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Publications.

The work described in this thesis is to be submitteq
for publication in the form. of three papers:
1., Orbital Electron Capture Ratlos in Germanium«71 ang
Krypton-79.
2. The Decay of Chlorine-=36 to Sulphur=~36,
3. The L/K-Electron Capture Ratio in Argon-37,



Proefaca.

The work on orbital electron capture ratios
described in this thesis was performed by the author
between October, 1958 and Decermber, 1960, in the
Department of Natural Philosophy of the University of
Glasgow.-

The measurements on germanium-71 and krypton-79
were carried out Jjointly by Dr. R.¥.P. Drever and the
author. The experimental worlk and the analysis of the
data was shared botweon both these persons. The
special electronic circuits daeveloped as o result
of the &xperiengq gained in these measurements were
designed by Dr, Drover.

The measurenents on chlorine-36 and argon-37 were
suggested by the author and were carried out by him in
conjunction with Mr., K.W.D. Ledinghan.

The analysis of the results was divided equally
between the author and Mr. Ledingham,

During the course of the measurcments on chlorine=3§,

many useful discussions were held with Dr. Drever.



The first chapter of the thesis summariges briefly
the theorcotical treatment of orbital elec¢tron capture,
Particular attention is given to the thooretically-obtaingd
wave funotion ratios which are available for oompariaoa
with experimental values. It 1s pointed out that, when
calculating values of atomic electron wave functions, it
18 customary not to consider tﬁa correlations which mugsg
exist among the atomic electrons, and that when such
correlations are considered, the theoretical wvalues
for L/K-ratios are increased over those obtained from
the use of hydrogen~like functions. A comparison of
theoretical and experimental values of L/Keratios is
made and it is shown that further experimental work ig
required in all ranges of atomic number. In particular,
the range of atomic number between 15 and 40 is shown
to be suiltable for 1nvaatigation.

The second chapter desoribes the ohéraotaristiea
required in the detection system and outlines the
walleless counter techniqﬁo used by the author.

The experimental work is described in thc next
four chapters. Measurements of L/Keratios in the

isotopes germanium-71l, krypton-79, chlorine-36 and



argon=37 are described, together with incidental points
of counter technique which were clarified in the course
of the measurertents.

The values of 0.116 ¥ 0,005, 0.108 & 0.,00%, 0.112 ¢
0.008 and 0.102 0,004, obtained for the L/K-ratios in
thees isotopseas, are greater than the raspective tﬁaorotical
values of 0.106, 0.101, 0,080 and 0,082 enleculated ffom
the ratios of Qave functions prepared by Brysk and Rose.
The difference between theory and experiment is most marked'
for isotopes of amall atomic numbesr, This 4is in accord
with the predictions of Odiot and Daudel, who evaluated
the effect of the electron correlations in light isotopes,
Their value of 0.100 for the L/K-ratio in argon-37 is in
good agreement with that obtained in thp present work.,

Capture from the M=-shell was detecoted in germanium-71
and krypton=79, the first girect‘obaarvation of capture
from this shell in isotopes with mass number less than 200,
The values of the ratio of M-capture to Le-capture in both
isotopes was found to be 0,16 I 0.08, in reasonable
agreement with the ratios of electron density given by

Hartree wave functions. Indications that M-capture occurred



also in chlorine-36 and argon=-37 were observed, but the
evidence cannot be considered to be conclusive,

The final chapter of the thesis summarizes the above
results and, after comparison of the available theoretical
and experimental values of L/X-ratios, concludes that |
further thoorotiscal work to ovaluate the magnitude of
the electron correlations as a function of atomic number

is necessary.

There are four appendices. The first contains
analytical forms of the wave functions of an electron in
the Coulomb field of a point charge, while the secound
gives some details about the counters used in the
measurements. In the third, are some brief remarks about
the now eleotronic units added in the course of the
measurements. The fourth discusses measurements under-
taken to establish the presence of a,pouitron‘branoh in
the decay of chlorine-36. It is shova that the obgervations
are consistent with the existence of a weak branching,
of intensity K/B* = 1500-:'233 relative to the K=~ocapture

componaent of the source.
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Chapter L.
Theoretical Aspects of Electron Capture.

The eleotron capture process is that species of
nuclear transformation in which a nucleus of charge Z
interacts yith an electron, the products of the interaction
being the isobar of charge Z-1 and a neutrino.

The existence of such a process was first suggested
as a consequence of the theory of beta-decay proposed by
Fermi (1934), in which the fundamental transformations are

(n)—=(p) + o~ + ¥ (1)

(p)—>(n) + o* + ¥ (2)
where n, p, o', e, ¥ and Y denote respoctively neutron,
proton, positron, electron, neutrino and anti-ncutrino ang
the brackets indicate that the nucleons are bound in the
nucleus.

Bothe and Bacher (1936), Yukawa and Sﬁkata (1935) and
Moller (1937) pointed out that an alternative form of (2)
was

(p) + 6 —>(n) + ¥ (3)
and that,because of the presence of au reasonable density
of bound atomic electrons near the nucleus, such a procoss
should compete with positron emission. 8ince the latter

requires that the energy difference between initianl and

final nuclear states is at least 1,02 MeV, in nuclei where



the energy available was less than this figure, electron
capture as reprosented by (3) would be the only possible
decay mode.

These predictions were verified by the observations
of Alvarea (1937, 1938) who detected the K X-rays from a
vanadium source which was also a positron omitter. He
was able to show that the origin of these X~rays was the
atomic re-arrangement subsequant to electron capture from

the K~sholl.

In formal troatmont, such as given by Marshak (194k2),
Drysk and Rose (1955, 1958) and Douchez and Depommier
(1960), the selection rules and transition probabilities
for clectron capture are taken over directly from the
corraesponding expressions for beta~decay, the only changes
being that the electron wave functions are those of bound
rather than of free particles, the neutrino energy is
fixed for capture from a given sub=shell and there is no
sum over anguiar momenta. Thus the selection rules for

capture are:



Table 1.
Transition Type Parity Change Spin Change
Allowed No 0,1
FPirst-forbidden Yes 0,1,2
n-times forbidden (n>=2) (=1)" n,n+l

For allowaed transitions, theory shows that the ratio

R of L~ to K~-capture is given by

2 2 1 X

Q . Q'LI Iy ‘Lﬁ 'S:Lﬂ
1 2
Lk 9«

with Qx the neutrino energy for capture from the xth
subshell, equal to the difference between the transition
energy and the binding energy ¢f an electron in that sube
shelly; 9. and f} are the "large" and "small® components
of the Dirac wave function for the eolectron.

This ratio is typically of the order of 10%,

Provided that the enerygy available for capture is several
times the K-shell binding enargy of the parent atom, the
above oxpression also holds for forbidden transitions.

Capture fron fhe:LIII shbﬁhdll‘is also possible,
though since the angular momentum of this subsholl is

~higher than that for the other L-subshells, the selection



rule# are different. To allowed and firet-order forbidden
transition#, the contribution of L**“-ocapture is negligible.
For hi“er-order transitions, capture can, in sowm
ciroumstanocs, become important. Capture from this sub-
shell is not significant in anyof the isotopes considered
in the present work.

The above expression shows that capture ratios depend
only on the energy available for the transition and on the
relative magnitude of the atomic electron wave functions.
There is little dependence on the finer details of the
beta-deocay interaction or on nuclear parameters.

This inability of capture ratio measurements to
provide information about the beta-deocay interaction,
together with the considerable understanding of beta-deoay
achieved in recent years (Konopinski, 1939) might seem to
indicate that determination of capture ratios are of
little interest. However such measurements supply two
types of information %diich are rather difficult to obtain
by other means.

If theoretical values of electron wave function ratios
are assumed, then measurements of experimental capture
ratios yield information about transition energies. Most

of the energy release in capture transitions is carried



off by the neutrino and so cannot be measured directly.

To dotermine the energy release, information from clbnod
cycle nuclear reactions, (p,n) threshold measurements and
detection of the inner bremsstrahlung asaociated with
olectron capture has< to be used, and such data is rather
scanty. The u#e of the onergy dependence of capture ratios,
where this is possible, is a useful tool to inorease our
knowledge of nuclear systematics. In those energy regions
where this approach 1s of moat use, the capture ratios are
fairly rapidly varying functions of energy and are not too
sensitive to the precise values of wave function ratios
used, s0 that transition energies calculated in this manner
are not liable to need revision should slight corrections
to theoretical wave function ratios be required. A review
of transition energies cbtained in this way has been given
by Robinson and Fink (1935, 1960).

In isotopes where the transition energy has been
determined, the above argument can be reversed and a
conparison made between theoretical and experimental
values of wave function ratios. The very lack of sonsi-
tivity of capture ratios to details of nuclear structure
and of the beta-decay interaction means that such

comparison provides a sensitive test of our understanding



of atomic structure, virtually independent of our limited

knowledge of the nucleus.

Theoretical Wavs Function Ratios:

The usual method of obtaining theoretical values of
electron wave functions is to assume that the atomic
electrons occupy a number of separate atates characterised
by different quantum numbers. With this assumption, the
Hamiltonian of the system is separated and analytical
forms of the wave tunction;tbbtained. Saeparate corrections
are then nmade for such effectas as finite nuclear size and

screening. In heavy atoms, rolativistic effects nuat

also be considearod.

Marshak (1942) suggosted the use of the waéo functions
obtained by solving the Dirac equation for a Coulomb
potential. The use of these wuva.tunctions. given in
the limit of a point charge by Dethe (1933), would auto-
matically allow for relativistic effects,while screening
offects due to the presence of the other atomic electrons
could be approximated by using Slatar screening constants
(Sstater, 1930).

