electron.

(iv)

Estimated Thickness of Source and Source backing

It has been argued that, since the MNO conversion electrons may
oNL y by observing the

o

be detected in coincidence

ß- electron in the bother counter,

it

should be possible to estimate the absorption of the

-69p- electrons in the source and source- backingy by

measuring the coincidence counting rates at the MNO
peaks in the two counters.

It

is not correct how-

ever, merely to measure the transmission for p-

electrons, and then to apply the exponential law

directly, since,

(a) the electrons are emitted dif-

fusely and (b) the probability that

a p- electron is

detected depends on the position of the disintegrating nucleus in the source.

Thus conversion electrons

appearing at the peak of the conversion line,- have a

smaller chance of being observed in coincidences tha
those conversion electrons which have traversed a

considerable path- length in the source,- and therefore
produce pulses on the low energy edge of the con-

version line.

That the effect (b) is important is

clear from the observed excess of low energy events
in the coincidence spectra.

Hence it may be assumed

that the electrons, producing coincidences at the

peak of the MNO conversion line, are those which have
traversed the maximum path length in the source in
order to penetrate into the other counter.
Since the absorption law for p- electrons is at
least approximately exponential, it is possible to

calculate the probability (Po) that
emitted isotropically into a

siftb

a p- electron,

of thickness "a ",

shall penetrate into the region beyond the slab (see
Fig. 13(a));

it is also possible to calculate the

probability (PI) that an electron produced in a slab

F
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-70of thickness "a" shall escape from the slab (see
Fig. 13(b)).

The solutions of these problems have

been given by Case, de Hoffmann and Placzek (1953),
and the results are

(3.29)

a
In these equations

£

C

c3 (

^

c

(= 1.44

path for absorption of the

13-

o)

(3.30)

is the mean free

)

radiation, and Ln(x)

is the n -th order exponential integral function de-

fined by
DO

1

-e

-

_ n.
kt.

0444,

.

(3.31)

This function has been tabulated, over a wide range
of x, for values of n = 1, 2, 3 and 4 by Case et al.

(1953).

Since the coincidence counting rate for MNO con-

version electrons in the large counter is 0.10,
(the probability that a

13-

Po

electron shall escape into

the small counter) is therefore 0.20.

equation 3.29 gives a value of
ness, equal to 29.3 µgm. /cm.2.

a,

Application of

the source thick-

The value of Po for

escape into the large counter is 0.14, and the

corresponding thickness of source -plus -foil is
37.8 µgm. /cm.2.

The foil is therefore equivalent in

thickness to about 8.5 µgm. /cm.2 of lead or 13.5
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µgm. /cm.

2

of aluminium.

There is independent evidence

(see Chapter II) that the source -backing has a super-

ficial density of between 10 and 20 µgm. /cm.2, so at
least this method of analysis produces reasonable
answers.
The average escape probability for a

(3-

electron,

produced anywhere in the source, is greater than that
given by equation (3.29), and equation (3.30) must be
used to compute this quantity.

Both equations must

be combined to estimate the probability that a ß-

electron will escape from the source and penetrate
the foil.

The results of these calculations are

P1 (into small counter) =

0.45

P1 (into large counter) =

0.28

If the Auger electrons are treated as if they

were

13-

electrons, of end -point energy 15 keV, the

same kind of analysis may be carried out.

For Auger

electrons the results for Poare
Po (small counter)

_

.073

Po (large counter)

=

.117

Analysis of the coincidence counting rates at the
L peaks,

(which is somewhat uncertain since the con-

tribution of the 'tail' of the MNO peak, underneath
the L peak, is unknown) gives the experimental

results
po (small counter)

=

.195

Po (large counter)

=

.185

.

Thus the observed values of Po are about double the
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calculated values.

This is not very surprising since

the observed values of Po also include the effects
of the detection of L X -rays,

ed.

which have been neglect-

In any case it is probably not correct to treat.

the Auger electrons as if they were ß- electrons.

It should perhaps be mentioned that the intensities of the coincidence spectra may be estimated

from the calculated 'escape probabilities'
electrons and Auger electrons.

of ß-

It is found that,

using the Pl- values in this calculation, the coincidence intensities are somewhat over- estimated,

whereas if the Po- values are used, the coincidence
intensities are under -estimated.

Thus the true

'escape probabilities' have values intermediate be-

tween those calculated.

The essential result of these calculations is
that the source backing is about 15 µgm. /cm.2 and

the'

source is on average about three times as thick.

Eves

supposing the calculations were in error by a factor
of two, the total thickness of source plus source -

backing would be about 6%

of the range of an L con-

version electron and 3 % of the range of an M conversion electron.

It does not appear unreasonable

therefore, to estimate the probability that conver-

sion electrons should fail to leave the source, by

using the formula developed by Milton, Rutledge and
Lennox (1956) for estimating the loss of a- particles
emitted isotropically from solid sources.

According

_73to these authors, the particle has a probability
(

R)

of not escaping from the source, where T is the

source thickness and R is the range of the particle.
This probability is independent of the precise range -

energy relation within the source material.

Using

this result it is estimated that, for a source thick-

ness of 3011gm /cm.2, 99.1% of L electrons escape from
the source and 99.6% of M electrons escape.

It has

been pointed out earlier, that of the low energy
spectrum, only about 50% is detected in coincidence,

even making allowance for the effect of the 'tail'
of the L -peak.

Thus, even if 10% of the conversion

electrons were absorbed in the source, this would
only mean that, instead of 50

of events in the low -

energy region being "excess" about 45% would be
"excess ".

Accordingly, where it is estimated that

less than 1% of the conversion electrons are absorbe
it

seems reasonable to ignore this absorption entire-

ly.

Thus the only effect which must be computed is
the backscattering of conversion electrons from the

supporting foil.

This is important because, not onl

does it remove coincidence events from the spectrum,
but, the absolute intensity of back -scattered con-

version electrons is added (mostly in anticoinciden)
to the low- energy end of the spectrum.

It

should

also be noted that backscattering within the source
is not important

since it is as likely to add to the

coincidence spectrum as to subtract from it.

-74Back -Scattering of Conversion Electrons
The fraction (F) of ß-electrons backscattered

from a foil of thickness d, is, according to Zumwalt
(1950) given by the relation

F
where
(3-

Cie

/

L11

_

-3L
(3.22)

is the half -thickness for absorption of

electrons in the foil and

scattering coefficient.

f is the

saturation back -

For back -scattering from

aluminium at diffuse incidence, f is about 0.43
(Wápstra, 1959).

The values of F, calculated for a

foil of 15 µgm. /cm.2 superficial density, are
F (30 keV) =

.070

F (42 keV) =

.033

.

Since the formula (3.32) is strictly only applicable
to P.-electrons,

the estimated back -scattering coef-

ficient for L and MIN conversion electrons are pro-

bably too large.

From the estimated number of con-

version electrons observed in the two counters, the
average value of F is calculated to be about 2.7%.

6.

Final Results and Conclusions
The results of the calculations of the previous

section are assembled in Table 11

below and the tabl

shows the classification of the different types of

-75event which it is believed provides the most consistent interpretation of the observations.

The corres-

ponding division of the (large counter) Ra D spectrum
is illustrated in Fig. 14.
It has

been found that, allowing for the escape

of unconverted Y- radiation, the back -scattering of

conversion electrons and the degradation of the Lconversion peak into the low energy region, there
still remains a significant fraction of low- energy

events which cannot be assigned to the normal mode
of

(3-

disintegration in Ra D.

is therefore con-

It

cluded that the ground -state to ground -state tran-

sition occurs in at least
tions.

l0

±

of all disintegra-

6%

The low resolution obtained in the experi-

mental spectra does not permit

proper estimate to

a

be made of the contribution of ßo- events to the spec-

trum at energies greater than

20 key, but, from the

theoretical shape of the ßo- spectrum, and from the

marked energy -degradation of the L- conversion peak
it is believed that this contribution is small.

