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ABSTRACT

The previously wnidentified muclei %, 2%s, 33r and
37ca have been observed to decay with the delayed emission
of protons. Lifetimes of the nuclei and the proton energies
involved were recorded, Using the relative intensities of
the proton peaks, log ft values were measured for a number of the
/6+ decay 'pra.nches of the nuclei 2]'Mg, 2581, 29S, 33Ar and 3703..
A counter telescope for the observation of low energy
protons (down to 0.8 MeV) in a large gemma ray background was
designed and built, using a thin proporticnal counter as the
dE/dx detector. With this telescope, the energies and intensities
of new low energy proton peaks following the decay of 21Mg and 298
were measured. Log ft values for the /6+ transitions were

estimated. The known nucleus kOse was discovered to be a delayed
proton precursor. Energies and relative intensities of eighteen

peaks, all below 4 MeV, were measured.
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1 INTRODUCTION

The work réported in this thesis can be divided into two distinct
parts. The first part, carried out in collaboration with J.C. Hardy,
was the discovery and preliminary investigation of a number of nuclides
belonging to the series having the form (Z,N) = (2k + 2, 2k - 1), These
are 90, 295, 3Bpr and 37Ca. Measurements were made on the beta-delayed
protons emitted in their decay. The second part of the work involved
the design and construction of a counter telescope and its subsequent
use to investigate low energy protons emitted from the nuclides Zlmg and
s, Also, with the aid of the counter telescope it was found that the
T = 1 nucleus hOSc is a delayed broton emitter. This is the first example
of a delayed proton precursor in this low mass region which does not
belong to the previously mentioned series. When, in this thesis, work is
reported which was done in collaboratién with J.C. Hardy, explicit note of
this fact will be made. Otherwise it is to be assumed that the research
was carried out by myself,

For a complete description of the types of delayed proton emission
(self-delayed, double-delayed and beta-delayed) the reader is referred to
a muber of articles (Barton (1963), Goldanski (1960, 1961)). These
articles predict the existence of, and give a general description of these
processes, To date, the only one of these which has been experimentally
observed is beta-delayed proton emission, called "delayed proton emission"
in what follows.

This process is depicted in fig. 1.1, The (Z,N) ;alues represent the
general case for the sequence of nuclides discussed in this thesis. The
"precursor" (the name in general usage) is produced in our case by the
proton bombardment of a suitable isotope, although the means by which it

is created is irrevelant to its subsequent decay. The precursor decays



2

by beta emission to various states of the "intermediate nucleus". If the
excited state of the intermediate nucleus has sufficient energy, it will
be energetically possible for the nucleus to emit a prdton to become what

is called the "residual nucleus", It is the emitted protons which are

observed.

Measurable Quantities:

Because relatively few nuclides decay by the emission of a proton,
and because it is fairly easy to detect protons in the midst of a large
beta and gamma background, we have available a powerful technique of
investigating these nuclides without being overwhelmed by the background
of other decays taking place in the source., If these nuclides did not
give rise to proton emission, it would be extremely difficult to investi-
gate them using the more standard techniques of gamma and beta spectroscopye.

The energies of the emitted protons may be measured, giving information
on the level struéture of the intermediate nucleus.

A lifetime measurement may be made on the emitted protons. Since the
lifetime of the intermediate nucleus is that of a compound nucleus
(5310'18 sec), this may be considered instantaneous on the time scale
involved. The half-life measured will therefore be the half-life of the
precursor,

Relative intensities of the proton groups may be measured. This will
give information on the beta branching ratios of the precursor.

Coincidence studies and angular correlation measurements between the
proton and the preceding - beta particle or the following gamma ray would
contribute information to the decay scheme and the spins and parities of
the levels. These studi®s, however, are as yet impossible in practice at

this laboratory. In the external beam, the counting rate would be too low
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to be feasible, As for the internal beam, one has the problem of an enormous
gamma background counting rate, Added to this, one has the technical problem

of setting up a coincidence experiment in a very small area and in a 16

kilogauss magnetie field,



FIGURE l.l>




Figure l.l: General decay sequence of delayed proton

emitterss
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2 HISTORICAL BACKGROUND

The possibility of proton radiocactivity has been considered for many
years. More than 15 years ago Alvarez (1950) attempted to detect proton

emitters, He bombarded 108 and 19 with 32 MeV protons in order to produce

-delayed proton emitters by the reactions lOB(p,Qn)90 and 19F(p,3n)l7i\le.

He failed in this search, however, but discovered the delayed alpha emitters
83 and 2ONa in the course of this experimeﬁt. The first proton activity
was seen in 1962, Between these two dates, there were a number of theoretical
papers discussing the existence and nature of various types of proton decay.
Tt is the purpose of this section to chronicle these and other papers
dealing with proton decay in general and with beta delayed proton emission
in particular,

The existence of a number of proton rich nuclei in the region 17< A< 40
were predicted by Baz (1959). ‘These included thé nuclei l7Ne, 21Mg, 2531,
298, 33pr and 3Tca which have since been discovered and are known to be
delayed proton precursors. Zel'dovich (1960) extended these predictions to
lighter nuclei and in particular to 130. Goldanski (1960) carried out a
detailed analysis of the proton stability limits and of the decay energies
of neutron-deficient isotopes up to tin. He also predicted two-proton
radioactivity and its main features in this paper. Karnaukhov et al (1964)
extended the predictions to nuclei with Z > 50, Jaenecke (1965a) predicted
that 90, l7Ne, 21mg and 2953 (among others) should be delayed proton
emitters. Jaenecke (1965b) also proposed a formula to predict the masses
of unknown isobaric states and the masses of unknown proton rich nuclei.

The first experimental results appeared in a paper by Karnaukhov et

al (1962) in which they reported the observation of events which were

assumed to be protons. They bombarded nickel and tantalum targets with
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20Ne ions and observed delayed particles which had an energy between 3.0
and 4.5 MeV and were much less ionizing than a 4 MeV alpha particle. They
were delayed by at least 0.1 sec.

Barton et al. (1963) in discovering 2%Si were the first to identify a
delayed proton precursor. Also, they positively identified the observed
radiation as protons. |

Flerov et al. (1964) observed two delayed proton emitters. One was
identified as a light isotope of Ne or Mg and the other as a light isotope
of Br or Kr.

D'Auria and Preiss (196L) reported a 690 msec activity which they
tentatively attributed to TNes

McPherson et al. (1964) identified 17Ne, proposed a decay scheme and
gave its half-life as 103 msece.

Hardy and Verrall (1964a) identified 27S, proposed a decay scheme
involving the analogue state in 29P and gave its half-life as 195 msec.

Hardy and Verrall (1964b) and Reeder et al. (1964) in simmltaneous
publications reported the identification of 37Ca. and 33Au:'. Both groups
gave half-lives and proposed decay schemes, The latter group also
reported the observation of l'lTi.

' McPherson and Hardy (1965) identified 21Mg and gave lifetimes and
pfoton energies for it and for 25S:i..

Hardy et al. (1965) identified % and reported its lifetime and its
proton decay spectra.

Siivola (1965) gave details of the decay of 108pe by beta delayed

proton emissiocn.

33Ar.
17Ne,

Hardy and Verrall (1965) gave further details on the decay of

Hardy and Bell (1965) gave further information on the decay of
21Mg, 25si and extended the proton spectra up to 8 MeV,

Hardy, Verrall and Bell (1966) measured the log ft values for a number
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of beta decay branches from the previously discovered nuclei Zlmg, 2581,
295, 33Ar and 37ba. This was done by comparing the intensity of peaks in
their delayed proton spectra with that of peaks in the spectrun following
the decay of 17Ne. In conjunction with this paper, Hardy and Margolis (1965)
calculated the log fi values for the superallowed beta decay branch of the
same nuclei.

In a series of papers, the Brookhaven group gave new results on a
number of the previously discovered isotopes; They record the new spectra
with better resolution and statistics. They also quote revised half-lives.
The papers are as follows:

Reeder et al (1966) - - 25si,

McPherson et al (1965) - - 130,

Poskanzer et al (1966) = - 2Ar, 3/Ca and “iri.
Esterlund et al (1967) - - 17ne,

Bogdanov et al (1967) observed delayed protons which they attribute to
the decay of 111Te. The identification is made on the basig of the
excitation function. They record with 25-30 keV resolution a complicated
proton spectrum. The half-life quoted is 19.5 sec.

A more complete bibliography on proton radioactivity can be found in
the review article by Goldanski- (1966) where he reviews delayed pfoton

emission as well as the other types of proton activity.



3 EXPERIMENTAIL APPARATUS

3.1 DETECTION SYSTEMS

Three detection systems were used.

a) The first one, constructed by R. McPherson, was later used by
J.C. Hardy and myself for part of the work reported in this thesis. This
system consisted of a silicon surface barrier detector récessed into a
solid aluminum block_. The combination together with the target to be bom-
barded was attached to the end of a probe and inserted into the circulating
beam of the MeGill synchrocyclotron. (Fig. 3.1). The geometry was such
that the aluminum block and the detector lay entirely below the median
plane of the cyclotron. Thus the main proton beam would pass over the 8ys-
tem without hitting it. The aluminum block was sufficiently thick, however,
that any proton hitting the system could not penetrate to the detector.
The target was situated in the path of the main proton beam. Beta particles
emitted from the target spiral down (or up) the magnetic field. To elimi-
nate these particles as a source of background the target was displaced
horizontally far enough (21.5 inch) that most of these electrons could not
get to the detector. Aluminum absorbers could be placed over the detector
to stop alpha particles and to permit particle identification. The signal
from the detector was led by a 6 foot coaxial cable down the centre of the
probe to the preamplifier (Tenneiec , model 100) which was mounted on the
end of the probe. The detectors used were all nominally 300/4m thick,

sufficient to stop a 6 MeV proton.

b) The second system, built by J.C. Hardy and myself, was used
only for the study of 90. It was a counter telescope consisting of a 50um
totally depleted surface barrier detector (dE/dx) and a 3 mm lithium drifted

detector (E). The detectors were mounted in an aluminum block very similar
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to the one described in "a", The pulses from the two detectors were added
and the sum was gated into the analyser only when the pulse height from

the dE/dx detector fell between appropriate preset limits.

¢) The third system was a telescope using a proportional counter as
the dE/dx detector. A silicon surface barrier detector, identical to the
one deseribed in "a® was the E counter. The design and construction of
this system are discussed in detail in Chapter 4 and it is listed here

only for the sake of completeness.

3.2 ELECTRONICS
A block diagram of the electronics associated with detector systems

"am and "b" is shown in fig. 3.2. The lower part of this diagram shows
the logic circuitry which controlled the operation of the cyclotron and
the analyser during a rum.

Ak typical cycle of operation was as follows. The cyclotron ran in
its normal mode for 4O msec, after which the ion source trigger was turned
off and ths cyclotron oscillator continued to rn for a further 60 msec.
(Control not shown in fig. 3.2.) During this period, orbiting protons
were swept out of the cyclotron tank, This was followed by a 40 msec delay.
At this time, a gate which had been preventing pulses from getting to the
analyser opened and a spectrum was collected for 32/60 sec (2° cycles of
ordinary 60 cycle power). At the end of the cycle, the gate to the
analyser closed and the cyclotron turned on once more. The times given
above are typical but could be varied.

During the counting period, the detector pulses could be routed
sequentially to the four quarters of the T.M.C. 256 channel analyser and
by this means a alf-life could be measured.