Roitz (1949) computed relativistic electron wave

functions, using a Thomas-Fermi-Dirac potential to



represent tho mean potontial of the other eleotrons.
These rosults are in good agreecment with thoso of Drysk
and Rose (1955, 1958) which are considered to be the most
recligble values yet prepared. DBrysk and Rose computed
L/K=cupture ratios as a function of atomic nuuber and of
transition onergy, giving full weight to corrections for
finite nuclear size, using the assumption of & uniform
nuclear charge distribution, to acreening and to the effect
of the varlation of tho wave functions over the nuclear
volume. Tlheir results lhave becn used by the author
throughout thia theeis for couparisen with experimental
values.

The eoffcct of finito nuclear size on the wave functions
has also been calculated by Halcolm (1952), in the case
of a nueleus in vhich all the charge is concentrated at
the nuclear radius. Though the individual wave functions
are altered, the L/K-ratio determined from this work is
within a few per cent of that calculated without consider-
ing finite nuclear size effects, A similar conclusion
was reached independently by Drysk and Rose.

This emphasises the lack  dependence of capture

ratios on nuclear parameters referred to earlier.
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The earliest wave functions available were the lHartree
ﬁave functions, obtained by solving the Schrédinger equation
for an atomic system numerically until the solutions are
mutually consistent (llartree 1946, Hartree 1957). Rolativistia
effecots are negleéted in this approach. Only in the case
of lig* have rslativistioc wave functions been obtained by
the Iartree method (Mayers, 1957). The values obtained
for these relativistic functions are quite differcnt from
the non-relativistic functions of Au® and T1* calculated
by Douglas, llartree and Runciman (1955), showing the
iwportance of relativistic effects at high values of
atomic number.

Fig.l shows values of LI/K eleoctron density ratios
obtained from various sources. Analytical expressions for
the Coulomb functions of Marshak and other relevant data
are contained in Appendix 1. The wave functions of Reitz
are not shown in Fig.l since thoy yield values almost
identical to those of Drysk and Rose.

The agreement among the various wave functions is
rather good., At low Z values, the Hartree functions agree
woll with the othexr values, while at high 2 wvalues, where
relativistic effects become important, there 1s good agree=-

ment between the values of Brysk and Rose and of Reitz.



Lstimatea of the accuracy of ratios obtained from
these wave functions have been given by Drysk and Rose,
who consider that their values are relianble to about 4%
(Brysk, quoted in Robinson and Fink, 1960)., An astimate
of the accuracy can be made by calculating the atomic
binding energies given by tho above functions and comparing
the theoretical values so obtained with the experimental
values. Such a computation was carricd out by Reitz
{1950), who found good agreement between theoretical and
experimental values, the difference being only a few per
cent. Uso of the ordinary Coulomb fisld wave functions
yielded results which were considerably in error.

This computation was carried out for values of atomic
number greater than about 30. From it, it is possible
to conclude that theoretical capture ratios should be in
reasonable agreoment with experimental values in this

range.

The Effect of Electron "Correlations”,

Further theoretical studies of factors relating to
electron capture have been made by Donoist-Gueutal (1953)
and by Odiot and Daudel (19506).
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The foruer author considers in scue dotail £ho
correction made to the capture ratio by the perturbation
of the atomioc cloud caused by the change in nuclear charge.
This is shown to affceot the orthogonality of the initial
and final atomic states, resulting in a first order
enhancement 6? tho capture ratio for iight elemants.
Thase criticisms were applied specifically to the case
of De’, and it was found that the L/K-capture ratio was
incroused by some 250% ovor that obtainod if this contri-
bution is neglected. This enhancement of the capture
ratio falls off rapidly with increase of Z,

A further slight alteration to the ratio is caused
by the alteration in the total binding energy of the
atomic electrons by the change in nuclear charge. This
affect, which was ulso considered by lonoist-~Guoutal, is
not inmportant except in transitions whore the enorgy
release is small and the atomic number hizgh.

0diot and Daudel (1956) emphasise that the process
of Keglectron capture should not be regarded as the disge
appearance of a'Knu;ectrnn'froﬁ'tho atcﬁ. but rather as
a transition from a noutral atom of atomioc number Z to its

isobar of atomio number Z~l with a vacaney in its K shell.



They discuss various methods of calculating capture
ratios, with particular attention to these metiiods which
allow for the correlations existing among the electfons.,
Exact calculations are extremely difficult, bus frop
appraximate caldﬁlnfiona for Ba7. He and A37. they wvere
able to predict that the effect of the correlations 1is

to increase the L/K-ratio., Tho magnitude of the increase
falls off with increase of Z, being about 3 for Be’!, 1.25
for A37 and 1 for elomenta with atosia number greater
than 20. These fipures are given with reforence to the

values of Drysk and Rosoe,

Comparison with Exveriment.

The conclusion reached from the above discuassion is
that for elemants with ntomic number greater than about
20, the experimental values of capture ratios should agree
with the thooretical values of Brysk and Hosce. For lower
Z values, there is the possibility that the observed
L/K-ratios will be higher, if the effects considered by
Odiot and Daudel are meaningful,

The rather limited experimental data available in
October 1958 is summarised in Table II. In compiling
this table, only the most reliable experimental results
obtained for decays of known transition energy have

been included,
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Table II.
Isotope L/K Ratio Reference
Theory Experiment
A37 0.082 0.08 - 0,09 Pontecorvo,
' - Kirkwood and
Hanna (1949)
0.092 ¢+ 0.010| Langevin and
Radvanyi (1955)
- 0,005 .
G971 0.106 0,128 » 0.005 Dreverxr and HOl.’k
(1957)
- 0.003
74 + :
As 0.095 0.085 « 0.020| Soobie (1957)
126
X 0.123 0.142 ¢« 0,005 | Scobie and
Gabathuler (1958)
- 0.018

It 18 clearly seen from Table I1I that agreement between

theoretical and experimental values of capture ratios was

considerably poorer than might have been expected.

The work described in this thesis was undertaken to

provide accurate values of capture ratios in the range

15 < z < 4o,

At the upper end of this range, the theoretical

values of capture ratios should not be influenced by the

effects of Odiot and Daudel so that an estimate of the




accuracy of the theoretical values of Brysk and Rose
could be made. Once such an estimate had baen obtained,
measurements at the lower end of the range would indicate
whether or not the corrections o: Odiot and laudel vere

necessary.

M-shell Capture.

During the course of the measurements, the occurrence
of electron capfure from the M-shell was demonstrated
unambiguously in 6971 and Kr79 and 1ndi§ationa of ita
existence is obtained in 0136 and AP7. "No theoretical
study of M/L branching ratios has been made, the only
available source of such capture ration;boing the lartree
tables. Fiz.2 shows the ratio of HI/LI (38/28) electron
densitices obtained from the llartree valuea., These have

beon used for comparison with experimental wvalues,



Chapter II.
Experimental Technique.

A considerable number of different techniques have
been developed for measurements of electron capture ratios
in heavy isotopes. These mesthods have beon summarized in
recent reviews (Robinson and Fink, 19603 Bouchez and
Depommier, 1960) and so the discussion of experimental
technique given here will be confined to measurements in

the range of atomic number selected for study.

Choice of Dotaction S8ystam.

The atom resulting from an electron capture event is
excited, the excitation energy corresponding closely to
one of its critical absorption energies. This energy 1is
emitted as X-rays and Auger electrons in the atomic re-

13

arrangement which occurs within 10” soconds of capture.
S5ince the magnitude of the exclitation energy is directly
related to the level from which capture has taken place,
the experimental measurement of eleotron capture branching
ratios 1s based on the determination of the relative number
of events as a function of energy.

In the range of atomic numbers chosen for investigation,

the excitation energies vary from 0,2 to 15 kev., while

the fluoraescence yields increase from 0.08 to 0.60. Thus



to carry out accurate measurecments of L/K=capture ratios,
it is nocessary to use a detector which possesses good
resolution,even at onorgies‘of a few hundred electron
volts,and has high detection efficiency for both Augér
alectrons and X-rays. The only method of carrying out
measurements at such low energies is by the use of a
gaseous source in a proportional counter.

Several ocomprehenaive reviews of the characteristics
of these devices have been given (e.g. Wont, 1953: Curran,
1955, 1958) so that discussion, where this is necessary,
will be confined to pointa‘of technique which were clarified
in the course of the measurements.

The use of a gaseous source eliminates the insuperable
difficultios associated with the measurement of low energy
Auger electrons from solid sources, while the energy per
ion pair of only 30 ev. renders measurements possible
down to 200 ev. The main disadvantage of using proportional
counters lios in their low efficiency for the absorption
of X-rays. The importance of this, which for several years
delayed the accurate measuremont of L/K-capture ratios
in the range of atomic number considered here, ias as follows.

After a Ku X-ray has been emitted, the atom is left

ionised at the L., or Lir level,and since the partial

I
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L-shell fluorescence ylelds are very small, this energy

is released as Augor electrons. If the K, X-ray 1s
absorbed in the counter, the total energy detected
corresponds to thq K«binding energy of the daughter atom
and the event is registered in the Kepeak. However, if
the X-ray escapes from the sensitive volume of the g¢ounter,
the event is counted in the L-capture peak and the encrgy
resolution of the counter 1s not sufficient to distinguish
between genuine L-capture ovents, which are almost 100%
from the L, subshell, and these apparent L;, - or L .. -
capture events arising from K X-ray escape. Thus, there
is a systemntic error in the measurod L/Keratio and
corrections are required to obtain the true value.