7.

Review
(i)

Discussion

of.

Results

The analysis of the results,

obtained in the

proportional -counter study of the ß- disintegration
of Ra D, has been presented, and it was concluded

that the ßo- transition occurs in about 2D ± 6% of all

13o

1347

1347

Events

Events (back -scattering)

Events (unconverted Y -ray)

at low energies

5.6

±

2.3

4.2±2. 3

?4.7
I

(

.l

<5.0 -2;1. 1

1 .1

-

1.0

;

.7 ±
.3

.2

5.7 ±

5.9

7.5

35.8 ± 1.0

47.4

1.0

2.7

1.5 ±

13.1 ±

13.4

.

3

3. 1

13.4

73.5 ± 3.1

100.0

Total

;.410.6

±

3.4

I8.9±3.4

I

I

I

I

Counter
Facing'
Foil

Intensity (%)

2.4

.8 ±

7,4 ± 2 .1

7.5

Low- Energy Events in Coincidence

Excess events in Anti -coincidence

5.9

37.7 ± 2 .1

52.6

Counter Facing
Source

Conversion Electrons in Coincidence

Conversion Electrons

Total Events

Classification of Event

TABLE 11

-77disintegrations.

The first question that must be

asked concerns the quality of the evidence for this
conclusion, and it must be agreed that the evidence
is

not very good.

sought is a

srr:all

In the first place, the effect
one, and the nature of the experi-

ment almost precludes, from the start, the possibility
of obtaining absolutely conclusive evidence.

In the

second place, the proportional counter is a low -

resolution instrument even under the best of conditions, and in this experiment the best resolution

could not be obtained, since it was necessary to
detect radiations of low energy, emitted from solid
sources, into a wide collection angle.

One conse-

quence of this limitation was that it was not possible to reproduce exactly the expected shape of the

spectrum, in that energy region, where it was a fair

1y simple matter to calculate

a

good theoretical

spectrum.
The idea of comparing the observed single and

coincidence spectra, with spectra computed from
theory, played a very important part in leading the

author to the method finally adopted to analyse the
results, and at one stage it was hoped that direct

comparison between the shapes of the experimental
and theoretical spectra might yield an answer to the

question at issue.

This kind of approach has been

applied by several workers,

in particular by Jaffe

and Cohen (1952), Huster (1953) and by Insch and
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Curran (1952), in three attempts to determine the
end -point energy of 347- spectrum in Ra D.

The results

of the first two of these experiments, which were

identical in principle, were quite inconsistent, and
the author believes that the reason for this was that

in neither experiment was any distinction made be-

tween the shape of the line obtained by passing a
narrow beam of X -rays through a counter, and that

obtained from the diffuse emission of conversion
electrons.

The experiment of Insch and Curran has

been criticized earlier for the same reason, and also
because source absorption was neglected.

In the

present experiment both line- broadening and source

absorption combined to produce distortions in the
spectrum, and it was therefore decided that no useful information could be obtained by direct compari-

son methods.

It

was however pointed out, that recog-

nizing that there were distorting effects, the intensity distribution within the spectrum was correct,
and in fact the deviations between theory and ex-

periment could profitably be used to estimate the

reduction in the intensity of low energy radiations
caused by the source and source backing.

It was

not

however found possible to estimate the reduction in
resolution produced by these and other factors, and
therefore recourse had to be made to straight -forward
extrapolation, in order to estimate the contribution
of the 'tail'

spectrum.

of the L -peak to the low -energy

-79The conclusions therefore stand or fall on the

two assumptions

(a) that sufficient low -energy,

electronic radiation escapes from the source, and

penetrates the source -backing, to enable it to be

definitely stated that the fraction of conversion
electrons, which produce no detectable pulse, is
negligible and (b) that it is legitimate to estimate
the contribution of the L- electrons at low energies

by extrapolating the low energy edge of the line.

In'

this connection it should be recalled that, although

energy degradation plays an obviously greater part in
deforming the shape of the L peak, than it does in
deforming the MNO peak, MNO electrons contribute very
little to the intensity in the energy region near
30 keV, for any large contribution would produce an

increase in the ratio of the height of the L -peak to
the MNO peak, over the maximum value of about three,

which the known relative intensities allow.
Repeated observations on the low- energy spectra,
single and coincidence, have established beyond doubt,
that only about half of the low energy events can be

associated with conversion of the 47 keV Y -ray
(provided the assumptions (a) and (b) are valid).

There is therefore definite evidence that, apart from
the contribution of unconverted Y -rays, at least a

significant fraction of transitions do not proceed

through the level at 47 keV.

In the absence of

other excited states, the only possibility is that a
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direct transition takes place between ground states,

Very little can be said concerning the shape of this
13o-

spectrum, except perhaps that it is not so con-

centrated at low energies as the calculated spectrum
shown in Fig. 12 would suggest.

likely that there is

a

It

would appear more

maximum in the 00-spectrum

somewhere in the region of 20 keV.

(ii)
It

Other Evidence for the ßo- transition

will be recalled from Chapter

first evidence for the existence of a

I,

that the

13o- transition

in Ra D, was the observation from magnetic spectrographic studies of the disintegration, that the total

intensity of conversion electrons plus gamma -rays,
failed to account for the total number of disintegrations.

It has become clear in the last

few years,

that no more than 51 of transitions proceed by way
of the unconverted Y -ray, so that the main source of

uncertainty in the intensity of the

1347- transition

is

the absolute determination of the intensity of con-

version electrons.

In the earlier magnetic spectro-

meter studies, by far the greatest source of difficulty was the accurate determination of the intensity
of the LI peak, which (as in the present experiment)
'Protruded into the low- energy region.

The

conver-

sion line intensities at high energies were relatively easier to compute, and in any case contributed a

smaller fraction of the total intensity.

Modern
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improvements of design in p-ray spectrometers, and
the production of very thin sources, have meant that

the latest measurements of intensity have a high

accuracy, and a very striking result from these

measurements, is the remarkable agreement obtained

between the experimental and theoretical internal
conversion coefficients for the L -lines in the Ra D
spectrum.

Thus, in spite of the several attempts to

observe the ßo- transition directly, the best evidence
for its existence to date, in the opinion of the
author, comes from the results of magnetic spectrographic measurements.

Apart from studies of the ß- disintegration of
Ra D carried out using magnetic spectrometers (among

which may be included the work of Tousset and Moussa
1957) the only attempt to observe the ßo- transition

directly is that reported by Stanners and Ross (1956)
This experiment, in which the disintegration of Ra D
was studied in nuclear emulsion, may be included

among those studies of the "integrated spectrum" of

which the experiments of Jaffe and Cohen (1953),
Huster (1953) and Lewis (1958) are examples.

The

type of spectrum observed by Stanners and Ross was

comparable in many ways with the spectra obtained

by the other workers noted, that is to say

a

single

peak was observed in the spectrum, corresponding to
an energy of about 47 keV, with the ß47- spectrum

superimposed on the high -energy end.

The nuclear
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emulsion method does not give good resolution nor
possible to obtain good counting statistics,

is it

but in many ways the nuclear emulsion technique is

superior to electronic counter techniques, since

many of the disadvantages associated with counters,
wall effect, amplifier noise and drifting of the
spectrum, are absent.

One particular advantage of

the nuclear emulsion technique is that the resolution
is measured under precisely the same conditions as

the spectrum is measured.

Thus it is not altogether

surprising that, over the main part of the spectrum,

Stanners and Ross were able to obtain an almost perfect fit between their experimental spectrum and a

calculated spectrum.

Their conclusion, that a ßo-

transition existed was then based on the observation
Y

of an "excess" number of events at low energies.

The

same difficulty then arose as in the present work;

what was the contribution of the 'tail' of the main

peak at low energies?