The routing equipment was built by Mr. K.S. Kuchela, the electronics
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for system "a" is due to Drs. R. Barton and R, McPherson, and the elect-

ronics for system "b" was built by Dr. J.C. Hardy and myself,

System “c" is shown schematically in fige 3.3. The 256 channel
analyser of the earlier systems has been replaced by a 4096-channel, two-
dimensional analyser. In one mode of operation, the pulses from the two
detectors were fed to the analyser, the energy (E) pulses forming one
dimension of the display and the dE/dx pulses forming the second dimension.
In a second mode of operation the plug-in unit designated in the figure as
"linear gaﬁe,énd A.D.C. unit B waé replaced by a multi-spectrum analyser
which allowed the sequential storage of spectra in different sectioﬁs of
the memory., This was done for half-life determination. This unit, together
with associated control electronics is shown at the bottom of the figure.
Thé nend" pulse, signifying the completion of analysis is not a standard
feature of the plug~in unit 204. It was made available for this particular
set of experiments. The electronic.devices in this diagram which were

specially constructed were ‘monastable flip-flops which were used as

timing units and delays.



FIGURE 3.1




Figure 3.1: Experimental arrangement of the single detector
system when mounted on a probe shaft and.

inserted into the circulating proton beam.
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Figure 3.2: Block diagram of the electronics for systéms

lla“ and "b".
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Figure 3.3: Block diagram of the electronics for system
W, ﬁnit uB# could be replaced by a multi-
spectrum analyser as is shown in the lower
part of the diagram, This arrengement was
used for Hiétﬁne determinations.
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I,  GAS COUNTER SYSTEM

4ol INTRODUWCTION

Although the previously described single counter detecti_.on system had
the advantage of simplicity, it had some very serious disadvantages. The
chief fault lay in the fact that there was no way of preventing a large
number of low energy background counts from being recorded. Most of these
events are produced by the Compton scattering of gamma rays 'in the detector.
The large background radiation in the cyclotron tank during a run gives
rise to a co@thg- rate of from 5000 to 10,000 counts per second in the
energy region greater than 100 keV. The background speétrum, whose energy
dependence is appfoxi.mately exponential, precludes the observation of
protons below about 3 MeV. (See, for example, any of the spectra in
Appendices 1 to k)

Related to this is the disadvantage of having to use relatively thick
targets (2 to 3 mg/cmz) in order to obtain high proton counting rates. The
high rates were required to minimize the interference of the low energy
background, These thick targets appreciably worsened the resolution of the
proton peaks., In fact, the thick targets were the largest single contri-
bution to the width of the peaks.

A third disadvantage of the simple detector system was the necessity
of using a degrader in front of the detector to stop alpha particles. This
degrader (typically 5 mg/cm2 of Al) removed an appreciable amount of energy
from the protons (a2 350 keV) and necessitated an appropriate correction for
each peak. The uncertainties and errors inherent in such a correction were
a definite disadvantage to be removed if possible. The degrader also has
the effect of contributing to the width of the proton peaks.

A1l of these limitations on the use of the simple detection system are
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drastically reduced by putting a thin (dE/dx) counter in-front of the

surface barrier (E) detector, A coincidence requirement on the two detectors

prevents the recording of nearly all of the low energy Compton events.
Alpha particles are easily rejected because of the large difference in

dE/dx petween alphas and protons of the same energy.

Le.2 CHOICE OF GAS COUNTER

The most important consideration in the choice of a dE/dx counter is
its thickness, The thimmest silicon detector commercially available at the
time this project was started was 50 microns., This is sufficient to stop a
1.9 MeV‘proton. Only very recently have detectors as thin as 10 microns
become available., This is still thicker (in terms of mass per unit area)
than the gas counter used. The thin silicon detectors are small in area

‘(25 mm?) and since counting rates are low, this is a serious disadvantage.
The expense and availability are also considerations since radiation
damage would render the detector useless after about 5 to 20 hours of
running time.

K disadvantage of the use of a gas counter is that it is difficult to
obtain good resolution with the simultaneous requirement that the detector
be physically small. The 16 kgauss magnetic field also reduces the
resolution of the counter. The resolution obtained, however, was quite
adequate to distinguish protons from alpha particles and so the disadvantage
is not at all serious.

A gas detector may be made extremely thin. The ultimate thinness is
limited mainly by the film used to céver the front window. This aspect
made it the logical choice for the dE/dx detector,

A counter telescope employing a proportional counter and silicon
surface barrier detector has been described by Flerov et al (1965). They,

however, used two windows in order to separate the gas counter from the
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silicon detector. Both windows were thickei' than the one used in the

detector described in this thesis and they also used a greater thickness

of gas.

A counter telescope of a similar type was built in this laboratory

by G. Bavaria (1966) for use in the external beam. This system was also

built to look for delayed protons. The proportional counter .worked well

and had fair resolution but the experiment suffered from a very low counting

rate due to the low external beam current.

4.3 DESIGN CRITERIA

1.

2

3.

Le

5.

The design criteria for the gas counter described here were:

To make the counter as thin (in mass per unit area) as possible in
order to obtain good energy deteminations on low energy protons
(and alphas if present).

To make the solid angle of the system as large as possible in order to
look for low cross-section reactions.

To make the detector electrically stable since electrical breakdown
could have a ruinous effect on the surface barrier detector.

To .make a detector in which the gas purity remained high over a long
period of time since it was not convenient to use continuous gas
flow techniques.

To obtain as high a resolution as possible, subject to the above

conditions.

4e4 DESCRIPTION AND CONSTRUCTION OF GOUNTER SISTEM

The gas detector is a proportional counter of a rather unusual design

(fige hel)e To minimize the thickness of the gas detector, the silicon

(E) detector is mounted inside the gas. This eliminates the need for more

then one window., The window is made of 0.15 mil mylar which is glued with
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epoxy resin (Techkit E-63) to an aluminum support. The inside surface of
the window then has a few 4 g/cm2 of gold evaporated onto it to make it
conductive. The gold surface forms one ground plane for the gas detector
and the silicon (E) detector forms another. It was found that if the front
window was not made conductive, the magnetic field drastically reduced the
pulse height of the detector and worsened the resolution to such an extent
that it was impossible to distinguish between protons and alpha particles.

A 10 mil tungsten wire passing between the two ground planes formed
the anode of the proportional counter. A thinner wire (4 mil) was tried at
first, but it was soon realized that the charge collection efficiency
would be improved by using a larger wire. This is due to the fact that in
order to get the same gas multiplication with a larger wire, the voltage on
the wire must be greater. This increases the electric field gradient
everywhere in the active volume; the result of which is to improve the
charge collection, The minimum value of the electric field required at
the cathode is discussed by Watt (1967). He, however, does not take into
account the presence of a magnetic field, so his paper is useful only as a
guide, his values forming a lower limit to the field strength required.

The wall of the gas detector is a tube of Araldite epo:qyl. It was
made by pouring Araldite into a plastic bottle and then spinning it (1100
r.p.m.) on a lathe until it hardened. The plastic mold was cut off and the
outside of the cylinder was machined to the correct size. The insice
surface of the tube was not machined because the''spun" surface is very
smooth and has very good outgassing properties., It is believed that
machining the surface would worsen these properties., The high spinning

speed is necessary to centrifuge all of the air bubbles out of the liquid

1. Araldite may be obtained from Waldor Enterprises Inc., Montreal.
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Araldite.

The choice of Araldite for the chamber walls was the result of a sequence
of trials and errors., Brass was tried, but its poor outgassing properties
caused the pulse height to deteriorate rapidly. Aluminum was better in
this regard but not good enough, A disadvantage of all conducting materials
was that it was difficult to insulate the anode wire well enoughs . electri-
cal breakdown involving corona and sparks was very common. By making the
walls of the chamber out of an insulating material, this problem was elimi-
nated. Conducting surfaces are placed only where they are necessary for
the proper functioning of the detector. Of the various types of insulating
material, epoxy seemed to be the most promising, Plexiglass, bakelite,
lucite, etc. have poor outgassing properties. Glass is good in this respect,
but is harder to work with than epoxy. Teflon may be satisfactory, but it
is dangerous to machine and it will not seal to anything, Araldite was
tried and found satisfactory,

The 10 mil tungsten wire was held in place by drilling small holes
through the chamber wall, threading the wire through the holes and cementing
it in place with epoxy (Techkit E-63). When the detector was completed, the
wire and the chamber were cleaned with aleohol and rinsed with distilled
water. The wire was then flashed red hot in a vacuum to complete the
cleaning procedure,

The gas seal for the front window support was made of ‘indium. This
material was used because it forms a good seal and it has good outgassing
properties. It was found that the use of a neoprene rubber O-ring caused
the gas amplification of the counter to decrease steadily, presumably
because of the deterioration in the purity of the gas,

These are the main features of the detector telescope. Any other

minor points of construction can be determined from the diagram in fig. Lel.



19
Le5 GAS FILLING

Since the front window of the counter was so thin, it would withstand
a gas pressure of only 60 cm of mercury. Because of its inability to take
atmospheric pressure it was necessary to use a gas filling technique in
which the pressure diffefential across the window was not allowed to become
very large.

A schematic diagram of the system is shown in fig. 4.2. To evacuate
the system the detector valves 1 and 2 in the diagram were opened, thus
equalizing the pressure on both sides of the window. The probe was evacuated
by an auxiliary forepump; then the system was opened into the eyclotron.
The cyclotron itself was allowed to pump onv the apparatus for 15 to 30
minutes in order to outgas the detector. Valve 1 was then closed, isolating
the detector from the cyclotron vacuum. The filling gas was then allowed
into the detector through valve 3, the pressure being measured by a mercury
manometer (valve 4). When the gas pressure was correct, valve 2 was closed
- to isolate the detector from the contaminating vapours of the mercury
column, the rubber hose, etec.

The valve marked "extra" in fig. 4.2 was used when a mixture of gases
was required. In actual practice, pure metnane ("Chemically Pure" from
Mathison Inc.) was found to be adequate. No improvement in resolution was

detected when various mixtures of methane and argon were tried.

Leo6 OPERATIONAL VALUES

The pulse height response of the detector to 5.30 MeV alpha particles
as a function of voltage and gas pressure is shown in fig. 4.3, It should
be noted that different curves represent different amounts of energy being
deposited in the gas, approximately twice as much energy being Jost in the
gas at 20 cm (Hg) pressure as at 10 cm pressure.

As a rule 20 cm pressure was used when protons were being observed.
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When the detector was being used to look for deiayed alpha emission, 2 cm
pressure was used. At this pressure, the front window was much thicker than
the gas and it was therefore not profitable to decrease the gas pressure

further.