The magnitude of the error depends on the fluorescence
vield of the utom and on the relative abscrptien efficiency
of the counter for X-rays. Since there are usually ten
times as many K-events as L-events, any miscalculation in
the amount of K X-ray escape is magnified in the correction
to the obsorved capture ratio. While the flux of X-rays
escaping from standard geonietries can be estimated with
some confidence, values of fluoreacence yields are not

accurately known and techniques which depend on the use

of these values are unreliable.
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Fig.3. The wall-less counter used in measurements on

Ge71 and Kr79.
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Two maethods have becn usod to overcomes this limitation,

In the first, used for measureuents on A37 by
Pontecorvo, Kirkwood and llanna (1949) and by Langevin
and Radvanyi (1955), xenon was used us filling gas in a
conventional countor. Decauso of its large Z value, this
filling possossed high detecticn efficiency for the 2,6 kev,
K X~-raya of chlorine und the gscape of X-rays amounted only
to a few per cent.,

This technique has not been used for other isotopes,
since for higher emergy X-~rays, tho pressure of xenon
required becomes too great.

The other technique is the ingenious "wall-less"”

countor method first described by Drever and Moljk (1957).

The V¥all-less Counter Technique.

The principle of the wall-=less countar may be pnder-
stood by r;feronce to Fig.3. Tho device consists of two
proportional countexrs, one entirely enclosed within the
other, connected in anti-coincidence. The common cathode
of the counters is a circle of wires connected directly
to the case. The outer counter, referred to as the ring
system, coumprises a number of separate counters defined

by the cowmon cathode and by the outer ocircle of wires,

which are alternately cuthodes and anodes, WYWith & gaseous
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source and a pressure of filling gas such that the ring
system ia asoveral half-thicknosses deep to Xerays from

the centrul counter, the spectrum of pulses from the latter
in anti-coincideanco with pulses from the ring is measured.
The relutive intensitiea of the obsurved K~ and lLe-avont
paaks arce thon very necarly the true K= und L=-counting ratoe,

The numbor of events in the Lepeak 18 close to the
number of Lecapture events,since,in those cases whereo a
Ka X-ray escapes from the inner counter, it is absorbed
in the ring and so operates tho anti-coincidence mcchﬁniam.
lionce, only genuine lL-capture events ure recorded.

The numbor of Keovonts is also close to the true
nunmber, though in this cane the peak is made up of two
couiponents. The £irst arises from KeAuger events and
fron thoseo K fluorescont events which are deteoted in the
central counter. These events give rise to pulaeg
corresponding to the K-absorption energy. Tho other
cozmponent arises from K Xerays which are produced in the
ring system and detectod in the central counter. These
Xerays are detected provided that pulses in the ring
corrosponding to the Leabsorption energy do not operate
the anti-coincidence circuit. 7To a good approximation,
thic inner counter is surrounded by an infinite medium

containing a uniform eource distribution and so c¢qual



numbers of X-rays pass from one counter into the other.
The number of events recorded in the K~peak is the number
of K-events in the central counter, Though the two
components of the peak differ in energy by several per
coent, the resolution is such that both compsnonta are

integrated into one pesk.

‘It'ia clear from the above description that the
depondenco of the obsorved captufe ratio on the fluorescence
Yield is all but climinated in this technique.

Some minor corrections must howeéar be made to the
observed ¢apturo ratio,which 1s obtained ﬁy comparing the
relative area of K- and Lepeaks.

The ring is, in practice, only a finifa depth,so that
there are always some X~-rays which pass from the central
counter fhrough the ring and into the wall., Theose X-rays
give rise to apparent L-events, as do those X-rays which
leave the central counter and are absorbed in the wires
forming the common cathode, Both these effects also moke
the observed K-counting rate slightly smaller than the
true one.

A third correction, whiéh does not affect the K-

counting rate if the counter is fitted with field tubes,
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arises from the esczpe of Xerays out of the unshielded
ends of the counter.

If these corrections are denoted by Pl’ Pz and 93
respactively, the fluorescence yiecld by F and the fraction
of K, X-rays in the K series by k, then the true L/K=capture
ratio R 18 relatod to the observad ratio R' by

R = R! [1 - (py ¢ Pz)F] -(p, + P, p_,’)Fk (4)

Decause of the unusual geometry of the counter, the
calculation of these corrections cannot be made rigorously.
The corrections can be wmade small by suitable choice of
the counter dimensions and pressure of filling gas.
Approximate calculations can then be mado by use of
formulae developed for the fluxes of Xerays out of standard
source geomotries, given by lammersley (1952), Price,
Horton and Spinnoy (1957) and Glasatone (1956).

In measurements in which H-capture is observed,
corroctions for apparent M-capture events arising from
the escape of Kﬁ X-rays can be made in a similar manner.

Since corrections for escape of X-rays oan be
ninimised in a fairly simple manner, walleless counter
techniques have been used throughout the work to be

described,
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The main practical limitation to the use of these
devices 15 tho necessity for obtaining the source in
gaseous form. [or many of the elements on which measure-
ments would be desirable, it is impossible to obtain
suitable liquids or gases satisfying the rather stringent
conditions necessary for use in a counter.

The compound must not possess a high electron
attachment coofficicent for the range of L/p values
encountered and it must be chemically stable. In particular,
it must not be sensitive to thoe presonce of small traces
of conmon roeagents such as are usually found on the walls
of counters, Further difficulty arises because the
avalanche process produces ultra-violet photons and 1if
the subhstance ia photo-sensitive, it is gradually de~
composed. These considerations are illustrated by the
work carried ocut by the auther and Mr K.¥W.D. Ledingham
on Znés in an attempt to measure capture ratios in that
isotope. The presence of slight traces of alcohol on
the counter walls causcd the zinc di-ethyl used as source

carrier to decompose. The work had to be abandoned.

Two different counters were used in the moeasurcments.

Details of these counters are given in Appendix 2.
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Llectronic Circuits.

Basically the use of a wall«less counter technique
requires the use of standard electronic anti-coincidence
circuits. The circuits initially cmployed in the present
work are those used by Drever and Moljk (1957), which are
shown in Fig.4. These circuits have been described by
Drever (1958).

As expericnce was gained in the use of wnll-leas
counters over a wide range of experimental conditions,
various units were added to thia basio form, resulting
finnlly in the layout showas in Pig.%. Reference is made
to the functions of these added units at the points where
they wore introduced.

A brief account of the detalls of the new units

added is given in Appendix 3.



Chagtor ! .
Electron Capture Ratios in Germanium=71.

Introductions

The most suitable isotopes for accurate measurements
of orbital electron capture ratios are those in which the
decay proceeds from nuclear ground state to ground state
solely by a capture transition., Not only is the measurement
simplified, but the analysis of the results is not
complicated by the need to consider effects arising from
competing nucleayr processes, such as internal conversion.,
Anmong such isotopes occurring in tho range selected for
study are A37. Fe?2 and 6071. Measurements on both A37

and Ge71 are included in Table I1II.

An early measuroment of the L/K-ratio in Go?t was
reported by Langevin (1954, 1956), who used a source of
germanium hydride in a proportional counter. The filling
gas was propane 80 that most of the X-rays escaped
detection and the L/Keratio was deduced from the K and
L Auger electron intensities. This measurcment depends
critically on the value used for the fluorenscence yield

of zallium. The L/K-ratio varies from 0,30 if the figure
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of 0.45 18 used for the fluorescence yield, as suggested
by a semi-empirical formula of Burhop (1952), to 0.14,
using the experimental value of 0.53 reported by Drever
and Moljk (1957). |
The best experimental vulue of the L/K-ratio in Ge'l*
was obtained by Drever and Moljk (1957). Their value of
0.128 : g:ggg was about 20% higher than the wvalue of 0.106
calculated from the data of Drysk and Rose,and the difference
betwecn theory and experiment was greater than might have
been expected in this region. This work of Drever and
Moljk not only picneered the application of wall=less
counter mothods to studies of electron capture ratios,
but was also the first measurement in which proportional
counters were employed at pressures of several atmospheres
to examine events in the 1 kev energy region. Other
workers with high pressure counters have measured spectra
at considerably higher energies so that lower values of
gas gain were used (see, for instance, ¥West et al., 1955).
Since the publication of this result, Drever had
acquired considerably more cexperienco in the use of

proportional counters at high pressures, and had studied

several points of technique in some detail., In particular,



it was found that the resolution of peaks at low energies
appeared to improve as the diamoter of the anode wire was
decreased.

This observation was investigated by the author and
it was found that the effect was caused by non-uniformity
of the anode wires produecing local vnriafions in field
strength,and hence fluctuations in gas gain,both along
and round the wire. The low fielda assocliated with thin
wires permit the initial electrons formed to diffuse as
they are pulled towards the wire, so that the effective
shape sean is an average over the whole wire. With thick
wires and higher fields, the diffusion is reduced and the
local shape of the wire becomes correspondingly more
important,

That the non-uniformity of the wire was responsible
for the deterioration in resolution was confirmed by some
spectra taken in which platinum wire of high uniformity
was used for the anodes. The peaks obtained with this
wvire were about a factor of 2 better in resolution that
those obtained with tungaten wire of the same diameter.

Sinmilar effects of variation in gas gain along the

length of a wire have Leen reported by West et al.
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Hoasurements on Ge are important because they
provide one of the critical tests of theory. The
possibility of a systematic error of technique in the
earlier work of Drever and Moljk led to the decision to

repeat their measurement.

The abscnce of both particle and gamma emission in
thae decay of 6071 wakes this isotope a convenient source
for the study of internal bremsstrahlung, and such
investigations have been reported by several groups.
Saraf ot al. (1953) and Saraf (1954) found good agreement
with the theoretical spectrum shape down to 100 kev.
Langevin (1954) found a low energy component in the
spectrun and considered that an isomeric state of 0971
existed, its half-life being considerably greater than
that of 6971 itself, Bigi et al. (1955) made the mbst
thorough study and showed that when well-purified sources
were used, the spectrum obtained was simple and agreecd
with the theoretical distribution down to 50 kev. From
these measurements, the transition enorgy is 233 kev and

the transition is allowed, with log fT = 4,6. The half-
1ife 18 12.5 £ 0.1 days (Bisi et al.).