The authors concluded that

this contribution could be estimated theoretically

and they determined the total intensity of the po-

spectrum by fitting a calculated spectrum for ßoevents (under different assumptions as to its shape)
to that portion of the observed spectrum of excess
events,

in which the number of these events could be

determined with the greatest accuracy.

Stanners and

Ross concluded that the ßo- transition occurred in

15

±

5% of all disintegrations.

The present author is prepared to accept that the
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experiment discussed above is superior in many ways
to his own, and that the results are more reliable.

The main objection would seem to be that the contribu-

tion to the low -energy spectrum has been under-estimated, so that the

t30- transition

occurs in something

less than 15% of all disintegrations.

It is

worth

recalling in this respect, that Jaffe and Cohen also
observed an excess of events in their integrated pro-

portional counter spectrum, and Stanners believed
that this was consistent with a

13o- transition

of

Again, the present author believes that

about 12.5%.

this is an over -estimate, being based on Jaffe and

Cohen's resolution as measured with an external beam
of Y- rays.

Lewis

(1955) also observed extra events

in his sodium iodide crystal integrated spectrum,

and concluded that his results were consistent with
a (347- transition occurring in 90% of all disintegra-

tions, leaving 10% of events to be assigned to some

other origin.

Wu (1953) estimated that the Ra D mag-

netic spectrum was consistent with a total intensity
of conversion electrons of 85

-

50.

This result,

taking account of the 5% unconverted Y -rays, also
leaves an estimated 10% of events which may be assigned to the ßo mode of disintegration.

Considering the

evidence as a whole therefore, the author believes
that the ground -state to ground -state transition

occurs in about 10 ± 5' of all disintegrations.
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CHAPTER IV

STRUCTURE OF THE Bí210 NUCLEUS

.

Shell Model Theor

of Bi210

The evidence for the existence of a

ß

tran-

sition in Ra D has been discussed, and it was con-

cluded that this transition really does occur in
significant intensity.

Since this result has im-

portant implications for the nuclear states involved,

it was

decided to enquire whether such a

transition is consistent with the known properties'
of the parent and daughter nuclei, and with current

theoretical ideas as to their structure.

The

parent nucleus pb210, being of the even -even type,
may be expected to have a relatively simple structure in its ground state, so in this chapter the

main subject for discussion will be the daughter
nucleus

Bi210, which, having many anomalous

features, has been the subject of much theoretical

and experimental work, particularly daring the
last few years.

The shell model of the nucleus is based on thé
idea that each nucleon may be considered as moving
in a central potential caused by the smoothing -out
of all the interactions between the other nucleons.

Empirically it is found that a strong spin -orbit
interaction must be added, in order to obtain the

-85closed shells at the observed neutron and proton

numbers in the table of nuclei.
j

In the case of

a

nucleus having one or two nucleons outside closed
shells, it is found that shell model predictions
are in good agreement with experiment,

and even

better agreement may be obtained in many cases,

when the residual interactions of the nucleons
outside closed shells, with each other, and
separately with the closed shells, are taken into
account.

According to shell model theory, Pb208, having
82 protons and 126 neutrons, is doubly magic, hav-

ing no neutrons or protons outside closed shells.

Ra D then has two neutrons, and Ra E a proton and
a

Thus it might

neutron, outside closed shells.

be expected that shell -model theory would be able
to

account accurately for the properties of these

nuclei.

According to the level schemes given by
Klinkenberg, (1952) (see also Feenberg (1955))

,

the next single particle levels outside the closed

shells of Pb208 are
for protons,

It

9/2

,

f

7/2

,

f

5/2

for neutrons,

g 9/2

,

i

11/2

1

f

5/2,

in order of increasing energy,

(Here the conven-

tional notation is used for the single particle
states,

the letter indicating the orbital angular

-86momentum of the state, and the subscript the total
angular momentum, or spin.)

It would therefore be

expected that the ground state of Ra D would have
the configuration

;,(9/2)2)

(

(where the proton assignments are given first)

,

and that the ground state of radium E should have
the configuration

(h

9/2;

g9/2)

.

The angular momenta of the two nucleons can couple
in a variety of ways to give the total spin of the

nuclear state;

the parity of the nuclear state is

determined completely by the parity of the single
particle states, being odd if the nuclear state
contains an odd number of odd single particle
estates, but otherwise being even.

The spin of the ground state of Ra E has how ever been measured and is unity

(McEbi17,,

1954)

hence it is natural to suggest that the groundstate and first excited state at 47 Kev have the

configurations,
9/2;

9/2)1-

(h 9/2;

From the log ft value of the
to

[3-

9/2)0

transition in Ra D

the 47 Kev excited level, there is little doubt

that the configuration assigned to the 47 Kev level
is

correct.

There is, however, considerable evi-

dence that the ground state of Ra E does not arise

-87from the configuration above, but from the configuration
(h

11/2)

9/2,

i

.

If this is true, then it is unlikely that the

transition in Ra

pd-

occurs in significant intensity',

D

since this would recuire a two- particle jump, i.e.'

nèutron

9-1/2

neutron

g

9/2

---)

proton

._--) neutron

h
t,

9/2
+1/2

.

If it is assumed that the ground state in ?b210 is

predominantly

(g 9/2) 2) and that the

;

(

ß

transition does occur, then it is clear that the
assignment of

a

predominantly (h 9/2;

i 11/2)

configuration to the ground state of Ra T cannot
be correct.

The word "predominantly"

here, since Stanners,

is

stressed

in his discussion of this

problem, attempted to resolve it, by assuming that
the nuclear states were not formed from pure

single particle configurations, but involved a

mixture of configurations.

His conclusions were

supported by the calculations of Bayman.

Since

that time, however, evidence has appeared which

makes it unlikely that Bayman's calculations were
correct.

In fact, such

a

volume of experimental

and theoretical work has appeared in the intervening period, as to make a complete review of the

problem desirable.

The problem of Bi210 will be

-88-

discussed in some detail below, although only
those aspects of the

13-

disintegration of Ra E

which are absolutely necessary to the discussion
will be considered, as this problem alone has itself been the subject of innumerable discussions.

2.

The ß-d.isinteuration of Ra E
Since Bi210 has a 1- ground- state, and Po210

has a

04.

ground- state, the s- disintegration of

Ra E is first forbidden and is therefore expected
to
¡3-

be of allowed shape.

Experimentally the Ra E

spectrum has been found to depart radically from

allowed shape,

.

A possible explanation for this

result was advanced by Yamada (l953) when he

postulated a cancellation of the energy- independent
term in the shape- factor for first forbidden

This cancellation was explained as

transitions.

arising from interference between the scalar and
tensor parts of the

13-

interaction, and the experi-

mentally observed spectrum could be used to derive
a

relation between the

_ Gs
GT

Yamada'

S4

"7"

f/3 àxr
s

13-

foments.

and

_ CocZ

2R

l

,4

oZ

f46xá

theory was extended by Plassman and

Langer (1954) and these authors also carried out

-89further experiments on the p- spectrum.

They were

able to show that the experimental results were

s

only consistent with values of

greater than

In 1955 Lee- 71hiting took up the problem

0.17.

from the point of view of shell -model theory.
a ground -state in

(h

9/2; g 9/2)

Ra E which was

and a pure

((

For

-pure

k9/4);

)ground_

state in Ra 7, shell -model theory predicted that

sshould have

a

value equal to - 0.1.

This

ground,

result lead Lee- hiting to suggest that the
state in Ra E was in fact (h 9/2;

which theory predicted

a

value of

i

11/2)

S

for

equal to

unity.

Since it is now believed that the interactions
responsible for

r3-

disintegration are mainly of

vector and axial vector type, a re- definition of
the parameter

is necessary, but no new diffi-

culties are thereby introduced.