Sample dE/dx spectra are shown in fig. L4 The ThB source was placed

20p5 source outside. Note that the spectrum from

inside the detector, the
the 21oPo source is distorted. This is no doubt due to the bulge in the
mylar window caused by the pressure differential. This bulge causes the
counter thickness to be non-uniform, and a variation in the energy loss
occurs.,

The gas detector was very stable.‘ The pulse height had no tendency to

decrease during a run in spite of the fact that the gas was not changed or

purified. The longest run without a change of gas was about 15 hours,
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Figure 4.1: Diagram of the gas detector showing the

principal points of its construction,
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Figure L.2: Schematic'diagram of the gas filling arrange-

ment for the dE/dx detector.
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Figure L.3:

Pulse height response of the gas detector as a
function of pressure and bias. A 210po source
was used for these measurements. Note that

the energy lost in the gas will change as the

pressure changes.
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Figure h.h: "dE/dx" spectra due to three alpha energies.
Only pulses in coincidence with pulses from the

WEY counter were recorded.
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5 EXPERIMENTAL PROCEDURES AND TECHNIQUES

5.1 GENERAL

The basic procedure common to all experiments discussed in this thesgis
was to place a target in the internal circulating beam of the cyclotiron,
bombard it for a preset length of time (=230 msec), allow a delay (= 100

“msec) to let the relatively short-lived activities die away, and then

detect and analyse the proton activity (=0.5 sec)s The cycle was then
repeated. The detection systems have been discussed in Chapters 3 and 4,
The information sought was the energies of the proton peaks, the lifetimes

of the decays, and the relative number of counts in each peak,

5.2 ENERGY DETERMINATION

Alpha calibration sources together with a precision pulse generator
(Victoreen - Model PPGl) were used to calibrate the détector - analyser
system. For the first counter systems used (the ones not employing a gas
dE/dx detector), a 204 gource was used, emitting 5.30 MeV alphas. With
the system using the gas detector an extra source was used for convenience
and as a cross check on energies. This was a ThB source deposited on a
thin piece of aluminum foil and placed inside the gas counter. The energies
of the alphas from this source are 8.78, 6.05 and 6.09 MeV., It was,
however, impossible to resolve the 6,05 and 6.09 MeV lines. To finﬁ the
apparent energy of the doublet, the relative intensities for the two lines
were taken from the "Table of Isotopes", page 399 (C.M. Lederer et al (1967)),
the known resolution of the system was used, and two normal distributions
with the appropriate heights and standard deviations were added together,
This procedure gives a maximum at 6,06 MeV, Using the 5.30 and 8,78 MeV
lines together with the pulse generator we also obtain a maximm for the

doublet at 6,06 % .OL MeV. This value, therefore, was the energy used for
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calibration purposes.

Having the ThB source inside the gas counter made it possible to do
an energy calibration during the actual course of a run. This eliminated
the uncertainty about the effects of the intense cyclotron beam bursts on
the gain and stability of the system.

. The energies of the proton peaks, determined by the calibration method
described above, were then corrscted for energy loss due to the gas, the
mylar front window, and one half of the thickness of the target. This
energy was then converted to the centre-of-mass energy to determine the
total disintegration energy of the proton-emitting nucleus.

- The thickness of the front window and the effective ﬁhickness of the
gas vere determined by using the alpha sources. The alpha particle pulse
heights were determined i) with no absorber, ii) with the fromt window in
place but with no gas and iii) with the front window and the gas as
absorbers. Using the measured energy losses and the range energy tables
for mylar and methane given in Appendix 7, the thicknesses of these two
media could be determined. The three alpha lines give three sepé.rate
measurements of these thicknesses. Since the rate of energy loss of a
proton (of about the same energy) is only about O.1 of that of the alpha
particles, the energy loss corrections applied to protons will be very good
(the estimated error for these corrsctions is about 15 keV). These
corrections were determined using the range energy tables for protons in

mylar and methane also given in Appendix 7.

5.3 LIFETIMES

With the first two detector systems a 256 chamnel TMC analyser was
used, It was arranged that the pulses from the detector would be stored in
the first quarter of the memory for a fixed length of time, then in the

second quarter for the same length of time and so on through the third and
fourth quarter. The four spectra thus obtained were analysed to obtain the
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total number of counts in each peak. The lifetime of each peak (or sum of
(o) peaks) could then be determined by plotting these totals on semi-logarithmic
paper. | |
 With the gas counter system, a 4096-channel two dimensional analysef
was used. The technique was essentially the same as with the 256 chanmnel
analyser, except that one had more channels to work with; in practice, 8
groups of 512 channels were used.

The internal clock in the multispectrum analyser was checked with a
precision time mark generator (Tektronix Type 181). The analyser counted
the pulses from the time mark generator for a time determined by the
internal clock and the number of counts was compared with the predicted
number. It was found that the clock in the énalyser is running about 0.5%
fast. This correction was kept in mind during the analysis of results, but

considering the accuracies involved (&/5%) it is not significant.

5.4 RELATIVE INTENSITIES

The relative intensities of different proton groups being emitted from
the same source are determined simply by taking the .ratio of the total
number of counts under appropriate peaks in the spectrum. The intrimsic
efficiency of the detector is 100% for heavy charged particles, and the
solid angle is the same (to within 5%) for all energies niea.sured. This
latter statement was subject to doubt since the cyclotron magnetic field
causes the proton trajectories to be curved. For instance, the radius of
curvature of a 1 MeV proton moving in a plane perpendicular to the magnetic
field is only 7 cm.

Since alpha particles have the same magnetic rigidity as protons it
is possible to measure experimentally the effect of the magnetic field on

the solid angle. The following procedure was carried out with the single

counter system to check for this effect. An alpha source (2‘10?0) was
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placed at the target position and aluminum degraders were placed immediately
in front of it. The coﬁnting rate of the degraded alphas was determined
with the magnetic field on and then with it off. The magnetié field
produced no detectable variation in counting rate down to an energy of
about 2 MeV, at which point the low energy background made the technique
very unsatisfactory. This energy was, however, suffiéiently low for all
experiments done with the single counter detector system.

The ability to detect lower energy particles using the gas counter
telescope system made it necessary to look at this problem again.
Unfortunately alpha particles are not so useful to test this system since
the gas counter itself will stop a 1.5 MeV alpha particle. It was
necessary, therefore, to calculate the effect of the mﬁgnetic field on the
effective solid angle. The geometry assumed for the célculation was that
of a point source placed 5.4 cm from the ﬁetector. The source is on the
detector axis of symmetry and this axis is perpendicular to the magnetic
field; this geametry closely approximates the true geometry. The results
are shown in fig. A8.2. The dotted line in the figure takes into account
the fact that the counter support introduces a collimation effect. The
details of the calculation zre given in Appendix 8. The overall result is
that the correction at 1 MeV, approximately the lower limit of observation,
is 5% and introduces an uncertainty of 0.5%.

We now come to the problem of comparing the intensities of peaks in
different spectra. This was done by using a composite target; that is, a
target composed of two (or more) elements whose bombardment produces delayed
proton precursors. By comparing the intensities of the proton peaks from
the two different precursors, the relative cross-section for the production
of the relevant peaks could be determined. One must, of course, know the

relative thickness of the two elements in the target, Also, the lifetimes
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of the relevant precursors must be known and taken into account.
The targets were made in two basic ways. Either one target material
was evaporated onto another (e.g. sulfur onto aluminum), or a compound

containing the two elements was vacuum evaporé.ted onto thin gold foil (e.g.

KF evaporated onto gold foil). Chapter 6 gives a deseription of target-

making techniques. Appendix 5, which is a reprint of the relevant
publication, enlarges on the techniques as well as giving the results of

the experiment.

55 PARTICLE IDENTIFICATION
Besides protons, both alpha particles and electrons (£rom Compton
events) are present in significant numbers. It is necessary to be able to

distinguish between these particles,

a) Single Counter System:

With this system, which had no coincidence arrangement, all electrons
which left energy in the detector were counted. The detector is, hWer,
too thin to take much energy out of most electrons and therefore the effect
of the electrons was to produce a large low-energy background. Sufficient
numbers of electrons are multiply scattered in the detector and lose enough
energy that the observation of prot.oné with energy below about 3 MeV is
impossible. The electrons, however, 'do not produce psaks at higher energy.

As for alpha particles, the targets were sufficiently thick that alpha
particle lines would appear extremely broad., This sort of background does
appear and was eliminated in practice by placing absorbers in front of the
detector to stop the alpha particles,

A double check on the identity of the protons was made by placing more
absorbers in front of the detector and checking that the energy degrada-

tion of the peaks corresponded with the value predicted for protons.
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b) Gas Counter Telescope System:
Most of the counts due toc electrons produced by Compton events are

rejected by the coincidence condition on the two detectors. Also, the data

~is stored in the two dimensional mode, an example of which is shown in

fig. 5.1. The energy increases along one axis and dE/dx inereases along
the other, In this display, the electrons, protons and alpha particles
fall into distinctly different sections. For proton energies less than
about 0.8 MeV, however, the electron background again interferes to the
extent that the protons are no longer separable from the background.
For preliminary gain adjustment purposes, the position in the display

of the 2ml"o alpha line is noted. From this, it is a simple matter to
calculate where the proton locus will iie and adjust the gain of the

amplifiers accordingly.

506 PRECURSOR IDENTIFICATION

- If a precursor has an atomic number Z then it can be produced
plentifully by the proton bombardment of an element with an atomic number
Z -1 orZ, and to a lesser extent with higher values of the atomic number,
However, it is :iinpossible to obtain the precursor by bombarding an element
with an atomic number of Z - 2, The identification of a precursor was
carried out, therefore; by observing the existence of the appropriate
proton peak after the bombardment of elements with atomic numbers Z - 1
and Z; and by observing the nonexistence of the peak after bombarding an
element with an atomic number of Z - 2.

The mass number A was determined by measuring the apparent energy

threshold for the production of the precursor from the two different

targets. This Lhreshold was compared with the calculated value obtained
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by estimating the mass of the precursor. J.C. Hardy (1965) gives several
formulae for making these estimations.

The threshold for a given target was obtained by bombarding the target

at various energies and plotting the proton production against the

| bombarding energy. This, when extrapolated to zero preducticn, gives an

estimate of the threshold. Because of the radial oscillaticn of the
internal beam, there is an appreciable energy spread (24 MeV) in the beam
hitting the target. Also, the shape of the excitation function at low
energies is not well known. Theréfore, an uncertainty of 4 MeV was
assigned to all measured thresholds. ‘

Por the determination of the excitation function, it is necessary to
know the number of protons passing through a té.rget. By attaching an
insulated copper block on the end of a cyclotron probe and connecting it
by cable to a sensitive ammeter it is relatively easy to measure the
circulating proton cﬁrrent as a function of radius. Since the targets
used were so thin, however, it is possible that a proton would lose so
little energy on traversing the target that its orbit would be lonly
slightly perturbed. When this happens, the protons can go through the
target many times, thus increasing the effective current. The number of
traversals for a 2.5 mg/cm2 foil of magnesium was measured by J.C. Hardy
(1965) for cyclotron radii varying between 22 and 3/ inches and these
results were used in subsequent experiments. It should be noted that the
energy dependence of multiple traversals, if not taken into account, will
affect the shape of the excitation funetion, but can have very little effect
on the measured threshold value.

The identification of the precursor > Ar was slightly different in

that an argon target was not made. All conclusions therefore were made

from the data obtained from a chlorine (1iC1) target. (The absence of the



32
characteristic psaks upon bombarding a sulfur target fixed the Z value as
that of argon,)

Scandium~40 is also a special case. To produce Z‘OSc from stable
scandium (100% hsSc) requires a (p,p5n) reaction. The low cross-secf.ion
for this reaction accounts for the fact that very few protons were observed
following the bombardment of scandium, and these few protons could be
attributed to the production of l'lTi s & known delayed proton »em:_l.tter.