Source Preparationi

Ge7l was prepared by neutron irradiation of germanium
oxide at Harwell and was stored long enough for the l2-hour
activity of Go77 also produced to decay.

The source was converted into germanium hydride by
reaction with nascent hydrogen released in an agueous
solution of tho oxide by the action of sodium amalgam.
Vater vapour was romoved by freozing and excess hydrogen
punped off,

Suffiocient germanium hydride to give a countiné rate
of some 35,000 counts per minute in tho total volumes was
put into the high-pressure counter described in Appéndix 2
and argon, to a total pressure of 6 atmospheres, added,
Hethane to a partial pressure of 15 cm. provided the
quenching., With this filling, the total escape corrections

amount to about 7%.

During most of the measurecments, the electrenic
circuit of Fig.l4 was used, the doad-time of the gate being
1 milli-second and the delay time 60 micro-scconds.

A% high pressures, there is a large background
counting rate from cosmio rays and natural activities.

To give the best possible ratio of source to background,
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the counter was shielded by a lead castle, the minimum
wall thickness being 2 inches,

LZK Ratio Measurements,

With the exporiumental conﬁitiono outlined above, the
pulge spectra in the region of the 10:.3 kev K-peak and
the 1.3 Kev L=peak in the central counter, in anti-coinci-
dence with events in the ring counter, were analysed.
The gas gain was kept constant throughout the measurements,
the change in energy rango being made by using differont
amplifier gaina. Typical K= and Le-peaks obtained under
these conditions are shown in Figs.6 and 7.

* The mode of operation of the technigque requires that
the anti-coincidence circuit is able to discriminate
batween K« and L-events in the ring. A spectrum of events
in the ring is given in Fig.1l3 for the similar weasureuments
carried out on krypton-79, the energies of K- and L-events

boing about the same for the two 1sotopes.

It has already been shown that the bias level in the
ring must lie botweon thoe X~ and Le-peaks, As a check on |
the functiocning of the appardtus, runs wore taken with

various values of bias level,.
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If the bias level is too high, then some of the
K-events in the ring oounter will not closae the gate,
and so a number of apparent L-eventas in the central
counter will be recorded, while if the bias level is
too low; the gate will be ¢losed by some of the L-events
in tho ring,and hence some of the K-events passing from
the ring into the central counter will not be counted,
In both cases, the observed L/K-ratio will be too high.
Between these two extrceme positions. the ratio should
be constant. Graphs of the variation of K- and L=
counting rate with bias setting are given with Fig.8.
The expected variation of K- and L-counting rates with

bias level occurs.

Hoat of the measurements wore carried out at 6
atmospheres pressura. However. since the escape correct-
ions can only be calculated in un approximate manner, it
was docided to check on the validity of the calculations
by taking a sot of measurcoments at 12 atmoaphores pressure,

at’ﬁhiéh preséuré the corrections are approkimnth& halved.,

The results obtainad from these measurcments are

summarized in Table III.
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Table IXI.

Pressure Escape Numbor of Average | Corrected
(Atmospheres)| Corrections | measurements| result| result

Pl s 7 X 10-h _

6 P, = 7 x 1077 5 0.1235 | 0.1167
P, =7 x 1073 “
Py negligiblei

12 P, = 3.5 x 1070 3 0.114 | 0.1156
P

5 ® 3.5 x 1o|"3

F = 0.50, k = 0,86
Tho syubols here have the same meanings as in (4) in
Chapter 2.

Corrections have been made in calculating the above
ratios for the dead-time introduced by the gate circuit
and by the Hutchinson-Scarrott analyser used in the
measurcments. These correotions are less than 1% here.
The statistical error in the individual measurements is
about the samno size.

An early set of measuremonts at 6 atmospheres has not
been included in the above table because the gain in the
ring system drifted while the measurements were being

performed. The results of these measurcments are in good



agreenent with the value given above. The drift in the
. ring was corrected before the final measurements were
carried out.

One small correction, which is needed only when the
energy of the X-rays being measured is grea@er than thq
K-absorption cnorgy of the filliang gas, remains to be
made. K Xerays from the ring pass into the central cocunter
and are absorbed there by the photo-electric effect in
the Keshell of argon atoms, If an argon atom dé-excitas
by X-ray emission, then it is possible for the X-ray to
pass back into the ring counter und be absorbed. Thus
the total ecnergy detected in the ring is about b4 kev,

This 1is usually sufficient to operate the anti-coincidonce
circuit and so leads to a loss of genuine K~events.

It was calculated that this correction amounted to
about 15% at 6 atmospheres and was negligible at higher

pressures,

After all the corrections had been made, the L/K-
electron capture ratio in germanium-71 was determined to
be 0.116 ¥ 0,005, the error arising mainly from the
determination of the shape of the peaks.

Though this value is lower than the earlier result

of Drever and Moljk obtained by the same technique, it
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is still higher than the value of 0,106 calculated from
Drysk and Rose. The difference between the results of
the two experimental measurements can be explained by
the considerable improvement in energy resolution in the
present measurement, brought about by the use of thin

anode wires.

‘The question of whoether or not the small difference
still remaining between theory and experiment is signifi-
cant or whether it is due to some unsuspected experimental
limitation, such as was present in the earlier measurement,

is discussed at the end of the next chapter.

Some time after this work was completed, a scintillation
counter measurement of the L/K-ratio in 6071 was reported
by Rehfuss and Crasemann (1959). Their value of 0.09 I 0,05

18 in agreemant with the value obtained above.

M(L~Ca2ture Ratio Moasurements.

Electron capture from the M-shell is also possible.
At this period, only one definito observation of M-capture
had been reported (in Np235 by Gindler et al., 1958),

although its occurrence had been inferred in a number of
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other cases (for instance, lluizenga and Stevens, 1954;
Magnusson et al., 1957).

It waa decided to examine the ;ow energy spectrum
of 0@71 to deteraine wpether or not it was possible to
detect ovents arlsing from M-capture. The HI-ubsorption
energy of gallium has been estimated to be 182 ov. (Hill
et al., 1952). The only other study of events at such a
low energy with proportional counters is that by Scoble
and Lewis (1957) who were able to dotect Kecapture events
in 011. the energy relcase being ubout the same magnitude,

After the measurement of the L/K-ratio had been
conpleted, the gas gain in the central counter was
incroased by about a factor of 10, the bias potential
on the ring system being changed to kecep the effective
potential difference across the ring counters unaltered.

The two sets of counters are not independent.
Variation of the potential difference across aithaf
counter alters the position of the virtual cathode and
80 affects the pulse lieight in the othor. For this
reason, it is essential to make comparison of the areas

ofy, for instance, K- and L-peaks, under identical conditions,

the only adjustable parameter being the amplifier gain,
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This uncertainty in the oxact diameter of the counter

is reflected in‘the calculation of the escape corrections,
but sinéa these are small, 11tt1§ error is proﬁuced in
the final result. |

The‘firat measurencnts in the energy region below
1 kev indicated the presaence of a peak at approximately
the correct energy, but alterations had to be made to
the gate circuit before reliable measurements could be
carried out.

The difficulty arose from the presence of about 50
times as many KQevents as M-events, Decause these K-ovents
produced pulses of some 50 times the puino height of the
M=-events, the gate ocircuit tended to overload, even
although all the units were designed with D.C. coupling
wherever possible to minimise the degree of overload.

The upper l1limit discriminator of Fig.5 was added to the
circult at this point to remove the difrioultiéo assooliated
with the prosence of the K-pulses. This unit is such that
all signal phlses larger than a certain height, which is
usually about 5 volts greater than the maximum accepted

by the analyser, operate the gate veto and so close the

gate for the duration of the pulse togather with the
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gate dead~time. This gives the gate time to recover
from any overload induced. Further improvement in
performance was achleved py lengthening the gate deoad~
time., ‘ |

Under these conditions, the spectrum in Fig.9 was
obtained, This contains three separate measurements at
different amplifie: gains which have been fitted together
with due allowance for channel width, which was calibrated
under the conditions of the experiment with a pulse
generator, and for gate and kicksorter dead-times.

The occurrence of a peak nt about the energy expected
is olearly soen. Though apparent M-events can arise from
the escape of Kﬂ X-rays, the observed intensity of the
peak 1a 10 times greater than ocan be aooountéd for by
this mechanism alone and the existenco of H-éleotron
capture in germanium is thus confirmed. The intensity
of the peak relative to the L-poak.'is 0.18 and after
correction for the escape of K X-rays, the M/L-ratio in
Ge’* was detormined to ba 0,16 3'0.08. The ratio derived
from the ﬁartrco wave functions of Fig.2 is 0;153. in

good agreement with the above result., The large error
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is due to the difficulty of determining the shape of
the peak beocause of the rapidly rising background.

The peak occurs at a slightly lower energy than
the 180 ev expected. This difference is not considored

to bo important.



Pig.10. The decay scheme of krypton-79,



- 37 -

JIAgetr«wi Owptuwrf Raltlo» ta KnriDtpn-79.

Introdwotioni

The aeeeurettents on Oe71 reported in the prerioue
ehapter appear to indicate the exietenoce of a snail
discrepancy between experimental and theoretical values
of L/K#»capture ratios in the intermediate range of atomic
number. Since it was expected that the calculations of
Brysk and Rose would bo rather more accurate in this
region than the agreement with experiment euggests, it
seemed desirable to measure capture ratios in another
isotope of about the same atomic number, to confirm that
the discrepancy was real.