Although much

evidence i? available to -day to indicate that the

ground state of Ra E is in fact mainly of
(h 9/2

ly

ill/2)

character

it

has become increasing-

unlikely that the value of Jr

from the

experimental data on the Ra E ß- spectrum, can be
(reconciled with this configuration in the groundstate.

For instance Takebe et al.

(195, maintain

ed that the 3- spectrum of Ra E was consistent with

s

, -1 and with J

> +6

but not with

"I

1.

-l'
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The latest analysis of the problem, which also
takes

account of the results of electron polariza-

tion data (Fujita,

1961) restricts

g

to lie

within the limits
1.2

-

.S

-

`

0.5

.

This result is clearly not in accord with a
(h 9/2

i

;so

11/2) ground state in Ra

that the

original reasons for assigning this configuration
to

the ground state of BI210 are no longer valid.

In 1956 the experiment of Stanners and Ross
on the ßo- transition in Ra D was performed, and
the positive results obtained were brought, into

agreement with those of Lee-Whiting,by assuming
that the ground state of Ra E was mainly of
(h 9/2; g 9/2)

character, with some configuration

mixing with (h 9/2

;

11/2) and

(

f 7/2

3

g 9/2),

Later work does not support these conclusions.

3.

The a- disinteo'ration of Bi213

The first evidence of a- activity in Bi210
was obtained by Broda and Feather (1947), when they

identified the nucleus T1:206 in the disintegration
products of Ra E, by observing a 4 -2 min. activity
associated with (n 0.)
thallium.

(asp

)

reactions wit

They concluded that Ra E underwent dual

branching with an a to
5 x 10 -7.

and

ß

branching ratio of about

The low value for this ratio le /d them

-91to

postulate

a

sain change in the a- disintegration.

Confirmation of the a- branching of Ra E was obtained by

,i

alin and Bastin

cof fir (1959% and

these authors also observed the fine structure
in the a- spectrum.

There are two groups in the

spectrum, at 4.686 Mev (intensity .5 x 10 -6) and
at

4.649

Mev (intensity

.75 x

10 -6)

Energy con-

.

siderations recuire the final state to be an excited state of T1206 and not the ground state.
The existence of an isomeric a- emitting state
in Bi210 was established by Neumann, Howland and

Perlmann in 1950, when they detected the 4.2 minute
activity of T1206 after the neutron -irradiation of
bismuth.

Both the energy and the lifetime of the

state were rather uncertain.

Feather (1951)

gested that a life -time of the order of 105
years was

sug-

106

likely in view of the energies in-

volved, a conclusion which was borne out by Hughes
and Palevski (1953), who used data on neutron-

activation cross sections to compute

a

year lifetime for the a- emitting state.

2.6 x 106

Further

experiments were carried out by Levy and Perlmann
in 1954, and these authors concluded that the

isomeric state in Bi210 lay very close to the 5.1
day ß- emitting state of Ra E, previously assumed
to be the ground state,

some 25 Kev below it

and was in all probability

They also reported P-branchif

ing in this state with an intensity of about .4 %.

-92-

The suggestion that the isomeric state in
Bi210 was in fact the ground state, has caused

considerable confusion, even up to very recently,

although the work of Golenet skii et al. (1958,

1959,

1960) has shown that it lies at least 200 Kev

above the 5.1 day state in Ra E.

The latest in-

formation on the a -decay of the isomeric state was

obtained by Rusinov et al. (1961), when they
studied the disintegration in a gridded pulse
ionization chamber.

There are four groups of a-

particles in the sp ectruml lying at
(60 %)

4480
5301

±
±

,

±

4890

15 («o .5

10 (39
)

4)

4590

,

Kev.

430
10 (5 %)

10

and

The Po210 a- particle at

5 Kev also appeared in their spectra with

an intensity of

.005%.

Assuming this derives

from the y- transition to the ground state of Bit

0,

followed by 0-decay to Po210, they calculated that
the isomeric state in Ra E had a spin > 7.

These

authors made no mention of any 0-emission from the
isomeric state.

The energy of the state as measur-

ed from the combined results of Rusinov et al. and

Walin

is

et al.

Qa(Bi210

)

Qa(Ra E)

=

250± 10 Kev.

The position of this level in the sequence of
levels of the Bi210 nucleus is of considerable im-

portance from the point of view of the nuclear
structure.

33
27;

710

47

600

3

r
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Uf

soi
(a)

Flo

ISS

FIG

Iä (bl

ALPHA -1)I$ INTEGRATION

OF 2L280

D`

BETA -DISIMTEGRATIOiv

OF

?4,211

-93Rusinov et al. also measured the 1- spectrum
following the a- emission from Bi210

and were

able to construct the decay scheme.

The scheme

is depicted in Fig. 15(a).

The level at

,,,

10 Kev

was not observed directly but its existence was

inferred from the anomalies in the de- excitation
of the level at 301 Key,

This result is also of

some importance in any discussion of the relation

between theory and experiment for nuclei in the
B1210 region.

4.

Theoretical Studies of Bi210
(i)

Summar

of Theoretical Methods

Attempts to calculate detailed level schemes,
for nuclei having two nucleons (or holes) outside

closed shells, are usually based on the use of two
particle exchange interactions, which influence the

motion of the extra nucleons moving in the single
particle orbitals of the potential well.
calculations

it'

is

In the

customary to use single particle

orbitals obtained from the observed level schemes
in the

'core plus one extra nucleon'

the latest

system.

In

calculations, account is also taken of

the interactions between the extra nucleons and the

closed shells which have the effect of deforming
the originally spherically symmetric potential well.

The interaction between the extra pair of nucleons

is not in general taken to be the same as that

between two free nucleons, but, apart from the
Coulomb repulsion between two protons, it is usually assumed that the interaction is charge indepen-

dent and gives attraction in the triplet state, as
in the ground state of the deuteron.

The most widely used, although not the most
general, form of central interaction between two

nucleons may be written

whel'e

= 171

r

[14 >Tf t

ucCr)

Vc(1)2)

r

Lit Pm]

is the distance between the

- r21

two particles, U 0(r)

Ts 7x 2

is some function of

rs

and vt

and vs are the "strengths" of the interaction in
the triplet and singlet states respectively.

Tit

are the triplet and singlet projection

and Trs

operators defined by

ïTt

pM

4

C

3 -t

a

)

61.

Tìs

T.,

CI- Di00'

is the operator which exchanges the positions

of the particles.

Two nucleons may also interact

through a tensor potential of the forni

UT

(1,2)

CIT

`r)

filza

°;'rl Y) -

oo-

o-J

For purposes of calculation the most widely

used radial functions

Uc(r), UT(r) are

-95ri

/j2

the Gaussian potential

U(r)

(ii)

the Yukawa potential

U(r)ti

(iii)

the zero range force

U(r)

(i)

r

(17,-171).

The form (iii) is the simplest to use in practice
since, in this limit, tensor forces and exchange

effects vanish.
So far,

only first order effects of the de-

formation of the potential well have been taken
into account,

the nucleon is assumed to inter-

and_

act with the closed shell core through a quadru-

pole potential
V(R, 9,

,6)

where (R, 9,

,6)

=

tX(R)

£

a211 Y211,

(9

is the position of the nucleon

in the potential well (Mottleson, 1960).

calculations,

PS)

(liv

et al. 1961)

for variations in the radius

f

In some

allowance is made
of the potential

well, which occur when extra nucleons are added to
the system.

Calculations on Bi210

ii)

Theoretical studies of the Bi210 nucleus were
initiated by Pryce (1952) using the ideas outlined¡
above.