To identify "DSc s use was made of the fact that the threshold for
production from I‘OCa is only 14.7 MeV. At the bombarding energy used (25
MeV), isotopes which are produced are well known. A check of their
decay energies and the proton binding energj of the daughter tells us that
it is energetically impossible for the nuqle:i: to be delayed proton emitters,
leaving l'oSc as the only possibilitﬁ Another strong piece of evidence is |
the fact that the observed half-life agrees very well with the previously
measuredﬂtdecay half-life of l"OSc.

547 SQUARE ROOT GRAPH PAPER

Some of the spectra in this thesis are plotted on a new type of graph
paper in which the distance of a plotted point from the bottom of the graph
is proportional to the square root of the number of counts being repre-
sented. The advantages of this scaling factor are discussed in Appendix 9,

An example of the paper is shown there also.

5.8 NOMOGRAM FOR DETERMINING LOG £t VALUES

A nomogram originally constructed by Moszkowski (1951) for the rapid
calculation of log ft values was extended to higher decay energies so
as to be useful for thig work. The nomogram and details for its use will

be found in Appendix 6, which is a reprint of the publication by Verrall

et al. (1966).
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Figure 5.1: The photograph shows the mode of collection
of data. The "x" axis represents énergy; the
y" axis represents the dE/dx pulse size and
the "z" axis corresponds to the number of
counts. To Bbtaih a final spectrum, low |
energy background is subtracted from each
dE/dx group (when necessary) and then all the

roups containi. tproton® counts are summed.
P b ‘
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6 TARGET PREPARATIONS

6.1 REQUIREMENTS

Charged particle spectroscopy'necessitates the use of relatively thin
targets. The fact that different particles have to pass through different
amounts of target material produces a spread in the energy of a peak. For
best resolution, therefore, the energy broadening produced by the target
shouldvbé appreciably less than the resolution of the detector-amplifier
system. On the other hand, reduction in the target thickness produces a
decrease in the counting rate with the resulf that the background problems
become worse and counting times become longer. A compromise is obviously
in order.

For the first detection technique described in this thesis, background
was a serious problem so relatively thick targets of about 2 to 3 mg/cm?
were used. Most of the’energy spread observed was therefore due to the
thickness of the target. For the detection technique in which a telescope
was used, background was a much less severe problem and thinner targets
could be used. These ranged from 0.3 to 1.0 mg/cm?. The following section
is a description of the techniques used in making the targets relevant to
this thesis. Most of these methods were developed by J.C. Hardy and myself.
Exceptions to this are the evaporaﬁed magnesium target, the "improved!
sulfur target and the targets of elements with atomic number greater than
20. These were developed for use with the gas detector system.

Other targets used in delayed proton work at this laboratory are
described by J.C. Hardy (1965). The pertinent elements in these targets
are oxygen, fluorine, sodium, aluminum and silicon., Since I had no part in

developing these targets, I will not describe the methods here.
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6.2 GENERAL METHOD

The most used technique was that of vacuum evaporatidn, each target
requiring a slight variation'iﬁ the procedure. The general idea was to
place the target material and backing foil in a bell jar, evacuate it, and
evaporate the material onto the backing foil,

The backing foil generally used was gold leaf (209;4g/cm?). It was
relatively thin and quite easy to handle. Also, no delayed protons were
observed after bombarding the foil with protons of energies up to 100 MeV,

The base plate of the vacuum evaporator (Mikras model VELO) was fitted
with insulated electrodes, used for the electrical heating of the material
to be evaporated. The heating elements used ﬁere tungsten and tantalum
‘ribbons and tungsten wire helices. The»evaporation'of many salts was
difficult because the salt would tend to bounce off thé hot ribbon 5efore.
it evaporated. In some cases this was due to the violent evaporation df
absorbed water or watér of hy&ration. In other cases it was thought due to
the evaporation of the salt itself. This difficulty was circumvented by
having in the jar a movable hopper containing a relaﬁively large amount of
the salt.' It was possible to control the hopper by external means and thus
to replenish the s&lt on the tungsten ribbon., It was possible in this way
to build up the thickness of a target through repeated evaporations without
breaking'the vacuumn. Deliquescent salts were heated and sometimes even
melted to drive off water before being introduced into the bell jar., This,
of course, was done to decrease the bouncing on the hot ribbon.

The following is a shorﬁ description of the target preparation for

each element used.

6.3 LITHIUM AND BERYLLIUM

These metals were used as targets to search for delayed protons from

-nuclei with atomic numbers less than 6., For exploratory investigations,



36
thick targets (greater than the range of 5 MeV pfotons) were used. These
were simply pieces of the metal suspended by a wire target holder. Since
no protons were observed frem these metals, it was not necessary to fabri-

cate thimmer targets of these elements.

6.4, BORON

A thick target ﬁas used for initial trials, but since delayed protons
were observed (from 90) it was necessary to make a thin target. This was
done by spraying a solution of beracic acid (HjBOB) dissol#ed in distilled
water onto gold foil and evaporating the water with a heat lamp. The spray
was formed by a perfume atomizer. If care was taken to make a fine spray,
and the procedure was not hurried, very uniform targets could be made.
Targets és thick as 2.5 mg/bm? were made.

Thé oxygen in the target alsp gives rise to delayed protons (from 130)
but these can easily be discriminated against since the half-life of 130 is

‘only about one tenth the half-life of 9@.

6.5 CARBON |
Strips of 2.4 mg/cm? polyethylene (CH,) were used as a carbon target.
It might be mentionedvhere that whén one is looking for proton or
alpha activities with low yields, it is carbon which is the most obnoxious
impurity. Targets must be kept very clean, since a smear of finger grease,
vacuum grease, etc.,.will give rise to a pf?ton and alpha particle back-
ground sufficient in many cases to obscuré the desired spectrum. The

protons arise from the decay of 9C and the alpha particles are emitted

. +
following the/ts decay of B,

6.6 MAGNESIUM

In the original work on magnesium, carried out by R. McPherson and
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J«C. Hardy, the target used was a thin (2.3 mg/cmz) magnesium foil, ?or my'
investigation of the low enefgy proton peaks a still thinner target was
needede The following vacuum evé,poratiqn technique was used. i.engths of
magnésimn wire were placed on a tungsten ribbon situated inside the bell
jar. The gold backing foil was attached to an aluminum plate and the |
assembly was placed about 6 inches above the tungsten ribbon. The alum:.num
plate acted as a heat sink for the gold foil; without it, the foil tended
tb curl during or after evaporation. ' |

It was found that very little magnesium evaporated onto thé gold. foil
unless the foil was attached to a =2000 volt ‘s‘upply. The actual voltage was
not critical, but it had to be negative. Very little current was taken from
the supply; much less than if the process was one of simple ion collection.
The effect is an interesting one and bears further investigation,

-Using this technique, ta_rgets of magnesium as thick as 0.5 mg/cm2 were

easily made.

6,7 PHOSPHORUS
Straightforward attempts to vacuum-svaporate phosphorus result in the
deposition of films of yellow phosphorus which ignites spontaneously on

contact with air. The method of B.W. Hooton (1964) was used to circumvent

this problem. The bell Jer was evacuated and then isolated from the pump.

Phosphorus was evaporated.into the vacuum in the normel way. Then a second

“tungsten sheet placed over the target backing was heated to a red glow.

At this higher temperature the gaseous Pl; molecules (yellow phosphorus) are

dissociated into P, molecules which then condense as red phosphorus.

2
Targets with thickness up to 0.7 mg/cm2 were produced,

6.8 SULFUR
A beaker of sulfur was set boiling By a small electric heater. Next

to this was set a small stand on which a gold foil backing was placed. A
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bell jar was then placed over the whole apparatus. The jar filled with
sulfur fumes and sulfur was deposited on everything and in particular on
the gold backing. | | ' |

Targets made in this way tend to ._"burn" off when being bombarded in
the cyclotron. It was found that by vacuum evaporating & emall amount of
gold (about 10/1 g/cmz) onto the target, this burn-off was prevented,
During the evaporation of the gold, some of the sulfur was evaporated from
the target, so it was necesséry to start with a thicker target than wes
ultimately required. The amount of gold deposited was monitored by measur-
ing the increase in weight of a piece of gold foil placed next to the

target.

6.9 CHLORINE
The salt LiCl made a good chlorine target. It is, however, deliquescent
and the vacuum evaporation technique for deliquescent salts described in

section 6.2 was used. The target was stored in a desiccator. Targets were .

made as thick as 2.5 mg/em®.

6.10 POTASSIUM
The compound KOH was used. It is deliquescent and was prepared and

stored in the same way as ILiCl.

60,11 CAICIUM

Calcium metal turnings were placed on the tungsten ribbon in the
vacuum evaporator and were evaporated onto a gold backing, It was found
that a single large piece of calcium was easier to evaporate than a number
of small pieces. The resulting targets were kepf. in a desiccator to prevent
the formation of ca(OH)z. Targets of 1 mg/c:m2 were used for the original
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‘work ‘on 3T5a, arid targets of 0.5 mg/cm2 were used with the gas detector

. telescope system.

6,12 TITANIUM, NICKEL AND COPPER
Metallic foils, each about 2.5 mg/c:m2 in thickness were used., These

were obtained from A.D.M?z_iciiay Inc.,, 198 Broadway, New York.

6¢13 VANADIUM, CHROMIUM, AND MANGANESE

| These elements were vacuum evaporated onto a gold foil backing using
the standard 'bechniqueé. A tungsten wire coil was used as the heating
element. A high temperature was réquired, and it was necessary to provide
2 heat sink for the gold foil. This was done by mounting the gold foil ‘on
an aluminum plate. _’No alumimm sheets pressed against the edges of the
foil holding it in contact with the block and preventing it from. curling. -
A target made in this fashion did not tend to twist or curl after ‘being |

removed from its mount.

6414 COMPOSITE TARGETS

.In order to make relative cross section measurements (Appendix 5),
it was necessary to make targets containing two (or more) of the elements
which give rise to delayed proton emission. Some of the targets are
simply comp;)sed of one of the previously mentioned elements or compounds
evaporated onto alumimm or magnesium foil instead of onto gold foil. The
techniques for making these targets are the same as have been described
using gold foil, Other targets were made using compounds such as A]F3’
NaF, KF, and CaSOA which contain two of the pertinent elemenfs. They were
evaporated onto gold foil using the techniques for salts described in

section 6.2,
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7 RESULTS

7.1 USING SINGLE COUNTER DETECTOR SYSTEM

The work done with this detection system was carried out in
collaboration with J.C. Hardy. Briefly, the results of this work were as
follows. The first observation of the decays of % s 295, Bpr and 2'ca
was made. The spectra of delayed protv;ans resulting from their decays were
measured in the energy region greater than about 3.0 MeV. The half-lives
of these nuclei were measured. The T = 3/2 states in 29P, 33(:1 and 37K,
analogues of the gi'ound states of 295 9 33Ar and 3703 were observed for the
first time and their excitation energy was meaSI;red. Relative cross-
sections were measured for the production of the proton peaks in the decay
of 1Tve, g, 2551, Bar ang oa. Using the fact that all the beta
decays of 17Ne lead to an observable delayed proton, it is possible to
obtain approuﬁinate log ft values for the cbserved decays in the other
nuclei.