The most suitable isotope in the neighbourhood of
germanium**?!i for such a study, is krypton**79« The
decay scheme, shown in Fig.10, is based principally on
the work of Thulin et al. (19)4) and Thulin (19)))#
Though the complete details of the energy levels are
not free from ambiguity, the smallest mnmrgy available
for any of the capture transitions is 800 kev and the
spread produced in capture ratios by the energy dependent
factor is less than 1%. The half«life is )4.g hours

(Radvanyi, 19)2). Though this is rather short, it is
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compensated for by the fact that krypton is naturally
gaseous 80 that no delay is imposed by the need for

chemical preparations., The decay 1s allowed with log
fT © $.4. About 5% of the decay proceeds by positron

emission,

Effects of Internal Conversion:
With a decay scheme as complex as that of krypton-

79, consideration muat bo given to the effect of
internal conversion on the observed capture ratio. The
long resolving time of the counteoxr makes it én 1nt§grat1ng
device, s0 that in those disintegrations in which electron
capture is followed by internal conversion, the cnergy
observed in the counter is different from that corresponding
to a capture event and the event i3 not counted in the
relovant capture peak. Thus a genuine capture event is A
lost and corrections have to be made for this effect.
This corroction bocomes negligible either if the
internal conversion ratio is approxinately the same as
the capture ratio, or if the absolute internal conversion
coefficient is small,

Internal conversion coefficients of thg more

abundant gamma rays of Kr79 have been measured by
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Derzstrdm (1951, 1952), and 1t is found that both the
above conditions are fairly well satisfied, ao»tnat the
effects of internal conversion on the capture ratio can

be neglected.

FEarlier Measurementst

Values of the L/K-ratio in Kr79 had already been
obtained in two different ways. Radvanyi (1952) used
Kr79 in a e¢loud chamber and mado a measurcment of the
K- and L-~Auger electron intensities in a small region,
obtaining the value of 0,27 z 0,09, In the other
measurement, Langevin and Radvanyi (1954, 1956) used
the technique of Langevin (1954) discussed in oonnection
with Go’l, The result determined in this work was
0.257 : 0.030. DBoth these methods suffer from the
disadvantage of dopending strongly on the value of the
fluorescence yield of bromine. The value of 0.586 for
this quantity used in the second measurement gquoted above
is based on the work of Laberrigue-Prolow et al. (1956).
If instead the value of 0.60 is used, the L/K ratio
becomes 0,16, in better agreement with the value of

0.101 calculated from the graphs of Brysk and Rose.

There is seen to be consideradble disagreement

botween the above values and the theoretical wvalue.
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The moasuromenti in the proesent chapter were undertaken
partly to clear up this disagrecment by meﬁauring the
value with a technique not so dependent on fluoroséenco
yield, and paftly to provide another reliable measurement
of an L/K-ratio to facilitate critical comparison of

theory and experiment in this rezgion.

Experimental Deotails.

Kr79 was prepared by (n,Y) reaction at Harwell,

The same counter was used as in the work on Gc71;
The filling was 15 cms. of methane and 12 atmospheres of
argon, and ﬁas such that the escape corrections were
unaltered from the previous measurement. After filling,
the gases’were loft for some 12 hours to ensure thorough

mixing.

The experimental conditions were otherwise unal tered.

LZK Measurement.

Figs. 11l and 12 show typical K- and Lepeaks of Kr79
from the central counter in anti-coincidence with events
in the riﬁg.‘ The slight peak at about 5 kev. in Figs. 11
and 13 was attributed to the presence in the source of
an eleotron-capturing isotope of xenon. The presence of

this impurity did not affoct the results.
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The peaks obtained in these measurements were not
appreciably worse in peak to valley ratio than the
germanium-71 peaks, showing that background events
arising from the positron component of the source were
almost entirely eliminated.

Fig.1l)3 shows a spectrum in the ging. The clear
distinction between K~ and Le-events necessary for the
proper functioning of the technique is present.

Two sets of runs were taken. In the first set,
emall wvariations in dead-timé wore.induced by the
occurrence of grid currpnt in the pulse lengthener.
Steps were taken to remove this before the more reliable
second set of measurements was made,

As bofore, measurements were carried out with
different valucs of bias lavel.

Decause of the short half-life, the values obtained
had to be corrected for decay, over and above the other
corrections for dead-time mentioned in connection with
the results for germanium-7l. This was carried out by
normalizing individual sets of runs to a fixed time,

Af'ter cprrection for escape had been made, the L/K=

ratio in Krypton~79 was determined to be 0.108 4 0,005,
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The values of F = 0,60 and k = 0.83,4in the
notation of equation (4), have been used in calculating

this value from the experimental figure of 0.116,

M/L-Capture Ratio.

Measurements were undertaken to oconfirm that M-
capture existed. The experimental technique was the
same as above, the only difference being that the gate
dead=time had to be increased to about 5 milli-seconds,
so that the gate was only open about 25% of the time.
With shorter dead-times, it was not possible to cbtain
M~peaks.

Fig«l4 shows the peak obtained, The individual
runs making up this figure have boen fitted together
with full allowance for decay, dead-time and channel
width.

The value obtained for the M/L-ratio after correction
for the escape of X X-rays is 0.16 ¥ 0.08, in azreement
with the value of 0.16 obtained from Fig.2. The peak

is once again rather lower in energy than was expected,
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Discussion of the Results of Chapters 3 and 4.
The values of L/K-ratio obtained in these two

measurements are both slightly higher than predicted
by theory. Since the earlior moasurcment on 0971 by
Drever and Moljk (1957) had contained an unsuspected
tachnical error, the whole principle of the technique
was subjocted to careful scrutiny to make quite certain
that no possible source of systematic error had been
overlooked.

For instance, an estimate was mado of the probability
for the path length of tho X-Auger elegtrone detected
being aqfficiently long for some of the tracks to begin
in one counter and end in the other, If this happened,
then some K~eventas would not be counted in the K-peaks
and the observed L/K-ratio would be tco high, as is
actually the case. Another effect considered was whether
there was ut tho common cathode a dead space deep enough
for events occurring there to straggle into the wire and
not develop their proper pulse height, These effects
wvorae found to bo negligible and it was concluded that
there wore no fundamental systematic errors in the

te Chnique .
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Analisis vas made of the numerical results obtained
to sec if the slight taills present on the peaks should
be included in the counts asoribed to the corresponding
events. To some extont this is checked on by the runs
in which the variation of L-counting rate with ring
bias 1s measured, since the counting rato.would be
slightly altored if these tails belonged to the K-peak.
Various methods were used for evaluating the number of
counts in the peaks. No dependence of the caloulated
L/K-ratios on the method used to evaluate tho number of
eventa in the peiak or on the bias level of the anti-
coincidence circuit was observeod, within the enorgy
region whero the L/K-ratio is expected to be independent
of the ring trigger level.

Natural background was measured separately and was
found to be too small in the energy reglon of intercst
to account for the tails on the peaks.

In another measurement, a beta source (Kras) was
put into the counter and the resulting spectrum examined
under the conditions of the Kr79 runs to see if the tails
observed in that mecasurement aroase from the positron

component of the source. This is not an exact test
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because Kr85 omits electrons, but since there are more
low~energy electrons than positrons, the taills, if due
to this cause, would be exaggerated. The effect of the
presence of the source was negligible. No amount of the
source compatible with the observed counting rates could
produce spectra of the required intensity and shape.
These measurements provide a check on the operation
of the counter, but there atill remains the possibility
that, with the particular electronic ocircuits and the
rather generous length of pulses (some 50 micro-seconds
long) used in the measurements, spectrum distortion could
be produced by electronic means. A run was carried out
in which the counting of a K-capture peak was simulated
by using a suitable pulse generator, with puiaos from a
counter gating this spectrum at the correct rate. All
the pulses woré passed through the same electronic
circuits as in the actual mcasuréments. in thiakway
duplicating the conditions of the experiment. The
spectrum obtained was examina& for electronic effects)
none were found. Despite their coﬁploxity. the
electronic units were nof responsible for spectrum

diastortion.
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It can only be concluded from the above measurcments
that the discrepancy between theory and experiment,
though small, is none the less genuine and that the
results of Drysk and Rose are a few bar cent too low
in this range of atomic number.

In 1956 when Odiot and Daudel discussed the
influence of clectron "correlations" on capture ratios,
the discrepancy between theory and experiment was alout
a factor of two, and they concluded that since the
relative magnitude of the correlations fall off rapidly
with atomic number, an increase in theoretical capture
ratio eufficient to make thaor& and experiment agree
could not arise from this effect. Since that time,
the agreement between theory and experiment has been
much improved and it is possible that the emall‘difference
nov remaining can be accounted for in this way. If
this interpretation, that the "correlétion' effect of
Odiot and Daudel must be considered, is correct, then
it follows that measurements on isotopes of small atouic
number should give values of capture ratida in considor-
nble disagrcement with the theoretical results of Brysk

and Rose. For this reason, attention was directed to
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the moasurewent of L/K-ratios in light isotopes. Such

measurcments form the basis of the next two chapters.
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Flectronic Modificationg.

Various improvements in the gate circult were
~suggested by experience gained in the above measurémenta.
The use of a long dead-time after both signal and
voto pulses, as in the M-capture measurements in Kr79.
is unnecessary,since it is only after eignal pulses
that precautions to avoid overloading effects are
required. A unit was incorporated in the circuit such
that after every signal pulse a pre-determined dead-time
was inserted. This is the paralysis unit of Figz.5.
The combination of the upper limit discriminator with
this paralysis unit eliminates completely the possibility
of signal pulses being wrongly analyzed because of
overloading either of the amplifier or of the kicksorter.
The upper limit closes tho gaute before the pulse arrives
and the paralysis unit keops it shut for a period
sufficiently long to allow all units to return to their
quiescent condition.
The other unit added to complete the transformation
of the circuits from Fig.h to Fig.5 was a coincidence
unit. If a genuine signal pulse arrives at the gating

valve as it is about to open at the end of the gating



pulse assoolated with a previous signal, the gate

remains shut. This unit removes the last way in which

a pulse can be distorted by tho electronic circuits.