The discussion below will however be con-

fined to the work of Bagman (1956)

,

Newby and

Konopinski (1960), Sliv et al. (1961) and Banerjee

.18

.936

Banerjee & Zeh

Newby & Konopinski

Sliv et al.
.97

.88

= 50 MeV

Vc

Vc

.25

= 30

(h9/2;

94%

87%

3%

77%

6.5%

111/2)

.25

.134

-.98

-.44

-.96

(h9/2;

6%

2%

96%

19%

93%

g9/2)

.02

.327

.05

-.19

.07

(f7/2;

Single Particle States; Amplitude and
Contribution to Ground State of Ra E

MeV

Bayman

Author

TABLE 12

.04%

11%

.2%

4%

0.5%

g9/2)

_96and Zeh

(1961),

It is not proposed to discuss

the details of these calculations,but merely to

indicate the differences between the various

approaches to the problem,

to point out the

successes and failures of each approach, and in
particular, to see what measure of agreement exists
at the present time between experimental and

theoretical work on the subject.

The calculations of Bayman were carried out

using zero range forces and, following Pryce,

Bayman used

a

singlet -to- triplet strength ratio

Single particle orbitals obtained from

of 1,5.

the experimental data on Pb 2o9 and Bi209, and

harmonic oscillator wavefunctions, were used

to

calculate the matrix elements of the perturbing
interaction.

No interaction was assumed between

the extra nucleons and the closed shell core.

Calculations were carried out for values of

Ve

=

30 Mev and Vc =

50 Mev.

The results ob-

tained for the configuration- mixing coefficients
are shown in Table

12

where it is seen that the

predicted compositions of the ground states of
Ra D and Ra E are predominantly
and (h 9/2;

g 9/2)

(

respectively.

;

(g

9,

/2)

2
)

Bayman was able

to show that these results were consistent with th

data on the 0-disintegration of Ra E available at
the time.

It is also clear that they are consistent

with a po- transition in Ra D.

97
Before discussing the calculations of Newby
¡

and Konopinski and of $liv et al., whose methods

differed from that of Bayman only in degree of
sophistication, it would appear to be of value at
this stage to make a comparison between Bagman's

results

and.

those of Banerjee and Zeh.

authors approached the problem from
different point of view.

a

These
somewhat

It had been established

by the work of True and Ford (1958)

,

that the

assumption of zero range forces between two
nucleons, appeared. to give good agreement with
experiment, when applied to even -even nuclei.

Banerjee and Zeh therefore carried out these cal culations for Pb210 and Po2
ed anomalies in the

,0

and used the observ-

r. -disintegrations

of Ra D and

Ra E to derive expressions for the energy levels
of

Bi210.

Reference to the Table shows that there

is a fair measurement

of agreement between their

results and those of Bayman.

The difficulty in-

volved in accepting either set of results is
however emphasized by the results of Newby and
'Konopinski.

Newby and Konopinski carried out their cal -

culations for all three nuclei, Pb210, Bi210
Po210

and

using zero range forces and interaction

strengths appropriate to free nucleons.

Their

210
Bi
most striking result was the finding that in Bi

-9g_
the

(h,

9/2;

i

11/2)_1

below both the (h
(h 9/2

g

i

9,

/2)1_

/2; g '12)0_

and the.

states, and in fact lay about

.04 Mev below the
is

state was pushed down

(h 9/2;

51_

9/2)0-

state.

This

almost exactly the observed splitting between

the 1-

ground state and

in Bí210

.

first excited state

0

Even more significant was the result

that the addition of any interaction between the
two nucleons always resulted in pushing the 0
level in the (h 9/2

;

g 9/2)

multiplet further

down'

the energy level diagram, than any other spin state

of the same multiplet.

and 1

This implies that the 0

levels in Bi210 cannot belong to the same

multiplet, and that the 1- level of Bayman's calculations was not the ground state.

Newby and Kona.rinski also considered the
effects of using a finite range force and repeated
their calculations with a radial function of

Gaussian type.
and (h 9/2;

i

The order of the
11/2)

which made it seem

(h

9/2; g 9/2)0_

was reversed, a result
_.likely

that their results

using zero range forces were accidental.

They did

however succeed in showing that the addition of a
tensor force would have the effect of lowering the
(h 9/2; i 11/2)1_ state below the

state,

(h 9/2

g 9/2)

0-

so that the net conclusion of these authors

was that the ground state in Bi210 is predominantly
of (h 9/2; i 11/2) 1- character.

It should perhaps be noted at this point
that in none of the work discussed above was there
any evidence of a high -spin state, corresponding
to

the observed a- emitting state at 250 Key.

The

lowest high -spin states predicted by the calcula-

tion of Newby and Konopinski (computed without

configuration mixing) were the (h 9/2;
-state at 2.07 Mev, and the(h
state at 2.43 Mev.
9 -state

1

;

11 //102

g 9/2)

Banerjee and Zeh found the

lay at 536 Key.

culated the

/2

i

Since however they cal-

state to lie 366 Key above the 0

state, and experimentally it lies 47 Key below it,

no great significance should be attributed to these

calculated energies.
The latest,

and the most refined,

calculations

are those of Sliv et al. (1960), and this group

studied not only'Bi21 but also TI
and Po210.

206, pb2062 pb210

They used central forces of finite

range and also included the quadrupole interaction

with the core.

They did not include tensor forces.

The system of levels in the nucleus Pb206 has

been studied many times experimentally, and at the
present time more than thirty levels are known.
It has also been studied theoretically by Pryce
(1952)

,

True and Ford (1958) and by Keensley (1957).

Thus Sliv et al. had much data available, with whidi

-100to determine

the best values for their inter-

action parameters, and were able to obtain very
close fitting between theory and experiment.

The

nucleus Pb210 has not been widely studied, and only
one excited level is known in this nucleus.

So in

this case 3liv et al. had to make use of results

obtained from Pb209 and Bi2'09

In the case of

Po210 they could only obtain good agreement with
experiment if they assumed that a downward shift
of

the

i

13/2 level occurred when a proton was

added to the Bißo9 nucleus, and they pointed out
that a similar shift of the

might occur on adding

a

11/2 level, which

i

neutron to Pb209, would

affect both the grounc state and excited state in
the same way, and would thus have no effect on the

level separation.

In the case of T1206, whose

level scheme is known from the a- disintegration of

B210, 3liv
3

et al. were equally successful in ob-

taining the observed level sequence from their
calculations,

and in particular their theory pre-

dicted the existence of
6

a

1

Key above the ground state,

level lying about
a

result in conform-

ity with the experimental observations of Rusinov
et al.

Briefly, the theoretical work on these

three nuclei may be said to give extremely good
(agreement with experiment in the case of Pb 2o6 and

T1206, and to be consistent with experiment in the

-101-

case of Pb210.

The agreement in the case of

Po210 is somewhat weaker, in that an arbitrary

shift of the

13/2

i

single particle

level of

Bí209 had to be incorporated into the theory.

In

the most interesting case of Bi210 an exactly simiH

lar downward shift of the

i

11/2 single particle

level in Pb 209 was also postulated,
make the (h -i/23

i

11/2)1-

in order to

level the ground state.

When the interaction parameters were fitted

to

the.

observed 47 Kev splitting between the ground state
and first excited state,

the (h 9/25 g 9/2) -

state was predicted to lie at 250 Kev, exactly at

observed position of the a- emitting isomeric state.
The successes of the theory of Sliv et al. are
considerable,

and it can only be concluded that thé

bulk of the theoretical evidence is in favour of

describing the ground state and first excited state
11/2)1Dí210
of
and
as being Ch 9/23 i
(h 9/2; g 9/2)0-

respectively.

From the small

log ft value for the 13-transition in Ra D, the

ground state in Ra D must be mainly(

(g 9/2)!)

and so the ground -state to ground -state transitio

n

in Ra D ought to be of unobservable intensity. The

assignment (h

9,

/25 g

9,

/2)

-

to the a- emitting

9

merit state is also consistent with the calculations of Walin and Bast in -S coffier of the hindrance

factors for a- emission from the ground state and
isomeric state in Di 210, which indicate that the

-102difficulty

offormation of an a- particle

what greater in the latter case.

some-

is

This may not be

significant since the presently accepted value for
the lifetime of the isomeric state in ái210 may be

in error.