These results (as well as other investigations) are recorded in detail
by J.C. Hardy in his Ph.D. thesis., Although they form part of the results
of this thesis also, they will not be recorded here in such detail.,
Instead, reprints of publications (of which I am co-author) describing
these results will be included as appendices. The reprints in Appendices
1 to 4 describe the observation of ahd the preliminary work on 96 s 298,
33Ar and 37Ca. Appendix 5 isv a reprint of the paper discussing the
measurement of log ft values as described briefly above. Appendix 6 is a
reprint of the extended "Moszkowski" nomogram, used for calculating log ft
values from the known beta decay energy endpoint and the partial half-life

of the decay.
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7.2 USING THE GAS COUNTER TELESCOPE SYSTEM |

With this system it has, been possible to gbtain proton spectra at
much lower energies. The limit now is about 0.8 MeV (vérsus about 3.2 MeV
with the original system), For this thesis, the proton spectra following
the decay of the nuclei 2]‘Mg and 298 have been studied down to this energy.
Energies and intensities of the newly discovered peaks have been measured
and using these results, log ft ﬁalues' have been calculated for the corres-
ponding beta decay. These calculations aré based on estimé,tes of the log ft
values for the beta decays to the low lying states.,

As well as re-examining these two nuclei, it was discovered that the

nucleus h0s, is a delayed proton emitter; its decay sequence is
+ | '
s, B, 106% p, 3

These delayed protons were not observed using' the simpler detection system
-since all the proton peaks have much too small an energy and would have
been buried in the background. B
The édstence of ¥s¢ ig known; its mass has beeﬁ measured (Bromley

et al., 1966); its half-life is known (Armini et al., 1966); and several
/8+ branches together with the subsequent (1 decayé have been observed.
Endt and Van der Leun (1967, page 321) give a summary of the known
properties and the relevant references. Delayed alpha part.icies have been
looked for by Glass and Richardson (1955) but none were found.

: Scandim-ho is the first delayed proton emitter in the (relatively)
low mass region which does not belong to the Z = 2k+ 2, N = 2k - 1 sequence.
A study of the systematics of the nuclear masses indicates that it is quite
feasible that other members of the sequence Z = 2k+1, N =2k = 1 (to which
Scandium-40 belongs) may also be delayed protqn emitters. This is

discussed in more detail in section 8.2.
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- Short exploratory runs (about 30 minutes each) at 85 MeV bombarding
energy were performed using targets of Ti, V, Cr, Mn, Ni and Cu. There
were no delayed proton peaks obseﬁed. It is estimated from the spectra
observed that the proton rate (if present) from these targets is at least
20 times smaller than the rate from a sulfur or an aluminum target.

The remainder of this chapter copsists of a detailed discussion of

the investigation of the nuelei <Mz, 2’S and *‘sc.
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73 ‘MAGNESIIM - 21

a) Observed Spectrum and Identification

& spectrum obtained by bombarding a 0.5 mg/cm2 magnesium target
(78.7% i, 10,12 *Pug, 11.2% bug) at 67 MeT is s:howﬁ in fig. 7.1e

Hardy and Bell (1965) showed that in a spectrum obtained by bombarding
a magnesium target the peak a.t‘ 540 MeV is due entirely to the decay of |
17Ne. There are Peaks at 4.87 and 4.04 MeV which are also due to the decay -
of 17Ne. ‘Using the ratio of intensities of these three peaks as indicated
by Hardy and Bell (1965) and also by Esterlund et al. (1967), these two
other peaks have been estimated as; shown in the inset in fig. 7.l. The
statistics in the 5.40 MeV peak are not as good as one would have liked and
there may be co‘nsiderable error in the estimate of the 17Ne background,
There are, however, no L1'Ne peaks ‘below the one at 4.0l Me¥ (Esterlund et
al., 1967) and therefore the low energy peaks in this spectrum are not from
17%e. It is most probable that these low energy peaks result from the
decay of 21Mg. A series of bombardments at lower energies indicate. that
the doublet at 1.86 and 2,02 MeV has the same threshold as the main high
energy peaks. Although there is no reason to doubt their assigmment to
21Mg, it is not possible to make an equally definite statement about the
small peaks. It is planned thet this identification preocedure be carried
out using the technique described in section 8.1 (suggestions for further
research),

Since the new peaks cahnot be from any of the known delayed proton
precursors except 2 s any anomalies would imply the existence of a néw
delayed proton precursor; 23Al is one possibility. However, for the purpose
of this analysis, all peaks will be treated as if they followed the decay

of 21Mg '3
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The proton spectrum, fig. 7.1, has slightly better resolution thaﬁ ‘the
one published by Hardy and Bell (1965). Consequently, it is possible: to
try to separate some of the larger bumps into their component peaks. - Thev
resolution, however, is still not good enough to do this unambiguously. |
The attempt to separate the different peaks is indicated in fig. T.l. Itv
is to be emphasized that the analysis has been pushed and that in the casé
of small peaks or peaks very clqse in energy the curves as drawn in the
figure are speculative, This is especially true for the peaks marked 3.71,

387 and 4.09.

b) Peak Energiés and Proposed Decay Scheme .

Table 7.1 lists the energies of the peaks shown in fig. 7.ls The
errors quoted on these energies include the uncertainties in calibration
and in the corrections for energy loss in the gas counter and target. The
peak position uncertainty, which ie also included in the quoted error,
forms the largest source of error for many of the poorly resolved peaks.,

Colum two in Table 7.1l gives the excitation energy of the proton
emitting level in 2J'l\la. assuming the proton decay to go to the ground state
of 2ol\le; column three gives the equivalent level assuming the proton decay
to go to the first excited state of zoNe. Colum four lists known energy
levels (Endt and Van der Leun, 1967) which are assumed responsible for the
decay. These levels were assigned if the energies corresponded within the
error assigned to the energy of the proton peak, and if the level's spin-
parity (if known) 4id not farbid the decay. The level structure in 21Na is
not well known and several levels had to be proposed. These are listed in
column five of Table 7.l.

The decay scheme shown in fig. 7.2 accounts for the observed proton

spectrum, but it is, however, not unique. In some cases it is not clear to



TABIE 7.1 45

Analysis of proton peaks assigned to the decay of the precursor 2]'Mg.
Proton energies have been corrected to centre-of-mass for A= 21. The

underlined value in each case indicates the level which is assigned to

the decay.
| Possible levels in “‘Na Level in “Na
Ep(MeV) 20L\Ie+ P .;.Ep 20Ne3‘+ P +Ep Known Proposed
1.2, + .07 3467 5430 5.30
1,32+ Ok 375 537 536
1,60 £ 406 4403 5466 5469

1.86 + Ok 4e29 592 529

2,02+ Ok Leb5 608 heliT

2,25+ .06 Le68 6431 6424

20564 .04 499 6462 4e99

2.70+ .07 5,13 6,76 5.13
2,91 + .06 - 5u34 6497 5036
3.22+ .07 5465, 7.28 5469

3,38+ .07 5,81 7. 743

3.52+ .07 5495 7.58 5495
3.7L 1 .10 be 777 : 6.08

3.87+ .10 6430 7.93 62l

109 + .10 6252 8.15 6451

he59 F J06 7502 8465 7.02
heTL+ .06 T4 8,77 7ol
he8Bl+ 06 727 8,90 8.90

5.03 + .10 To47 9+09 , 7e43

5,63 + 406 8406 9469 8406

6047+ Ok 8,90 10.53 8,90
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which of the two levels in 2ONe the proton is going. Confirmation of the
decay scheme could be carriedf out by measuring a proton spectrum in
coincidence with the 1.63 MeV gamma ray following the decay of the first
excited state of 20Ne. This experiment would indicate which of the proton

groups were feeding the first excited state of ‘?'oNe.

¢) Branching Ratios and Log ft Values

The relative intensities of the beta decay branches from 21Mg may be
determined by measuring the intensities of the appropriate proton branches.
Unless, however, we can measure or at least estimate the percentage of beta
transitiéns which go to low lying states and are not observ’abie in a proton
experiment, we cannot know absolute beta intensities and therefore cannot
assign log ft values to the transitions.

It is possible to detect, with the present system, proton decays from
21y levels down to the one at 3.55 MeV ( 5/2+) s a transition to this level
would produce protons with an energy of 1;12 MeV, It is clear from the
spectrum that there is no peak (less than 30 counts) at this energy and so
less than 0.1% of all /6+transitions go to this level. The levels at 24,41
and 2,81 both have spins of %"', S0 /5+ transitions to these levels are
forbidden. Using the mirror decay lp L 2lNe we can estimate the
transition strength to the three remaining levels, these levels being the
ground state (3/2+), the level at 0.34 MeV (5/2%) and the level at 1,72 MeV
(7/2"). The decay of °F was investigated by Kienle and Wien (1963) who
found that of the decays to the first and seéond excited states, 87% went
to the first excited at 0.350 MeV and 13% went to the second excited at
1.75 MeV. They did not observe decays to the ground state since they were
using /3 - ¥ coincidence techniques. An estimate of the deca;} intensity to

the ground state may be made by assuming that the first three states with
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spins of 3/2%, 5/27, and 7/2% form part of a rotational band with K = 3/2.
Equation (15-98) in Preston (1962) gives the ratio of £t values for
transitions from a state Jj, K; to two states J; and Jy, both having the
same Kpe Viz:
3 2
(£6), _| (Jsnk; Ke-K; | J1Kp)
(£6)y ~| (Jynk; Kg=k; | 358)

where n is the rank of the operator involved in the transition. Here, the
matrix elements ére assumed to be Gamow-Teller and therefore n = 1.
Putting in numbers, we find that the ft value to the ground state is 3/7
of the £t value for the decay to the first excited state,

Using these relative £t values and the measured half-life of L.} sec,
and assuming (because of small /B = end point energies) that any other
decays have negligible intensity, we find that the log ft values for the

/8 ~ decays to the gréund state, the first and second excited states are
h_._86, 5.23 and 5.43 respectively. |

If we now assume these values are the same in the mirror decay of 21Mg
and use a Qg+ of 12,8 MeV, we obtain ﬁhe log fi values shown in Table 7.2.

‘These values are not very sensitive to the relative intensity of the
ground state branch of 2IF which was estimated above., If, for example, we
assune that this intensity is zero and recalculate the log ft values for
the other two decays, the net result would be to increase all the log ft
values in Table 7.2 by 0.27. A further source of error is the asémnption
of equality of the log ft values for the mirror decays. The effect of an
error in this assumption can be estimated by noting that if all three
mirror log £t values err in the same direction by a small amount, all the
values in Table 7.2 must be changed by approximately this amount in the
opposite direction. All considered, it is estimated that the systematic



TABLE 7.2

@ Intensities and log ft values for Z‘Mg ‘decay branches, estimated as
described in the text (sec. 7.3c). Errors in relative intensities are as
shown. The systematic error in the log _f_t: values is probably less than

0e3c See the text for the assumptions made,

Level in 21Na Counts pertaining to this log £t of preceding

MeV level in the proton spectrum /8+decay branch
Le29 3500+ 500 552
Lok 8500+ 500 | Lol
54e99 790+ 30 54497
5¢13 280+ 100 | 5,39
5430 420 + 100 | 5,17

0 5.36 . 1504 80 5T
5669 . 700 + 200 Le82 —
5.95 520 + 150 5487 —
6,08 200+ 100 5,21
6.2 900 + 300 Lo 50
6.51 700 + 200 hoST
7.02 140+ 50 5e99
Tolh 300 + 100 L4462
7443 750 + 100 hel2 —
8,06 , 30+ 10 5421

8,90 | 950 + 100 3427
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error is less than 0O.3. The errors in relative intensity in the individual
@ branches are given in Table 7.2. |
It should be noted that the log £t value in Table 7.2 for the decay to
the T= 3/2 level in yq ét 8490 MeV agrees with the value calculated by
Hardy and Hargolis(l%s) s their value also being 3.27. Also to be comparsd
with this is the experimental value of 2.9t 0.3 obtained by the method of
comparative cross-sections as reported in Appendix 5. These values tend to
confim the results quoted in Table 7.2. Uncertainties in the systematic

error could be reduced still further by a more complete lmowledge of the

/5' decay of 4IF,
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Tek SULFUR - 29

a) Observed Spectrum and Identification.