At the same time, 1t leads to a slight loss of genuine

signal pulses and a small correction has to be made to

the observed dead-time cbtained from the pulse generator,
Defore being used in the subsoquent work, the

perforunance of all of these new units was checked

carefully, to make certain that they were functioning

as was intended and were not themselves producing

spectrum dlstortion.
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Chapter 5*%*

The L/K Electron Capture Ratio in Chlorine-36.

Introduction:
The discussion at the end of Chapter 4 underlined
the necessity for carrying out measurements of capture
ratios in light isotopes. Although electron capture
occurs in the decay of about 50 of the light isotopes,
the choice of source is severely restricted by the need
to satisfy simultaneously several conflicting conditions*
The main difficulties arise from the large differences
in energy between nuclear ground states* This gives rise
both to short half-lives, and to capture being in
competition with beta emission* The experimental conditions
are such that a minimum half-life of several hours is
required and this limits the number of possible sourcejs*
Beta emission, when this 1is present, is usually much s'%orA
intense than capture and imposes stringent demands on “th$
apparatus, since this must be capable of discriminating
against beta events while detecting capture events*
Light isotopes with suitable half-lives in general decay

by forbidden transitions* The systematics outlined in

Chapter 1 require that the transition energy be several
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times the atomic K-binding energy, a requirement which
is fortunately rather easy to satisfy. |

IMurther limitations arise from the decrease of
rosolving power with energy which prevents any measurements
being carried out on isotopes with L-binding energles
much less than 200 ev, agd from the necessity of obtain-
ing the source in suitable chemical form.

As a result of a study of that part of the periodio
table around mass number 40, it was concluded that the
only isotopes on which eclectron capture ratio measurements
could be carried out wvere A?7 and 0136.

Results for the former were alroadf available and
have been discuased in Chapter 2. Since the technique
used in these measurements was such that the escape
corrections amounted to only a fev per cent, and the
results were in reasonable agreement with thaory; thare‘
did not seem to be Jjustification for any further
measurements on A37. No work on capture ratios in 0136

had been reported and so attention was directed to this

isotope.

The decay scheme of C1°® is shown in Fig.15. The

decay is of second forbidden non-unique type and so is
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suitable for investigation of the form of the beta decay
interaction. The spectrun shapo has been studied in
this connection by Wu and Feldman (1949), Pulbi-ight and
Milton (1951) and Johnson et al. (1956), the average
value of the end-point energy obtained by these workers
being 714 kev. |

Since 0136 is an odd-odd nucleus, it is expected
also to be unstable againast positron emission oxr electron
capture to 836. Feldnan and Wu incidentally set an
uppof 1imit of 10~% on positron emission relative to
eleoctron emisnsion. The existence of an electron capture
branch to 836 was unanmbiguously shown by Drever and Mol jk
(19536), wvho identified the K X~rays and Auger electrons
of sulphur emitted in the atomic re~arrangement after
K-capture in 0136. The ratio of K-capture to electron
emission was detormined to bo 0.017 % 0.001, the capture
tranaition being between nuclear ground states,

The eneorgy available for electron capture in 6136
has been given as 1.2 MeVY by Endt and Braams‘(1957), 80
that positron emission 1is energeticaliy possible.

Appendix L contains a brief account of some scintillation



counter measurements of the spectrum of gamma-rays |
associated with a Chlorine-36 source. Positron emission
is shown to occur with an intensity of (11 : g) x 10'6
per disintegration and the value of 1,18 ! 0.04 Mev
obtained for the transition energy. At 1.2 Mev the
energy availahlo for capture is such that, according to
the systematica of DBrysk and Rose, the capture ratio
should approximate closely to that for an allowed
transition. '

The L/EK=ratio calculated from Brysk and Rose (1958)
is 0.080 and, by analogy with the values obtained for
argon, the correlations of Odiot and Daudel increase
this to at least 0,100,

The early measurements of Drover and Moljk (1956)
used mothyl chloride as source carrier cnd this gas was
also employed in the present work. ,

The 0136 was supplied as 2N hydrochloric acid from
Amersham. Chlorine, liberated from the acid by oxidation
with potassium permanganate, was mixed with mothane and
the mixture photolysed to form HCl and methyl chloride.
Acid was rcmoved by shaking with a dilute solution of
sodium bi-carbonate, water vapour was frozen 6ut and the
mothyl chloride transferred to a §93531 containing a

trace of mercury to remaove any free chlorine liberated in

the process.



Experimental Detalls,

The wall-less counter employed in these measurements
differs from that already used. Appendix 2 contains a
brief description of this counter.

Defore any measurements were attempted on 0136.
thorough tests of the funotioning of both the counter
and the assocliated electronics were carriod ocut using
pure olectron capturing A?7,wh1ch emits X-rays and Auger
electrons of about the same energy as 0136. These tests
indicated that the counter and electronics were operating
reliably: in particular, there was no difficulty in

obtaining an A?7 L-poak,

The main drawback in the experiment was the pré-enée
in the source of an electron background some 500 times
stronger than the L-capture intensity. Lecause of the
nature of the wall=less counter, tho relative intensity
of this background is increased by electrons passing into
the central counter from the ring. The success of the
counter in the Kr79 experiment, where there was a weak
positron component, about equal to the Lecapture intensity,
was partly due to the high pressure, which forced the
positrons to lose a large part of their total cnergy in

the sensitive volume and so lifted these events out of



the energy region in’which the capture poaks were
situated, and partly to thevahapa of the positron spectrum
which has very few low eneygy particles so that most of
the positrons were'abla. even at 12 atmospheres pressuro.
to escape from the central countaer into the ring and
operute the anti-coincidence gate. In 0136. the back-
ground consists of electrons, ths spectrum of which has
an appreciable intensity even at low energies,and the
pressure of the filling was such that the Avorage enexryy
loss was only a few times the Ke-capture energy. If the
operating pressure was too high, then more of the
oloctrons would be completely stopped in the sensitive
volume and the ratio of paeak to background reduced. If
the pressure waus too low, s0 that moast of the electrons
are removed by anti-coincidences between the counters,
the escape corrections are increased. 7The pressure of
about 1 atmosphere used endeavoured to be a compromise
among these factors. A rough calculation indicated

that about 95% of the total electron background would

" be removed by anti~coincidence and the escape corrections
would be less than 10%. In fact, with all the electronic
devices in use, the'totnl background in measuring an

L-spectrum was conmparable to tho L-peak in intensity so
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that the electronic circuits removed about 500 pulses

for every pulse counted.

Throughout the measurements to be daescribed, the
circuits of Fig.5 werc used, the gate dead=-time being
150 microseconds, the delay time 20 microseconds.
Initially, the paralysis unit dead-time was 400 micro-

gsoconds.

The Effect of Negative Ion Formation.

On introducing labelled methyl chloride into the
counter, with an argon-methane filling, it was found
that though X-peaks could be obtained, the spoctru@ in
the regiqn wvhere the L-peak should havo.obcurred showed
no signs of a peak,but.iﬁstoad rose sharply at low
energies. A $ypioul spectrum is shown in Fig.1l6. The
poak was expected to occur about Channel 13.

Yarious measurements were cnrriéd out in an attempt
to determine why the speotrum rose so abruptly at low
energies. LEventually, the rise in the spectrum was
attributed to negative ion formation. One of the
initial elcctrona formed by an ionizing event 1a.captured
by an atom or molecule aas it pulled towards the wire.

Because of the low ionic drift velocities, this charge
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arrives at the wire some time after the rest of the
pulse has been produced gnd‘givua rise to a pulase
corresponding to a single electron event, Thus the
low energy speotrum measured in 6136 is a combination
of the beta background, the L-cupture peak and the
single electron spectrum arising from after-pulses.

If the number of negative ions formed is comparable to
the L-capture intensity, then the L-capture peak will
be obscured. Since there are at least 1000 background
events of perhaps 10 kev avarage energy for every L-
event, if only 3 out of every million initial electrons
form negative ions. 10 times as many after-pulses as
L-events are produced.

An experimentul clieck was carried out by a measure-
ment in which A37 and an external gamma-emitting source
woro used to produce conditions similar to those
existing 4in 0136.

An L=peak of A37 was obtained and then the gamma-
sourcd brought up towards the counter until the total
counting rate had been increased by about a factor of 10.
_Anather L=poak was taken under these conditions and
both spectra normalisod‘to approximately the same tbtal

number of couats.
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These spectra are shown in Fig.l7. The decrease in
peak to valley ratio and the rapid rise in the number
of low energy events in the presence of the gamma-source
are clearly seen. These results suggest that the above

136 observations is correct.

interpretation of the C
Though initially introduced for other reasons, the
paralysis unit of Fig.5 1s clearly capable of dealing
with after-pulses, since it is only necessary to insert
a dead=tine after evory signal pulse, thoe length of
the dead-time being longer than the time for a negative
ion to drift across the counter. Though data on negative
ion drift velocities is rather limited, an estimate of
about 10 milli-seconds for the drift time was made for
the countor dimensions and voltagas used. The paralysis
unit¢ dead~-time was increased to 13 milli-soconds and
peaks corresponding to L~capture in 0136 cbtained.
Vith the use of the paralysis unit, it bocame
possible to follow the shape of the energy spectrum
down to the region wherae the ocounter can no longer
measure energies, since it is unable to.distinguish
between an event caused by an electron moving only with
thermal velocities and one produced with several electron

volts energy.
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The use of such a long dead-~time is a nuisance,
since the gate circuit is only open during a small part
of the time. Some effort was made to eliminate the
impurities responsible for negative ion formation.