The Ra E spectrum still remains an enigma,
since the currently accented experimental value of
,j

is not consistent with the theoretical struc

ture of the nuclear states involved.

It has how-

ever been pointed out by Eoszkow:ski (1961)
s -decay

that thé

theory of Feynmann and Gell-hann (1953)

may provide an answer to this question.

Consider-

ing the evidence as a whole the most substantial

objection to the theoretical results on Bi210 is

a

the experimental observation of

Ra D.

Po- transition in

For this reason it is of interest to enquiry;

whether the ground -state to ground -state transition
pb212` Bi212 also
in the (3- disintegration
leads to difficulties in the shell -model inter-

pretation of the nuclear structure.

(iii)

Energy Levels in

The

level

scheme

Bi212

in

Bi212 has been known

since 1932, when Ellis studied the ß- disintegration

of

Pó`12.

The majority of transitions gó directly

to the first

excited state at 274 Kev,although the

existence of a ground-state to ground -state tran-

sition was established by Feather, Kyles and

-103Pringle

(191 8)

It occurs in about

.

disintegrations.
shown to be 1

x,

$

of all

The spin of the ground state was

by Horton (1956), from a -Y correla-

tion experiments, and an analysis of the log ft

values in the
S

13-

disintegration

B i21

;

po212.

chupp et al. (1960) have shown that these log ft

values all lie in the region of 7 ± 11 which is
characteristic for first forbidden non -unique

transitions.

There is therefore no evidence of

cancellation of terms such as takes place in the
P- disintegration

r ig. 15(b)

o210

Bi21

showns

the level scheme of Bi

212

and is taken from the work of Krisyouk et al.

These authors suggest that the configura-

(1957).

state of

tion in the ground
(h 9/2

(i

;

11/2)3))

and that the excited levels

are produced by successive

from

i

orbitals to

11/2

the seauence (h 9/2; (i

(h

9/2 i

Here the

11

9/2)2)
11/2)

excitation of neutrons
g 9/2

11/2)

1

(i

Bi212 is

2

orbitals to give
g 9/2

and (h 9/2; (g

-

ó

single particle neutron orbital

is assumed to be the lowest.

"salin and Bastin -

Scoffier (1960) have suggested that the configura-

tion (h 9/2

;

(i

11/2)2

g

9/2)

is responsible

for the ground state and first excited states, and
that the configuration (h

-)/2

the next two excited states.

;

(g -/9)-)

produces

Both these schemes

-104are open to serious objections.

Krisyouk's

scheme is inconsistent with the existence of a

ground -state to ground -state transition for any
reasonable configuration in the ground state of
Pó212, while that of

'[Jalin

and Bastin- Scoffier is

open to the theoretical objection that the 0
1

and

states arising from the configuration

11/2)2
(h 9/23(i

9/2)

ö

are unlikely to be in

the order observed for the two lowest states.

The situation in Bi212 is undoubtedly far more

complicated than in Bi210

since with four par-

ticles outside closed shells, there

large number of possible states.

is

a

very

Furthermore,

configuration mixing becomes increasingly important with larger numbers of extra nucleons.

Never,

theless there is marked similarity between the

nuclei Bi210 and
tried

a

Bi 212,

The present author has

variety of configurations

of Bi212,

in the states

and has been unable to devise a scheme

which could account for the existence of the

observed p- transitions in Pb

212 without
requiring

simultaneous transitions of two neutrons.
At the present time,

there exist no calcula-

tions of level schemes for nuclei with four

nucleons outside the double closed shells of pb208
so

that no definite conclusions can be drawn as to

whether difficulties arise in interpretát~on of the

-105-

nuclear structure.

The G- disintegrations of Pb210

and Pb21- have many cannon features and in the
latter nucleus the ground -state to ground -state
n- transition has been established beyond any

doubt.

There is no case therefore for rejecting

the corresponding transition in Pb210 on theoreti-

cal grounds alone.

In the view of the present

author, the experimental evidence for the existence of a ground-state to ground-state E-transition in Ra D, is very strong indeed,
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ELECTRON -MULTIPLICATION STATISTICS
1,

Introduction
When an ion pair is formed in the gas of a

proportional counter, the electron drifts under the
action of the electric field towards the central

gaining energy from the field and coming in-

wire,

to collision with the gas molecules.

Initially

the collisions will be elastic, but as the electron

energy increases, inelastic collisions will also
occur, resulting in excitation of the gas molecule

After the electron has attained an energy E

>

Ei,

where Ei is the ionization energy of the gas,

ionizing collisions will also occur, giving rise
to

electron multiplication.

The usefulness of the

proportional counter as a spectrometer for ionizing particles depends on such multiplication.

The theory of electron multiplication can, in
principle, be developed to provide answers to two
questions.
(1)

What is the form of the distribution

function giving the probability that the avalanche

initiated by

a

single electron shall contain N

electrons?
(2)

What is the mean number N of electrons in

the avalanche?
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The evaluation of

IT

is of interest from the point

of view of counter design, but its exact value in
an experiment is not usually of much importance)

provided the counter behaves in
portional manner.

a

strictly pro-

On the other hand, the form of

the distribution function determines the line -

shape

anc&

resolution of the counter,

and

a

knowled

of these properties may be required for the detail-

ed interpretation of experimental results.

This

chapter is concerned with the theory of the dis-

tribution of N.
This distribution problem has been considered
by Snyder (1947) and Frisch (1948).
make two assumptions.

Both authors

The first is that secondary

electrons are produced only in ionizing collisions,
and thus ionization by photoelectric effect is

assumed to be negligible.

Recombination, electron

attachment, space charge effects and the production
of more than one electron per ionizing collision

are also neglected.

The second assumption is that

the probability of ionization is a function only

of

r, where

r

is the radial distance from the

counter axis to the point at which the collision
occurs.

The probability distribution of the num-

ber of electrons in the avalanche is expressed in
terms of the effective distance

x

travelled by

the initial electron from the point at which it

first attained sufficient energy

to ionize.

The

-108probability

P(N,x) that at distance

the

x,

avalanche created by this electron will contain

electrons

is

found by both authors to be

N

distribu-

ted in accordance with the law

N- I

Pctv, x)
where

X

.3 (5.1)
is a constant with the dimensions of a

reciprocal length, its value depending on the
properties of the gas, the geometry of the counter
and the electric field.

The quantity

x

appears in equation (5.1) is thus equal to
where

ro

is the radial coordinate

which
ro - r

at the point

where ionization first becomes possible.
This distribution of

N

is identical with

that obtained by Furry (1937) in a study of the

distribution of electrons in cosmic ray showers,
and the corresponding statistical process is known
as

A thorough discussion of

the Furry process.

this and a whole class. of similar distributions,
in particular the so- called Polya distribution,to

which further reference will be made, has been
given by Arley (1943)

.

The mean and variance of the Furry distribution are readily calculated and we find

These results may then be combined to yield the

-109relative variance

A

0-

(N'

=

The limiting value of

V2

I-

.

N

for large values of

thus found to be unity.

is

The predictions of this theory do not agree
with observation.

A careful experimental study of

the distribution of

N

has been carried out by

Curran, Angus and Cockroft (1949), who obtained a

relation for

P(N, x) of the form

l' ( N
where

ß

r) ,,

(

N) ;

is some function of

Al

x,

(5.2)

This distribu-

tion function has a maximum, whereas the Furry

function is

a

monotonic decreasing function of

N.

Furthermore the experimental limiting value obtained for the relative variance was not unity but
two -thirds.

2.