The proton spectrum shown in fig. 7.3 was produced by bombarding a
1 mg/cm2 sulfur target (95% 328) with 57 MeV protons. The <%S is produced
by the reactions 32S(p,an)29S and 3‘?S.(Pstn):ZQS. At this bombarding
energy very little 2°Si is formed; the main peak in the decay of 295i is
at 4.25 MeV and would appear in chamnel 124 of the present spectrum, but
is nbt present appreciably. (See Appendix 2 for a 295 spectrum that contains
a background of 2551.) Spectra taken at different bombarding energies
indicate that the new low energy peaks, except the one at 1,04 MeV, belong
to the decay of 298. As will be discussed later, there is some doubt about
the 1.04 MeV peak. |

The errors assigned to the peaks (as listed in Table 7.3) take into
account the uncertainties in calibration, in peak determination, and :m
the corrections for energy loss in the gas detector and target.

The large peak in channel 60 has a small bump on its low energy side.

A satellite peak has been indicated in the diagram, but its position and
area of coﬁrse have large errors attached to them. The small peaks indicated
at 4.47 and 4.93 MeV had not been observed in previous work (Aprondix 2) |
because they were masked by the 25S:i._ background, It will require increased
statistics at this low bombarding energy to verify their presence and to
give better estimates of their positions and sizes.

The region between channels 80 and 100 contains more counts than can
be explained by the peaks which are drawn in. The statistics are not good
enough, however, to do much better than note this fact.

Small peaks at higher energies reported in Appendix 2 are not
identified here, partly because the statistics are not good enough, and

partly because during the run the depletion depth was not always thick



enough to stop such high energy protons.

b) Peak Energies and Proposed Decay Scheme.

Table 7.3 cqntains a list of the observed energies. Colums two and
three in the table show the proton-emitting energy levels in 2’P assuming
the decay to go to the ground or first excited state of 2331, respectively.
The underlined number corresponds with the level assigned‘ to the decay.
Column four contains the known levels in 2%p which are assumed to be

responsible for the decay. (See Endt and Van der Leun, 1967).

TABLE 7.3
Analysis of proton peaks assigned to the decay of the precursor 298.
Proton energies have been corrected to centre-of-mass for A= 29, The under-

lined value in each case corresponds with the level assigned to the decay.

Possible Levels in 2,9P Levels in 29P

Ep(ueV) _ 2831 + P+ E 2831"+b +Ep Known Proposed
(1.04+ .05)* (3.79) (5.56)

1.32+ .05 407 5.8l 4,08

2,08+ .10 Le83 660 6454

2.22+ 04 497 | 674 497

2,55+ Ol 5:30 7,07 5429

3.55+ 06 6430 8407 8409

3,871 .0k 6462 8,39 8.37

Lek7+ 410 7.22 8499 7425

493T .10 7,68 9.5 761

50.501F .10 8015 9.92 8,09

5.631F 0k 8.38 10.15 8.37

1. There is evidence that the 1.04 MeV peak does not belong to the decay

of %%s (see text). -
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Figure 7.4 shows the proposed decay scheme,

The vpeak with energy 1.04 MeV is the only one which has not been
assigned to a previously lknown level, It doés correspond to the energy of
a proton decay from the 8.37 MeV level in 27> to the second excited state
of 2_351. However, on the basis of proton penetrabilities {G.S. Mani et ale,
1963) the intensity of this decay should be a factor of 10> less than the
‘l;'.ransition to the ground state (5.63 MeV proton), but in fact it is only a
factor of 3 less (fig. 7.3). This assignment therefore has not been made.
Also, it is not certain that the peak follows the decay of 295. The peak
seemed to decrease in intensity relative to the other peaks at higher
 bombarding energies. Furthermors, it is possible that the nucleus J2Cl,
formed by a (p,n) reaction on 328, will give rise to low energy delayed
protons. 'At ‘higher energies, the cross-section for this reaction would
increase less quickly than— the cross;seétion for a (p,p3n) reaction, thus
explaining the relative decreaée» in intensity. The precursor of this peak
may be identified by 'bombaz;dj_ng a f:hosphorus target, from which it is
possible to make sulfur but not chlorine isotopes. It would also, of
course, be instructive to bambard a sulfur target at lower energies (% 20
MeV) to determine whether or not 3%1 is a delayed proton emitters

If, nevertheiess s it turns out that this peak does caome ﬁ'om the decay
of 293, it will be necessary to postulate the existence of a new level in
29P. This level could have been missed in previous work on this nucleus if
it has a high spin. For example, if it has a spin of 7/2+, it would
require an L= proton to populate the state in a (p, ¥) experiment. This
. would have a small cross-section and would be easily missed.

c) Log £t Values
It is possible from the proton spectrum to calculate the relative
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intensities of beta decay branches feeding the various states., Unless one:
knows the pefcentage of the decays that are not being seen, it is not
possible to calculate the partial half-lives, and thus the log ft values,
for the decays. .

The mirror decay 29&1 ,é; 2981 gives information on the log ft
values to certain low lying states. These values for the first (1.27 MeV)
and third (2.43 MeV) excited states are 5.0 and 4.9 respectively. The
ground state decay is forbidden and the decay to the second excited state
has a log £t greater than 6., (Endt and Van der Leun,-1967, give a list of
references.) If we assume that these values can be adopted for the decay
293 -qé: 29p we see that there are only two states, at 3,102 MeV and 3.45
MeV for which there is nothing known either from delayed proton emission or
from ﬁhe mirror decay. The state at 3.45 MeV is believed to have an odd
parity (Endt and Van der Leun, 1967) so decays to this state would be
forbidden. The state at 3,102 MeV has a spin of 5/2+and the beta decay
is therefore allowed.

Neglecting this decay for the moment and using known mirror log ft
values, we can calculate log ft values for the /3+ branches observed by
delayed proton emission. These values are listed in Table 7.4+ To estimate
the error caused by the above omission, let us assume the log ft for this
decay is 5.5. In this case all the log ft values in the table must be in-
creased by only 0,08. If, however, we assume a log ft of 5.0 for this
decay, all the log ft values in the table must be increased by 0.28, It
can be seen that only if the log £t value of the decay to the 3,102 MeV
state is at least 5.5, no appreciable changes in the values tabulated in

Table 7.4 will be necessary.
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TABLE 74

Relative branching ratios and log £t values estimated as described in the
text (secs T.4c) for the decay of 29s, . The ﬁ+ end points are calculated
assuming a Qg* of 14.0 MV, The decay to the 3.102 MeV state in 2P has
been ignored. The errors in the peak intensities are shown. Systematic

errors in the log £t values are described in the text.

Level in <7p Counts in Log ft of Preceding

(MeV) Proton Spectrum ,8+Decay Branch
L,,08 520+ 50 " 5451
497 2200 + 60 LoTh
5429 355+ 30 534
654 800 + 300 ’ Lok
7.25 100+ 40 5,34
7.64 70+ 30 5.34
8.09 " 400 % 100 Lo
8437 1970+ 70 364

Consider now the assumption that the log £t values of mirror decays
are equal. An error of O.,1 in one of these valueé will introduce an erro;'
of 0,04 in the tabulated values. We see, therefore, that a slight difference
in the log fi values between mirror decays does not unduly affect the
calculated values.

The log £t value for the decay to the T= 3/2, 8,37 MeV level in 2p
is listed as 3.64 in Table 7.4« This value should be compared with the
value 3.27 calculated by Hardy and Margolis (1965) and the value 3.1+ 0.3

as determined using the method of comparative cross-sections (Appendix 5).

These values agree within their quoted errors. It is evident, however,
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that improved resolution and counting statistics in the proton spectrum

would substantially improve the estimates of the branching ratios. Infor-
: +

mation on the intensity of the ﬁ branch to the 3,102 MeV state will be

necessary in order to reduce the uncertainty in the systematic error,.

d) Spin of Sulfur - 29

| Sulfur-29 has 16 protons and 13 neutronsh., On the basis of a single
particle model, the configuration should be a (1d -% ) neutron hole below
the closed shell of 14. dJ.C. Hardy (1965) argued that the experimental
evidence supporting this was tenuous and that proton branching ratios from
the analogue state in <P suggested that the. spin may be ', |

It is now observed, however, that 2’S beta decays to the 4.08 MeV

level in 2P, This level is suggested by Ejiri et al. (1964) to have a
spin of 5/2" or 7/2" which is incompatiblé with 25 having a spin of '
It is therefore reasonably certain that the spin of 25 is 5/2¥ as is

predicted by the shell model.
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7.5 SCANDIUM - 40

a) Observed Spectrum and Identification.

Figure 7.5 shows a spectrum of delayed protons obtained following the
bombardment of a 0.5 mg/cm? calcium target (97% hoba) with 25 MeV protons.
At this bombarding energy, the following reactions are energetically
possible: hoba(p,n)LOSc, 400a(p,2p)39K, hﬁba(p,o()37K, hOCa(p:t)Bsba,
Aoba(p,BHe)BSK, 40ca(p,piHe)3"ar and hoCa(p,nct)BéK. Of these reactions,
only the first and the last produce isotopes energetically capable of giving
rise to delayed protons. The last reaction, however, would have a very low
cross-section since the alpha particle would be emitted below. its coulomb .
barrier. Reactions involving the other calcium isotopes in the target are
similarly energetically incapable of producing delayed proton emission. The
delayed proton precursor must therefore be hOSc. The threshold for the
reaction hoca(p,n)hOSc is 14.9 MeV (lab) which is 10 MeV below the bom-
barding energy. The cross-section at this energy will be appreciable, A
few short runs carried out at lower bombarding energies showed no observable
deviations in the shape of the spectrum.

Confirmation of the identification of hoSc as the precursor was made
by measuring the half-life of the emitted protons. An analysis of the peaks
above 1.6 MeV (which are sitting on less background than the lower energy
peaks) gives the lifetime curve shown in fig. 7.6. The half-life of
178 + 8 msec agrees well with the best previously measured half-life of

182,7 * 0.8 msec as determined by Armini et al. (1966).

b) Decay Scheme and Level Agreement
Table 7.5 lists the peak energies, corrected to centre-of-mass.
Colum 2 gives the corresponding excitation energy of 4Cc assuming a proton

decay to the ground state of 39K. Column 3 gives the position of the known
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or proposed level which is assumed responsible for the decay (see Endt and

Van der Leun, 1967). Figure 7.7 shows the proposed partial decay scheme,

It is to be noted that no proton decays to the first excited state of
39K have been proposeds The reason for this is that a proton group going
to the first excited state would be much less intense than protons of about
the same energy coming from lower lying levels of I'DCa and going to the
ground state. These very weak branches s although they may exist, would not
be seen in the proton spectrum simply because they are so weak, For
example, in the region of 1. MeV in the proton spectrum, the intensity of
a proton group going to the ground state of 39K would be about 100 times
greater than that of a proton group going to the first excited state, This
estimate is based on the assumption that the log ft values for the two |
relevé.nt ﬂ +decays are the same. It also agsumes that the relevant excited
state Qi‘ k0gq always proton decays to the first excited state of 39K ratﬁer
than to the ground state. Since this last assumption is probably quite
erroneous, the above estimate is on the conservative side. When we go ’c;o
higher proton energies, a similar calculation predicts even larger differ-
ences in intensity. At a proton energy of 2 MeV, for instance, the ratio |
becomes 3000 to 1. It is quite reasonable, thérefore, to exclude proton
decays to the first excited of 39K from consideration.