First, purification of the argon-methane mixture
was attempted by passing the gases over a heated copper
spiral. This made no difference to the L-spectrum
of C136. Then carbon dicexide was tried as quenching
gas, the gas being purified by condensation before use.,
Once again, no improvement was observed. In the final
runs, an argon-propane mixture was used. Though this
was no better than the other fillings as regards
attachment, the resolution of peaks in this filling
was better than with the other fillings. For instance,
the resolution of a Kepeak from argon-37 was 30% in an
argon-methane filling and 22% in one of argon-propane.
It might be remarked that because of the presence of two
components in the peak, the rosolution of a wall-less
counter is always less good than that of a conventional
counter.

The filling finally adopted was 80 oms of argon

and 16 cms of propane.
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L(K Measurements,

To verify that 13 milli-?econds was in fact long
enough to eliminate all negative ion effects, measurements
of the L/K-ratio were made with various values of paralysis
time between 10 and 25 milli-seconds. Agreement between
tho results obtained with different paralysis times was
reasonable.

Figs.1l8 and 19 show typical K- and L-event peaks
obtained with the ring bias set at 1 kev. The L-peaks
comprise three separate runs taken at different amplifier
gains which have been fitted together in the usual manner.
Fig.20 shows a spectrum in the ring in the region of the
2.5 kev K~peak. Ten measurements of tho‘L/K-ratio were
made, the statistical error in each run being about 6%.
The average value obtained was 0,117 and,after correction,
the final value for the L/K electron capture ratio in

136 was 0.112 ¢

P, = 3 x 10”2, Py = 2x 10

the notation of (4), have been used in making the

0.008. The values of Pl = 8 x 10-3.

2 Fuo0.,08 and k = 0.9, 4in

corrections.
It has been assumed that the background under an

L-peak 1s flat and that the peak does not extend below
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50 ev. With these assumptione. the ratio of peak to
valley is about 6 to 1 while for the higlhesr energy
Le-peak of A?7 obtained in a aeparate measurement. the
ratio is about 10 to 1. Agreement betweecn poaka
obtained under disaimiiar-conditions is thua satisfactory.

The experimental value is higher than tha£
calculated from the work of Bryék and Rose (1958) and
is comparable to the value estimated when the effect of
the "correlations" is included.

This result lends support to the viewlthgt the
corrolation effect of Odiot and Duudel 1svneceasary.
That the decay is not of allowed or unique_forbiddon
type can hardly affoect thin conclusion, particularly

since the density of the L., and L subshells at the

11 111
nucleus is very small for light elements.

Rise of the Spectrum at Low Energsies.

From Fig.19, it can be seen that a rise in the
spectrum of L-events was still present at low enexgiles.
This rise was found to occur oven with a deade-time as
long as 25 milli-seconds, and was always in th& same
intensity roelative to the L=peak. It can hardly be

explained as being due to negative ion formation. It
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is tempting, in view of tho recognition of M~shell

71 and Xr?’?, to attribute this rise to

capture in Ge
single electron events associated with Mecapture in
0136. The question of whether a vacancy in the HI
subsﬁall of sulphur is filled with an Auger tranaition
or by a photo-transition is difficult to answer in view
of uncertainties about the energy levels of partly
excited atons.

If tho Auger effect occurs, the single electrons
liberated would certainly be detected and would produce
a spectrum similar in shape to that actually obtained here
(Vilkinson, 1950: Curran et al., 1949). On the other
hand, if photo-transitions occur, then it 1is not at all
clear what happens to the energy,which is liberated as
an ultra-=violet photon. These photons may be able to
ionise or may be absorbed without producing photo=-electrons.
In support of the view that M-capturé is being obseorved
can be quoted thé fact that the intensity of the low
energy part of the spectrum relative to the L-peak is |
about 0.14% Z 0,07, in agreecment with the value of 0,08

for the M/L ratio obtained from Fig.2.
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These events could equally well arise from some
other mechanism and, because of this, the above inter
pretation can only be cohsidorod as tentative.

It might be remarked that if M-capture 1s being
detected, then it ia possible, in principle, to detect
variations in the ¥#/L ratio with the chemical form of
the source carrier, analogous to the change 1n.dacay
rate observed by Leininger et al, (1951) and Loucﬁoz
et al. (1949) in Be’ and by Bainbridge ot al. (1953)
in Tc99m. In practice, the effect would certainly bhe

too small to detect.
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Chapter 6.

The I./K-Electron Capture Ratio in Arpon=37.

Introductions
Argon-37 is the most suitable cof all light isctopes

for the study of orbital oclectron capture ratios. It
is naturally gaseous and decays only by electron capture
between nuclear ground atat;a. The decay is allowed
with log fT = 5.1, The half-life is 34.5 days (Kiser
and Johnston, 1960) and the transition energy has been
dotermined as 815 kev. from nuclear reaction measurements
(Richards et al., 1950), by analysis of the internal
bremsstrahlung speotrum (Anderson et al., 1952;
Emmerich et al., 1952; Saraf, 19356) and by the
spectrometry of the charged ions produced in the capture
process (Snell and Ploasonton, 1955).

The simplicity of measurements on argon-37 has
produced several measurements of the L/K~-capture ratio.

The values are liasted in Table 1IV.



0.116 ¥ o0.011

. (F = 0.09'

Dertrand et al.
1959)

Toechnique L/K Capture Ratio Reference
Experimental Theoretical
Xenon filling| 0,08 - 0,09 0,082 Pontecorvo
(P = G.13) (Drysk & Rose) et al.(1949)
Xenon filling| 0,092 ¥ 0+203 0,100 Langevin and
(P = 0.026) ° (0diot & Daudel) Radvanyi
(1955)

Arzon filling| 0,102 ¥ 0.008 Kiser and
(P varying (F = 0,111 laas| Johnaton,
from O.4 to 1] 1933). (1959)

In this table, P denotes the number of fluorescent K-events

which escape and F is the fluorescence yield of chlorine.
The second measurement s the most accurate.

and Radvanyi were able to follow the shape of the L-spectrun

down to about 100 ev., at which point the ratio of peak

to valley was 4 to 1. '

was carried out by fitting a Poisson distribution to the

Extrapolation to lover energies

Langevin
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peak And is the main source of error.

The third measuremont ia of less importance since
it involves large escape corfgotians and depends on the
value uae¢ for the fluoreacence yleld,

It is scen from the above table that while thgie
results are a;ighfly higﬁer than fhe figura computed by
Brysk and Rose, the most accurate is less than the value
calculated by 0Odiot and ﬁéudel.' The taéhniques developed
in the C136 work permit accurate measurement of spectrun
shapes at much lower energies than in any of the above
works and the improvement was felt to justify another

measurement of the L/X-ratio in Ap7.

Experimental Measurement.

Argon-37 source was prepﬁred by neutron irradiation
at Harwell and some of the source introduced into the
multi-wire counter used in the 0136 work., Experimental
conditions were unchanged from that measurement.

Figs,.21 and 22 show K- and L-paéka obtained in the
central counter in anti;coincidonoo with events greater
than 1 kev. in the ring. Fig.23 shows the spectrum in
the ring in the region of tho 2.8 kev K-péak. |
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Hardly any events occur above the Kepeak in Fig.20,
llowever, there is a slight tail on the peak and, even
although the peak to valley ratio is about 250 to .1‘.
when this tail is extrapolated linearly beneath both
peaks, it contuins about 2% of the total K-activity.
Activity of this magnitude cannot be acocunted for by
any of the processes which occur with electron capture,
such as internal bremsstrahlung or the "auto-~ionization"
of the decaying atom (Primakoff and Porter, 1953).

Some of it can certainly be accounted for by the
prosence of impurities in the source; for instance,
beta-cmitting argon-i4l is also prepared by neutron
irradiation of argon. Natural background cannot account
for more than a small fraction of the events observed,
since a separate measurement made after the other runs
were completed showed that such activity was less than
0.05% of the activity of the source in this energy
region.

The author is of the opinion that this activity is
caused by genuine Ke~events which are energetically

degraded in some manner. It is possible that the field
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tubes could be slightly non-symmetrical with respect to
the anode wire, though it is worth remarking that
Variafion of tho field tube ratioc over a small range
about the calculated value did not have any obvious
effect on the peak to valley ratio. However, on the
basis of observations with the 0.003 cm. tungsten wire
used for counter anodes over a wide range of conditions,
the author is of the opinion that the most likely
explanation for the presence of tails on peaks arises
from wire non-uniformity, similar to the effect discussed
in Chapter 3.

In estimating the areas of the peaks, it has been
assumed that equivalent numbers of K- .and L-events are
degraded and the spoctrum of these pulses has been
assumed to be flat and to extend underneath the Lepeak.
Under the K-peak, the intensity has boen assumed to be
the average of the speotrum both above and below the
peak.

The main error in the experiment arises in fixing
the position of the base of the L-peak, because of the
rise in the spectrum on the low energy side. Much

consideration was given to ways of fitting theoreotical



distributions to tho upper edge of the peak to determine
the truo area., Explicit formulae for the shape of
counter peaks do not exist and it has been customary

to anssume that these low encrgy peaks are essentially
Poisson distributions. This does not seem to the author
to be justified, since such diat;ibutidns have only one
parameter, whereas at least two parameters, corresponding
to the fluctuations in ionization and in the avalanche
process, are required.

The average of the 1l separate measurements of th;
L/K-ratio was 0.109, which,after correction for escape,
gave a value of

0.102 I 0,004
for the L/K-oapture ratio in argon-37. In the notation

of equation (4), the values Py = 1.3 x 10”2

2

» pz » " x10-2'
Py=3x 10°°, P = 0.09 and k = 0,9 have been used in
correcting the observed result, Statistical accuracy
in the individual runs was approximately 1%.