The Distribution Function

P(N, x)

Since the form of the distribution function
given by equation (5.1) is independent of the

precise radial dependence of the variable x, it is
clear that no essential change in the theory is

involved if an arbitrary function of
stituted for x.
required.

r

is sub-

Some more radical change is

It has been pointed out by Wilkinson

-110(1950) that any theory based on the assumption
that the instantaneous probability of ionization
is a function only of the position of the collid-

ing electron, must be incorrect, since it does not
take account of the fact that an electron coming

from an ionizing collision may not have sufficient
energy to produce further ionization.

A modifica-

tion of existing theory expressing this idea is

presented below.
A natural generalization of the Furry process
to

consider is the following.

Electrons are

divided into two classes, those (Z) which have
sufficient energy

ionize, and those

to

(ni)

which

cannot produce ionization, but which may be con-

verted into electrons of the first class with a
There are several possible

certain probability.

models of this type of two- dimensional process,
and differential equations for the compound dis-

tribution function

P(., m, r) are easily obtained.

Further progress depends on reducing these
equations to
tion

P(N,

r)

system of equations for the func-

a

=

p(

.&,

m,

r),

solving them, or

Rfm N
-A

at least obtaining closed expressions for the

first and second moments.

Such a calculation may

be carried out, at least in part, for two dimen-

sional processes where both classes of particles
enter the equations symmetrically.
it does not seem possible to

Unfortunately

construct a symmetric

model for the electron multiplication process.
It is proposed to avoid this difficulty in
the following manner.

Let X(r) be the proba-

bility of ionization per unit path length for an

K(r)

electron at the point

r,

to the average energy,

in excess of the ionization

Then

related

is

energy, of electrons at r.

Since fluctuations in

the number of electrons at

r

will in general be

accompanied by fluctuations in the average energy,
it

of

is not sufficient to treat )((r)
r

only.

as a function

It is however possible to include

fluctuation effects by regarding )((r)
function, not only or

r,

but also of N.

as a

Since the

average energy of the two electrons coming from an

ionizing collision must be less than the energy of
the colliding electron,

it is clear that }((r)N)

must be a monotonic decreasing function of

N.

Let us consider the case in which )((r}N) is
a separable function of

r

and

N, and expand the

N- dependent factor in inverse powers of
ing the first inverse power only.

)<Cy`,N)

The condition that )Ç

IT)

retain-

Then

6Cr)Lad+ n'J

(r

N

(5.3)

may be expressed in

this form is not unduly restrictive since it leads
to a class of distributions which includes the
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monotonic Furry distribution

(al = 0) and the

strongly -peaked Poisson distribution

limiting cases.

(a0 = 0)

as

For further analysis it is con-

venient to introduce the Quantities
A =

so that

a

ct,

-er

Qa

_

Qt

Q.

equation (5.3) becomes

ecote. t

N)

1

(J.4)

This form of the equation emphasizes the importanc
of the quantity

b

which enters the calculations

at this stage as an unknown parameter.

Limits on

its variation will however be set at a later stage

by comparing the values of certain quantities obtained from equation (5.4) in a one dimensional
stochastic process with those deduced from cal-

culations of the first moments in

a

definite two

dimensional model.
The differential equations satisfied by the

function

P(N, r) will now be obtained using the

method adopted by Arley (1943) to derive the
corresponding equations for the Furry distribution
function.

Since an electron at the point

travelling

a

further distance

Q

r

by

r

may be converte

into two electrons with a probability

K

(Y N)

then the event that there are

N

4r
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electrons at

r

-21r

can in general arise in two

Either there are

ways.

(N

electrons at

- 1)

Ar,

and one is produced in the distance
are

N

electrons at

the distance Or.

only in order of

r

or there

and none are produced in

r

Other possibilities can occur

0r

higher than the first.

Expressed mathematically this gives

P(0 3r)

O, ?CI, r-a-r) -

=

P( IV, Y- Ay-)
+(N-1)

_[ 1-(N

A

0-

A

490-)41e) PC'.Y);

DC-r) 4 10)(4

9(r) AY Le- t

1:2J-

1

))] P (,v, -r)

P n¡; Y),

> a.

(5.5)

-1

It is convenient to re -write these equations in
terms of the number of secondary electrons

place of the total number

N,

in

where

P( N, y)

N= nits

n

01,YJ)

and to make a change of variable from

r

x

to

given by the transformations

-e

l/

ñfrt.

t ' ,l(

)

>

OCr)

p

oi-e-

(5.6)

Passing to the limit, the differential equations
for

-

P(n, x) are obtained

(o,x

-

1)
I

JP
uVJC.

(0,4
(ü,
J1/4

( K x)

,6-

ac

I

i>

(5.7)
( rt n

1

,

x

t /1 -ti X )

-114These are precisely the differential equations
satisfied by the Polya or negative binomial dis-

tribution function (Jeffreys, 1948), and their
solutions under the boundary condition for

a

single initial electron,

)

PC

.

are given by the functions

1'(,x)J

_

Ax
---"
kg-x

l

LIt(n-1).j(I

,LI+.CJ...

+

I

t¡1e)

I

n>r

0.

(

5.8)

The first and second moments of this distribution
are

;

Ax

n2

,

(it-e,-)(ñ)z t

-

These results may be combined

to

r2,

give the absolute

and relative variances
0;1-

=

v>.1

-Cri

t'I.

=

)L

( t ,t vt,>
I

f

ñ

In the limiting case where
2

always true in practice)

L1

is large (this is

approaches the value

b and it can be shown (for instance using

Stirling's

formula to expand the factorials)

under these circumstances, the function

P(n,

that,
x)

has the asymptotic form

n,x ^' I

I-

I

r'(! )

n
(,e,

c

,e

x

(5.9)

The form of the distribution function given

by equation (5.9)

corresponds exactly with that

observed experimentally by Curran et al. provided
the parameter

b

is given the value two- thirds.

The experimental results given by equation (5.2)

are expressed in terms of the total number of

electrons

N

it is, however, probably imposs-

;

ible to distinguish experimentally between the

number of secondary electrons and the total
number, when the mean number is large.
It should be noted that values of

b

greater

than unity are excluded by the condition that

X

(r N) be a monotonic decreasing function of

For values of

b

less than unity,

function goes through

a

n.

the Polya

maximum and the fact that

the distributions of Poisson and Furry occur as

limiting cases of the Polya distribution may be

verified by substituting the appropriate values of
b

3.

(zero and unity respectively) in equation (5.8)

Calculation of "b"
Since the average number of ionizations per

unit path length at the point

expression

(1t.lrh)DCY)

r

is given by the

-116the parameter

b, ,which determines the fluctuation

in the avalanche, may be interpreted as the

fraction of electrons having energies greater than
the ionization energy, when the total number of

electrons is large.

X

(r N)

Thus the assumption that

is a separable function

of

and

r

N

is

equivalent to assuming that the ratio of the number of fast electrons to the number of slow elec-

trons tends to a limit.

We may therefore determin

b from a calculation of the mean values only,

in

some more complicated two dimensional process,

having the same property.

In the model it is proposed to use for this
purpose,

electrons are divided into two classes.

Every electron of the first class has

a

probabilit

of ionization per unit path length given by

X(r)

=

W:A(r),

and in each ionization the colliding electron disappears and is replaced by two electrons, one of
each class.

Electrons of the second class have no

sufficient energy to produce ionization but may be

converted into electrons of the first class with

probability per unit path length given by
r)

=

9(r).

Then, making use of the transformation (ii) of

a

-117equation (5.6) the equations for the mean numbers
of electrons in the first and second classes,

denoted by

m

and

-6

respectively may be imme-

diately written down.

At-

They are

ott-

These equations must be solved under the boundary
conditions

io)

Q

=

l

+ñ

eo) - o

and the solutions are

d 2

ht
where

rr f0
r

,

C

al

and

-a2

--e -

dZ

are the positive and negative

roots of the equation

aC

t

ñr-c

In the limiting cases of

¿

=

D

(5.9)'

zero or infinite,

the

mean values of the total number of electrons Z + m,
are identical with those calculated for Poisson or

Furry statistics respectively.
values of
ra ,

X

and

For arbitrary

and large values of

Z

and

the ratio of the mean number of fast electrons
to the total mean number

limit.