The errors on the energies quoted in Table 7.5 range between 30 and
50 keV., They include errors in the energy calibration, errors in peak
determination and errors in the correction for energy loss in the gas counter
and in the target. The larger errors are assigned to groups which are not
well resolved from neighbouring peaks and to groups which have few counts in
them,

The energy agreement (to within the quoted errors) with known levels
is good in the region that has been studied (below 11,070 MeV excitation).

The density of known levels in this region is very high, however, and the
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TABLE 7.5

Analysis of proton peaks assigned to the decay of the precursor

40se, Proton eﬁergies have been corrected to centre-of-mass

for A= }0.
Levels in L‘oCa
Ep( eT) 7 tPtip Known Proposed
1.08 + .03 9ull 94404
1.27 + .03 9461 9.608
148+ .03 9.8L 9.811
1.58+ .04 9,91 94924,
1.72 + .03 10.05 10,046
1.88+ .03 10,21 10,216
2.15+ .03 10.48 10.48
2.2h + .05 10.57 104535
2.4+ .03 10.77 10.782
2,62+ .03 10.95 10,927
2.80 + .05 11,13 11.070
2,89 + .03 11.22 11.22
3.12 + .03 11.45 11,45
3.3 + .05 11.64 . 11.64
3ek1+ ,03 .74 1174
3.52+ .05 11.85 11.85
3.70 + .05 12,03 12,03

3.95+ .05 12,28 12,28
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association of a proton peak with the incorrect level would be very easy.

Also, some of the peaks in the proton spectrum may be composed of two or
-more unresolved peaks., The peak at 1,08 MeV is very broad and is undoubtedly
composed of several unresolved peaks. |

Very few spins and parities are known in this energy region of l’oca.

The spin-parity of KOs is 4. Allowed beta decays will therefore pick out
states in #%a with spin parities of 37, 4~ and 5, The known energy levels
in this region (see Endt and Van der Leun, 1967) were measured by looking

for resonances in the reaction 39K(p,8 )l"oca. Since 37K has a spin-parity
of 3/2+, a proton with an j value of 1 is necessary to produce a 3~ state

and an Z value of 3 to produce 4~ and 5 states. A table of nuclear
penetrabilities by Mani et al (1963) predicts that at an energy of 2 MeV,

the penetrability of a proton with an / value of 1 is 400 times higher than
that of a proton with an / value of 3. According to this, it is very possible
that many of the states with the high spin values would be overlooked in a

(ps ¥) resonance experiment, This fact increases the possibility that some
of the delayed proton groups have been assigned to the wrong level in wCa.
To remove the uncertainties, more knowledge of the spin-parities is necessary.
Also, a more precise energy determination of the delayed proton peaks would
help to remove some of the ambiguities in level assignment.,

A proton group at 2,15 MeV does not coérrespond to any of the known
levels, Also, protons with energies of 2,80 MeV and above correspond to a
region in l’oCa which has not been previously studied, Corresponding to
these peaks, new levels have been proposed. These are listed in Table 7.5
and are shown as dbtted levels in fig. 7.7. The peaks at 3,70 and 3.95 MeV
are tentative due to the small number of counts in these peaks. Better
resolution and statistics will doubtless reveal new peaks in the upper

region of this spectrum,
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c) Relative Intensities and Log ft Values

The relative intensities of the observed beta decays may be measured
by comparing the number of counts under each of the proton peaks., There
has not yet been any comparison of the intensity of these branches with
those which go to lower states oi‘.-l*oCa. Without a knowledge of the
branching ratios it is not possible to calculate log ft values for the
transitions, For a comparison of the different decays observed here,
however, we can calculate relative log ft values (actual log ft values plus
some unknown constant). Table 7.6 lists the number of counts in each peak
and the associated relative log ft value. The additive constant has been
chosen by a means which, although being arbitrary, nevertheless makes the
quoted values plausible. A list of known log ft values for allowed transi-
tions from odd-odd nuclei in the mass region of 40S¢ (from A= 28 to
A = 62) was taken from the review by Lederer et al. (1967). The additive
constant was then chosen to make the average of the log ft values in Table
7.6 agree with the average of this list of known log £t values.

It is of interest to note the capability of delaysd proton spectro-
scopy to pick out beta branches of wery low intensity. Assuming that the
log £t values listed in Table 7.6 are approximately cor;'ect, it can easily
be determined that the largest peak in the spectrum represents about 0.5%
of all the decays of 40g, s and that the peak at energy 3.95 MeV represents

a branching ratio of about 2 decays per million.
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TABLE 7.6

COUNTS IN THE PROTON PEAKS AND
RELATIVE LOG ft VALUES

Level in 1*063. Relative log ft for

MeV Counts in Spectrum preceding ,B+decay
940k 43,400 + 250 he76
9.608 ' Ly 40 + 100 5,71
9.811 1,30+ 80 6.11
9.924 650+ &0 6.39
10.046 556 + 80 6436
10.216 1,850+ 60 5.70
10.48 3,090+ 70 5,38
104535 170+ 40 6.58
10,782 2,250+ 60 5420
10.927 540+ 50 5,75
11,070 270+ 50 5.86
1.22 900+ 50 5027
11.45 137+ 20 5487
11.64 53+ 10 6.05
11,74 139+ 20 5.51
11.85 34+ 10 5499
12,03 3,+ 10 5476

12,28 23t 10 5433
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Figure 7.l: Spectrum of delayed protons following the bom-
bardment of a magnesium target (05 mg/cmz)
with 67 MeV protons. Each..peak is labelled
with its energy in MeV. These energies have
been c_orrect”e& to centre-of-mass. The insert
shows the main peéks following the decay of
17Ne drawn on the same background. The spectrum
has been normalized so that the peak at 5.40 MeV
has the same area as the peak in the main

spectrum.
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..........

Figure 7.2:

Prdposed partial decéy scheme for 21M'g. The
solid lines represent levels taken from the
compilation of Endt:and Van der Leun (1967).
The. dotted levels are proposed to explain the

observed spectrum.
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Figure 7.3:

Spectrum of delayed protons following the
bombardment of a sulfur target (1. mg/bm?) with
57 MeV protons. The peaks are labelled with
their energy in MeV., These énergies have been

corrected to centre-of-mass,
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Figure 7.4: Proposed partial decay scheme for 298 showing

the transitions observed in this experiment.

The level scheme is taken from the compilation®

of Endt and Van der Leun (1967).
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Figure 7.5: Spectrum of delayed protons observed following
the bombardment of & caleium target (0.5 mg/em’)
with 25 MeV: protons, The peaks have been
labelled with their energies (in MeV)

corrected to centre-of-mass.
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Figure 7.6: Lifetime curve for the total area of the h0g,

specti'um above 1.6 MeV,
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Figure 7.7: Proposed partial decay scheme for hOSc showing
the decays observed by delayed proton emission.
The levels indicated with solid lines have
been taken f;om the compilation of Endt and
Van der Leun. The.dotted levels have been

proposed to explain the observed spectrum.



——————— 22

— ——————— 1048

MANY
LEVELS

-4OCG




69

8 SUGGESTIONS FOR FURTHER RESEARCH

8,1 APPARATUS AND TECHNIQUES

The ability of the gas counter telescope system to detect very low
energy protons and the increased resolution due to thinner targeté have
resulted in the observation of many new peaks. "One of the faults of the
spectra is the lack of good counting statistics. This in turn is due to
the rapidity at which the silicon detectors deteriorate in the cyclotron,
The resolution of a typical detector is appreciably worse after 13 to 2
hours of running time.

It is thought that the principal cause of radiation damage is due to
protons being scattered from the target into the detector. It is proposed
that a rotating wheel to act as a "chopper" be introduced between the
target and the detector. This chopper would be thick enough to stop
scattered protons from reaching the detector when the beam was on, and
would expose the target to the detector when the beam was off, The device
should appreciably extend the life of a detector. (This arrangement is
presently being designed.)

Other suggestions to improve the resolution of the spectra are as

follows:

1. Higher resolution detectors could be purchased. The resolution of the
present detectors is rated as being 45 keV (FWHM). There are better
detectors available, but they have not been justified because the total
resolution is much worse than 45 keV, and because the resolution is so
rapidly degraded by radiation damage.

2. Thinner targets can be made. (This entails longer counting periods,

which again raises the question of radiation damage.)
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3. An F.E.T. (field effect transistor) preamplifier could be placed close

to the detector. At present, the (tube) preamplifier is approximately

6 feet from the detector, and the capacitance of the interconnecting
coaxial cable worsens the resblution.

Le The detector could be cooled, perhaps with dry ice or liquid nitrogen,
but more likely with a thennoeleqtric cooler,

5 Dr. R.B. Moore has pointed out that intensity of gamma radiation
inside the cyclotron could be reduced if the parts of the machine
which receive a large amount of "spilled" proton beam (e.gs the area
around the channels, the dummy dee, etc.,) were shielded with carbon,
The activity from carbon has a half-life of about 20 minutes (Dc).
Therefore it would require waiting only a few hours to obtain a rela-
tively "cool" machine. Also, the only gamma ray in the decay of llc

is the 0,511 MeV positron amnihilation peak against which it is

possible to shield the detector,
6. Thinner front windows for the gas counter would improve the resolution

of the system, and would enable the observation of low energy alpha

particles.

8.2 EXPERIMENTS

An interesting problem which can now be investigated more closely

involves the beta decay of 17Ne to the 3.10 MeV excited state in 17F. The
decay should be allowed but the log It value is very large for an allowed
decay. The problem has been discussed by Margolis and de Takacsy (1965).
Esterlund et al. (1967), in looking at the delayed proton decay of 17y
claim that the log ft is greater than 6.1, ‘although they do not show the

. proton spectrum in the relevant region. With the telescope system described

here, one should be able to push this limit to at least 7. Since the log ft
of the mirror decay has been shown by Silbert and Hopkins (1964) to be 6.9,
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it may be possible to make an actual observation rather than just set a
limit,

With or without improvements in the experimental set-up there are a
number of interesting investigations to be performed. All known delayed
proton emitters could profitably be reinvestigated. The telescope system,
as it now stands, Ean produce better spectra than any delayed proton
spectra previously published. Low energy spectra for many of these nuclei
were measured in Brookhaven by R. McPherson et al. (See Chapter 2). Using
the telescope, I believe that all these spectra could be improved in
resolution, in the low energy limit, and except perhaps in the case of 25Si,
in counting statistics. As an example of this, a spectrum of 37ba was
obtained in which it was possible to see peaks down to about 0.9 MeV,
whereas the limit in the Brookhaven spectrum was about 1.5 MeV. In this
particular case, since a calcium target had been used, the low energy
portion of the spectrum was badly contaminated with a AOSc background,
This can be remedied, however, simply by using a potassium rather than a
calcium target.