The result is in good agreement with the value of
0.100 calculated by Odiot and Daudel, It should be
remarked that this value obtained by 0Odiot and Daudel

contains only these parts of the correlations connected



with the symmetry of the wave functions, the "“Paull
correlations". When all the correlations existing are
included, the theoretical value is expected to be

slizhtly higher than 0.100,

As in the previous chapter, the low energy side
of the L-peak was oexamined with sovergl different
lengths of paralysis time., The rise in the spectrum
was found to pgreiat in the same intensity relative to
the L-peak even with a dead-time of 20 milliseconds.

The measuromqnts carried out under the highly
dissimilar conditions of the work on c1°® ana 437 botn
show this rise in the low enorg& spectrum and, in each
case, the intensity of the rise relative to the L-peak
is constant over a wide range of paralysis time. The
careful tests of reliability of the elactronic units
remove all possibility of this rise being associated
with electronic faults, a deduction which is confirmed
by the manner in which spectra taken at different
amplifier gains fit together. |

The only poasible couses of this fiao are gither
a common origin of single electron events in both sources

or else sowe mechanism in the counter which also prohucea
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single electrons. There is no obvious mechanism of
this type in the counter, and hence it seems reasonable
to conclude that the common origin of the rise is the
true explanation. M«capture is then the simplest
explanation.

As in the case of 0136. théro are uncertainties
as to whéther or not the Auger effect 1is poaaiblﬁ,
subsequent to M=-capture, ‘Snell and Pleasonton (195%)
assume that M Auger events occcur, to account for the
existence of recoll 1§ns of charge +7 units, but théy
point out that because of the virtually complete lack
of knowledge about the onergy levels of excited atoms
and ions, it is not known whether such transitions are
energetinally posaible. If energetically possible, then
because of the considerﬁblo overlap of the relevant wave
functions, the Auger transition would occur with a high
probability (Burhop, 1932).

The intensity of the rise relative to the L-peak,
after correction for tha escape of K X-rays is
0.08 £ 0.04, in good aaroemeht with the value of 0.08

for the M/L-capture ratio obtained from Fig.2.



By calibrating the relative amplifier gains with
a pulse generator, it was possible to make an estimate
of the mean energy of the L-poak. This was found to
be 275 2 10 ev, considerably higher than the value of
238 ev obtained from X-ray absorption edges by Hilllot
al. (1952). However, recently a value of 268 28 ev
has been given for the energy release subsequent to
L-capture in A37 (Santos=0Ocampo and Conway 1960), which
is in better agroement with the above result. It must
be pointed out that the above measurement is not
precise, since, although the energy of the XK-peak has
been taken as 2,82 kev, it is in fact slightly lower
than this value because of the presence of two components
in the K-speotrum, In addition to this, the observed
L-peak contains a few per cent of LII or LIII events,
arising from the escape of Ka X-rays. However, the
mean energy release after an L-capture traﬁsition in
argon=37 should lie within the range of wvalues quoted

abovea.,

Some time after these results had been obtained,

the result of a measurement of the L/Keratio in A7 vas



published by Santos-Ocampo and Conway (1960), their
value of 0,10) : 0.003 being in excellent agreement
with the above value. These workers used a mnulti-wire
counter technique similar to the above, although, since
they were primarily interested in measuring the averagep
enaergy of the L-peak, they uased much higher pressures
to minimise the ambiguity in pulse height inherent in
the technique. Though these workers do not explicitly
mention the presence of afterpulses, they were unable
to obtain Lepaaks without thorough purification of the

gases prior to filling the counter,
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Discussion.

In the poriod since the compilation of Table II,
several new values of L/K-ratios, suitable for
comparison with theory, have been published. Those
values reported up to April 1961, together with those
obtained in the present work, are listed in Table V.
(See overleaf).

In Fig.24, R, the ratio of the experimental value
of the L/K-ratio to the thaoratioal value, has been

plotted as a function of atomic number.

At high values of atomic number, the only experi-
mental point, that of thallium-204, is in good Qgreement
with theory, although the energy dependsnce of the L/K-
ratio in this isotope is such that a more accurate
measuremwent of the transition energy would be of value.

The excellent agreement between the value calculated
by Odiot and Daudel for argon-3}7 and the oxparimenﬁal
value, taken in conjunction with the general trend in
experimentnl values revealed in Fig.24, strongly suggests

that the effects of electron correlation considered by
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these authors need to be examined in more detail; in
particular, some effort should be made to determine the
relative magnitude of.tha correlations as a function of
atomic number, over a wider range 6f atomic number than
was conéidered by Odiot and Daudel.

It is possible that, when such a determination has
been made, the small differences now remaining between
the theoretical and experimental values for 1sotopes such

as iron-55 and krypton~79 could be accounted for.

Also included in Table V are the three available
values of M/L-ratios, which are given here as elactron
dénaity ratios, derived by removing the energy dependent
factor,

Agreement between the experimental results and tho
theoretical values derived from Fig.2 is seen to be
reasonable, within the limited accuracy of the experiments.

1t should be remarked that the technigue developed
to remove after-pulse effects in the work on chlorine=36
could be used tc cbtain more accurate values of the
M/Leratios fofrgermaniuma71. krypton-79 and other isotopes
in this region of thevperiodic table, while the whole

technique could be employed to measure M/L-ratios at the



upper end of the periodig table in those 1sotdpaa. such
as load=-202, in which decay by K-electron capture 1is |
energetically forbidden.

In conclusion, it ﬁay be said that the combination
of the walleless counter technique with the electronic
circuits of Fig.% has been shown in the present thesis
to be of unrivalled power and versatility for the
measurement of orbital electron capture ratios in

isotopes with mass numbers less than 100,
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Data Pertaining to Wave Functions.
(a) Marshek's Wave Functions.,

The analytioanl forma of the wave functions for an

electron in the Coulomb field of a point nucleus given

by Marshak (1942) are: 2:.3
v, L Ve 2. E, e} wh (- 2B g R) \ 2<%
SK 1(—st° (\ ﬁ‘ L(\ 4F \)(\
S (zs.uxms,)t(quA 2o Rigr . 2\
3;1 *

4 (s, +1) f(u 26)% +1] (24 25.)"
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Marshak glves the values of “Li and WK. the binding

energies of a bound electron, as

-5 g (- )

but in preparing values, the experimental binding

energlies have been used in preference to these approximate

values,

(b) Hartree Uave Functiona.

The Hartree wave functiona used in preparing Figs.l

and 2 are contained in the following referencest

1) N, Na: Hartree, D.R. and llartree W., 1948, Proc. Roy.
Boc. Al19], 299. -

2) A s Hartree, D.R. and llartree, ¥W., 1938, Proc. Roy.
Soc. Al166, u450.

3) Zn 1 Hartree, D.R., llartree, W. and Manning, M.F., 1941,
Phys. Rev.. 59, 299,

4) Mo 1+ Ridley, E.C., 1955, Proc. Cambridge Phil. Soc. 51,
702.

5) Cs, X: Hartree, D.R., 1933, Proc. Roy. Soc. Al43, 506.

6) T1,Aus Douglas, A.S., Hartree, D.R. and Runoiman, W.A.,

1955, Proec. Cambridge Phil. Soc. 57, 486,

Goneral reviews of the calculation of Hartree wave

functions have been given by llartree (1946, 1957).
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Appendix 2.

Details of the Counters Used in the Measurements.

71 79

1. The counter used for measurements with GCe and Kr’“,

This counter, of total volume 20 litres, was
denigcned to withatand operating pressures up to 15
atmospheres. It is shown diagrammatically in Fig.3.

The central counter, 4.5 cm. in diameter and 76 om.
in sensitive length, is fitted with both end-correcting
and guard tubes. |

Five separate counters, defined by 15 0,020 cm,
stainless steol wires, form the ring aystem. The anode
wvires of these counters are protected'by guafd tub;a an&
are connocted‘togotharjinterhally, an annular box
providing ocreening. The whole ring a&aembly‘is moﬁnted:
betwoen brass plates aéparated by'fiva brass rods and
can be removed from the 18 cm. diameter brass case as a
unit, so that the fittihg of the wires is relatively
gimple. | | | |

The six tungsten anode wires are all 0.003 cm. in
diameter. | | |

At 12 atmospheres pressure, the éparating voltégo

is about 7 kv.
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Fig.25. The wall-less counter used in measurements

on €136 and A37.



This counter is a modification of a counter initially
désighod by Scobie (1957). 1t ls.ahown diagrammatically
in FPig.25.

The ring system, 1.6 cm. thick, contains 36 cathode
wires, 0.01) c¢m. in diameter, connected to tho case.

The 12 anodae wires, 0.005 cm. in diameter, are brought
out through perspax'insﬁlatora and connected together
externally. The ring systom has neither flield tubes
nor guard tubes. Despite this, né difficulty was
experienced from-spark;ng.

The central counter has a mean diameter of h.% om,
and a mensitive longth of 45 ¢m. ‘It is fitted with both
guard tubes and field tubea‘ The anode wire is 0.003
cm. in diaméfar and, like all the other wires in this
counter, is ér tungsten.

At ) atnosphere, the operating voltage was about
2 kv., and, with the above choice of wire diametexs, the
pulses from both the r;ng and the central counters weore
approximately equal in amplitude, so that no provision

for separate bias of the ring was necessary.



Fig# 26# Circuit diagram For th.e gate unit.
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Appendix 3j.
Some Remarks on the Electronic Units.

The greater part of the gate circuilt, which is
shown in the form of a block-diagfam in Figs. 4 and 5,
and as a circuit diagram in Fig.26..consiets‘of standard
circuits, and so does not require description. However,
it should be remarked that the gate circuit was designed
so that paralysis effects arisiﬁg from overload are
minimised.. For this reason, the circuits are D.C.
coupled vherever possible, and the pulses from the
counter are doubly-differentiated, rather than the more
usual singly-diffarentlated. since this practice greatly
reduces the degree of overlead arising from a very large
pulse. | |

A oircuit diagram of the new units added is shown
in Fig.27