& +

m

tends to a

This limit must be identified with

we obtain the result

b

and
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..4co

i+

`

(5.10)

.

"ot

By virtue of equation (5.9), an entirely equivalent (and expected) result is

oc, =

(5.11)

is eliminated between equations

If

ul

and

(5,11)

the final expression for

b

(5.10)
is obtain-

ed
=

O,
(5.12)

Eüuation (5.12) leads to the not unexpected conclusion that the fluctuation in the avalanche is

determined by the ratio of

X

to

µ..

Physically,

the reciprocal of this quantity represents the

ratio of the mean free path for ionization of the
fast electrons at

ri

by slow electrons at
energy.

to the mean path travelled
to attain the ionization

r

If the field is so great that a slow

electron can reach the ionization energy before
is infinite and the

its first collision, then

p,

corresponding value of

is unity.

b

fields, the maximum value for
to be

(

/

.)

unity since under any conditions

For moderate

would appear
a fast

electron cannot gain energy from the field at a
greater rate than can a slow electron.

A
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calculation of
value of

from equation (5.12) for this

b

O/µ) leads

the result that

to

b

is

restricted to lie in the range
.61

4.

b

1

.

Conclusion.

The value of

b

obtained experimentally by

Curran et al. corresponds to

a

value of

(X/µ)

equal to three quarters, a result which is com-

pletely consistent with the model of the multiplication process used in the above calculations.
Thus, provided this model remains valid, it seems

unlikely that the resolution of the proportional
counter, in so far as it is determined by fluctuations in the original avalanche, can be significan
ly improved beyond its present limits.

The

generalization of equation (5.9) to the case where
more than one ion pair is released in the counter,
is given in Currants original paper on the subject

It has been widely used to calculate proportional

counter resolutions and has been discussed by
Sharpe (1955) and by many others.
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APPENDIX
The Efficiency of a Cylindrical Counter for the

Detection of Radiation emitted Isotropically from
a Source

Placed in the Wall.

Expression for the Efficiency

1.

Let the counter be of radius a and length 2e,

and let µ be the absorption coefficient of the counte
gas for the radiation.

It

may be supposed that the

source is placed at the centre of the counter, a

distance

i

from either end, and that only those rays

emitted into the solid angle 2n on the side of the
counter,

are considered.

Efficiency

12

I-

Then the Detection

is defined from the relation

17

-'-

Jr

2ttscis.)

S

^r,

S' li

Ji-Q

I

I

"k

I7 t

(1)

-

The significance of each symbol is clear from Fig. 16.

2.

Solid Angle
Consider an element of area

(r,

cis

z) on the cylindrical wall, then

if ds

at the point

As = dt dz, and

is the projection of áS perpendicular to the

Firs /6,

D /AÇRAMS Fox

CALCULAT/oN

OF .CFe/C /eNC y OF C YrC /NOR/CAL.. C O UN TER
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r,

radius vector

¿S

the solid angle

cUl

subtended by

,

at the position of the source, is given by the

relation

,

From Fig. 16 it is seen that

ds

dS P

dr Col d

Co,

a G,, A

f

d.r

Also

Cos oc

di,

=

c173

04- ,(3,
.1

.f°`

, .

-

.P

d)Zr

_

a

co,

Jo.

' f dJo dfir
âjo

d3

where

r
^d

co,...(P

a Col4

Col

=

cd.7P

SFq=_jos

3. z

dl

P

.y.

,

.P

` Ale
L

which gives the result

c/

=

se -

2dr d
Cr2- fL)(gat_f
Jo

(2)

The same result has been obtained by Case et al.
(1953) by a rather different method.

3.

Calculation of '2
Since

p

twice traverses the range zero to 2a,

and both ends of the counter are included, an extra

factor of 4 is introduced to give the expression for
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,_

2ç

r

-T?

12

-P-

o

V

-'l°i

-

'/t`

o(

r

1.

00

v'
Expressing

`

,

Y

77"--ft

-e

r1_

1nz

(3)
pZ

in the form

^

I

'-P,

it is convenient to calculate

dimensionless variables.

in terms of

P

Thus making the transfor-

mations
_

y

1af

_

aay

.2 -

a /ua

a-Q

and dropping the primes, the expression for

is

P

obtained
r". f-e `

r

00

PlCifife.."CrClr

e'z

2

(4)

If the two integrals inside the chain bracket are

treated as functions of

jr,

equation (4) may be

rewritten

P

24?
VI'?

{

iCt

+

o

lr Cf)

Making the transformations

Cad
'

tion by parts on

L

+ T2-

(P)}

r zf

c

and carrying out one integra-

P
"col

gives the result
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2djocaaQC

p

'

2aZ

i, Cr)

t

c.r- l- -- --

°1

0

Making the transformation

z

tc

Y

17

Y
y.t_fL

(5)

Lt..
TZ

in

(f)

and performing a similar integration by parts leads

(0

12

to the result for

Zot_Q_

ti

a

Z

Z

oc--Q

a-Q
(6)

Equations (4), (5) and (6) may now be combined to
give the expression for

P

f_

d,
00

- (e_loct - z d

_

-e

zf

cva

R E-

ccr- C- cd,.k

/3

If

.Q

xai-Q

V1

tfz

)4,c-

-2. c<

e,.
-e

,L,

}

(7)

is allowed to approach infinity in equation (7)1

the second integral over

f

vanishes and the remain-

ing integral therefore gives the expression for

for an infinite counter.

P

As stated in the main text,

the author has been unable to obtain a closed form fo
the second integral in equation (7), so at this stage

the problem will be specialized to the case of an

infinite counter.
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4.

Efficiency of Infinitely Long Counter
The first integral over

in equation (7) may
J

be written in the form

`

P°0

f

d

U 177-1-$)

co

-

Gva-Q

i

co

+acc

z f c-

.P

-

Zo!

c(4)-3.1. 6

1 v '' f

(-

(,(-

ol.
(8)

and the first of these double integrals may be

readily reduced to a single integral by making use
of the relation (Watson, 1952)
CO

_

,c

c

ua-Q

-e

)

-

e04-4

C-

o(,l-

Io
KK fix)

where

Function.

is the n -th order Hyperbolic Bessel

The second double integral in equation (8)

may also be reduced to
J00

a

single integral by treating

o

2

as

a

function

off

is trans-

If the variable .P

integrating by parts.
formed to the variable

B

and

by the relation

f

z (473

6

the final result obtained is
'I

POO

a«

1

Co D

ICI

(Z04

CO-)

&)rß(6

t

a
¡1
`1

f0(t

12-

S4..t LQ &-o

2.a

6

o(,

,ar
c

(9)
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Equation (9) may finally be expressed in closed form
by using the relations (Watson, 1952)

To(0 lP (5)

=

() K()

_

7.
JU

I( (Zs

col

e)

c(e)

Col

Ia (4.1)1 <'I,

11

(-)`m

2Gne)

(.4

4&,

O

¡R ( )-1- v1)
IC,

Or)

(-1)

z

Io (y)

vh.
Ki

(y) t

.!

- ,lv ()

T -y (.)

I, (3.)

In these expressions

1C,4)

1

2 d

In () is

f To Cae ) I1,
--

171

`

the second Hyperboli

20

(a)K(a)1

f
1

-

TU

CD(

ter

may

)

11-0

6,9

=a/u

efficiency -90o of an infinitely long counbe calculated using the relation
- -Poo . Fig. 17 shows a plot of 70
J

against

is

(lo)

l}
oc

and the

)

_

Bessel Function of order VL .
The final expression obtained for 90,
Poo

-G

,

_

-K

1

duct
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