The observation of protons following the decay of hOSc suggests the
investigation of the series of nuclei having the structure Z = 2k + 1,

N= 2k - 1. The lower members of this sequence 8B, lzN, 2°Na, 21"Al and
3261 are known to be delayed alpha emitters. Charged particle decay of
28P and 36K has not been observed, although it is energetically possible.
Delayed proton emission is possible for all these nuclei heavier than 2ONa,
the process steadily becoming more energetically favourable as the mass
increases. Except in the case of 20y, (Macfarlane and Siivola, 1964), no
measurements of alpha spectra have been made; only the presence of alphas
has been observed (Glass and Richardson, 1955). Using a thinner window on

the detector, one can look for both alphas and protons from the decay of
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these nuclei,

Nuclei in this series, heavier than L’OSc, (viz. s l'eMn, 52(20, 560u)
have not as yet been observed by any process. Mass tables calculated by
Seeger (1961), predict that these nuclei are all bound and energetically
capable of emitting delayed protons. These nuclei can all be produced by
(py3n) reactions on stable isotopes. It would be interesting (and quite

feasible) to search for these nuclei using the present system.
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9 SUMMARY

This thesis has reported the following:
l. The identification of four new nuclei (90 ’ 295 s 33Ar, 37(29.) belonging
to the series Z =2k+2, N = 2k - 1,

2+ The measurement of the half-lives of these nuclei.

3¢ The observation of the high energy (above = 3.2 MeV) proton peaks

following the decay of these nuclei.

he The location of the T = 3/2 analogue levels in nuclei which are the
/8+decay daughters of 295, 33Ar, 3Ta (i.e. in 29P, 3301., 37k)., Other
previously unobserved levels were also located in these daughter

nuclei,

The above observations were made in collaboration with J.C. Hardy,
using a single counter detector system with the detector placed inside the
cyclotron and the results are reported in appendices in the form of reprints
of the published papers. The following work was performed after Hardy's

departure,

5 The design and construction of a two counter telescope consisting of
a silicon surface barrier (E) detector and a proportional counter
(dE/ax) detector., The dE/dx detector was made very thin (a1 mg/cmz)
for the detection of low energy protons,

6o Uée of this detector to remesasure the proton spectra following the
decay of 298 and 21Mg‘with the observation of new peaks in the low
energy region as well as in the region previously measured,

7+ The discovery that the known nucleus wSc was a delayed proton emitter,

8+ A measurement of the energies and relative intensities of the proton

peaks following the decay of l"OSc.
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9, The assignment of the proton peaks from 21Mg, 298 and mSc to known
(or proposed) levels in the intermediate nucleus (the /5+decay
daughter).,

10, The estimation of log ft values for the newly observed transitions
fron ?lMg and 25, Relative log £t values were calculated in the

cage of l’OSc.
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DECAY OF CARBON-9

J. C. Hardy, R. I Verrall, R. Barton, and R. E. Bell

Foster Radiation Laboratory, McGill University, Montreal, Canada
(Received 25 January 1965)

This Letter reports the results of recent mea~

. surements on delayed protons following the 8%

decay of °C. These measurements were under-
taken as part of a systematic investigation car-
ried out at this Laboratory on the A =(4n+1),

T, ==} series of delayed proton precursors.}
Carbon-9 was of particular interest not only
because it was the lightest member of the se-
ries, but also because it was the lightest nuclide
whose existence (i.e., particle stability) was ex-
pected, and whose decay had not been definitely
detected. A few years ago, Swami, Schneps,
and Fry? interpreted a single event in a nuclear
emulsion as an example of the decay of °C, and
more recently Wilkinson® and Jaenecke? esti-
mated that °C should be stable against proton
emission by about 1 MeV. While the present
experiment was in progress, Cerny et al. 8 ver=-
ified Wilkinson’s estimate by measurmg g the

‘energy balance in the reaction **C(*He, ®He)°C

leading to the ground state of °C.
Bombardments were carried out in the'inter-
nal beam of the McGill synchrocyclotron using
targets of carbon and natural boron; °C was
produced by the reactions (p,d2xz) on **C, and

. (p,2n) and (p,3n) on B and V!B, respectively.

_ Two alternative detection systems were used.
The first was a solid-state counter telescope
comprised of a 50u totally depleted surface-
barrier silicon detector (dE/dx) and a 3-mm

~ (22-MeV for protons) lithium-drifted detector

(E). The second detection system was a sur-
face-barrier silicon detector of 500u depletion

depth (8-MeV for protons) with absorbers to
reduce the incident-proton energy. The detec-
tor system and target foil were mounted 5 cm
apart on a radial probe which was inserted in-
to the internal cyclotron beam. Counting was
performed between repeated 30-msec bursts
of normal cyclotron operation. The recording
of pulses was interrupted during the beam burst
and for 100 msec afterwards, this delay being
long enough to allow the dissipation of beam-
storage effects in the cyclotron. As well as
proton energy spectra, time spectra could be

‘obtained by using a 400-channel pulse-height

analyzer in its scaling mode, or by sequential=-
ly directing the proton spectrum into the four
quarters of the analyzer.

For the telescope ‘system, the dE/dx and the
E pulses were added, and the sum was record-
ed only if the dE/dx pulses fell within prede-
termined limits. These limits were set so as
to make it possible to record protons with en-
ergies from 0.3 to 14 MeV and to exclude all A
a particles in this range. The 8~ and y-ray
background, however, was not compietely re-
jected. Figure 1 shows the spectrum obtained ‘
from a carbon target (2.4 mg/cm? polyethylene);
the threshold for production of this spectrum
was found to be 52+ 3 MeV. Similar peaks were
obtained from a boron target (3.6 mg/cm? H;BO,
sprayed on thin gold foil) bombarded at 45 MeV.
No sign of a similar activity was observed in
energy spectra and decay curves from thick
beryllium and lithium targets. These findings

376 B553 1-3
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FIG. 1. Spectrum of delayed protons following the

decay of ’C. The continuum contains an unknown but - - -

probably small number of 8 and y counts. The peaks
have been marked with their center-of-mass energies.
The target was bombarded with ~10 85-MeV protons,
and the over-all detection efficiency was about 0.25 %.

identify the activity as being due to °C, whose
calculated laboratory production threshold is
55.11 0.2 MeV for the reaction 2C(p,d2x)°C
and 28.4x 0.2 MeV for the reaction *°B(p, 2»)°C.
-The two peaks in Fig. 1 were brought in turn
within the range of the 8-MeV-thick detector
by appropriate aluminum absorbers. This again
identifies the peaks as due to protons, and gives
another measure of their energies. The ener-
gies measured by the 22-MeV-thick detector
involve a long extrapolation from the 5.305~MeV
a-particle calibration, while those measured
by the 8-MeV-thick detector involve a large
absorption correction; the peaks also have sub-
stantial widths. Nevertheless, the two meth-
ods of energy measurement disagreed by only
about 0.3 MeV, and we will quote average fig=-
ures with appropriate error estimates. The
peaks of Fig. 1 are both much wider than the
resolution width (~0.25 MeV) of the target-de-
tector system. We finally quote the measured
peak energies and widths in Table I.

Table 1.. Peak energies corrected to center of mass,
with corresponding observed widths (full width at half-
maximum) corrected for resolution.

Energy - Width Relative -
(MeV) (keV) intensity
12.25 + 0,20 " 800100 1
9.25 % 0,25 1400 % 200 ~1.5

B553 2-3

The time decay of the spectrum was observed
in many runs, all of which gave consistent re-
sults for the half-life. Separate multiscaling

" runs were performed on pulses corresponding

to the 12.25-MeV peak, and on those pulses in
the range of 4 to 10 MeV. In the latter case a
weak 800-msec component due to a mixture of -
®B and °Li had to be subtracted. The result for
the hali-life of ®C is 127+ 3 msec.

Figure 2 shows a level scheme embodying
the present results on °C. The two peaks of
Fig. 1 are attributed to proton decay from a
level of °B to the familiar ground and first ex~ .
cited states of ®Be. The separation of the ob-
served peaks is 3.0+ 0.3 MeV in agreement with
the known 2.90-MeV separation of these levels.
The energy of the proton-emitting 1evel of °B

" is calculated to be 12.05+ 0.2 MeV and its width -

to be 800+ 100 keV. This is presumably the
state which Dietrich and Davies® observed at
12.31 0.3 MeV with a width of 800+ 200 keV.

These authors also observed a level at 14.67
MeV to which they assigned T =%. Although g*
decay to this level from °C would be superal-
lowed, the decay energy is small, and reason-
able estimates for the logft values lead one to
expect an unobservably small number of delay-
ed protons from this level.

With three odd particles, °C is taken to have
spin-parity §~, and its allowed 8* decay to the

% I T

1653 &, 32
Tb=I27msec

*eeemes (3/217,3/2

eeeme (I/2)7, /2

®Bo+p %

FIG. 2. Partial decay scheme of °C showing the
branch identified in this experiment. All of the indi-
cated levels for 9B_ have been observed by previous
workers, o
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12.05-MeV state of °B restricts that state to
L7, 37, or §”. The nearly equal proton inten-
sities to the 0" and 2" states of 8Be favor the
assignment of ™.
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- istence (i. e. particle stability) of 529
predicted by Baz [1], and its expected Qg+ may be
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Volume 13, number 2

DELAYED PROTONS FOLLOWING THE DECAY OF §2°

J.C.HARDY and R.I. VERRALL
Foster Radiation Laboratory, McGill University, Montreal

Received 15 October 1964

" Delayed protons have been observed following
decay of the previously unreported 529, The ex-
has been

estimated using the semi-empirical formula of
Jaenecke [2] for Coulomb energy differences. This
formula yields an energy of 8.2 = 0.5 MeV for the
first T = 2 level in §i29, The lowest T' = £ level
in P29 ghould be at about this same energy if one
assumes isobaric invariance, and the Qﬁ+ for 529
may be estimated at 13.8 + 0.5 MeV. ‘
Measurements were taken using a surface bar-
rier silicon detector of area 200 mm? and 500

148 oy

depletion depth (8 MeV for protons), mounted

6 cm from the thin target foil and inserted on a
radial probe into the circulating proton beam of
the McGill synchrocyclotron. Counting was per-
formed between repetitive bursts, typically 30
msec long, of normal cyclotron operation. A
clock-controlled counting period was initiated fol-
lowing a 100 msec delay which was long enough to
allow dissipation of beam storage effects in the
cyclotron. This period could be accurately divided
into four equal intervals, enabling the spectrum
to be stored sequentially in the four quadrants of
a 256 channel analyzer. Thus fourpoint decay
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Fig. 1. Spectrum of delayed protons following the bom-

bardment of sulfur. The energy of each proton peak is
shown in MeV, corrected to centre-of-mass, The in-
sert shows the delayed proton spectrum following the

decay of Si%5, taken from reference 4; this spectrum

has been normalized so that the peak height at 4.25

- MeV is_the same in both spectra. The peak marked

(5.36 829) should be considered as less certain than the
other 529 peaks.

. curves for the peaks in the spectrum could be ob-
- tained.

Fig. 1 shows the delayed proton spectrum ob-
tained following bombardment of a 1.5 mg/cm2
sulfur target evaporated on a thin (200 pg/cm2)
gold backing. A phosphorus target [3] yielded
similar peaks,’ but the counting rate obtained was
not as great.

Yield curves for the most prominent peaks
could be plotted for both targets by measuring
their production as a function of the target radius
in the cyclotron. Radial oscillations in the cyclo~-
tron beam make the actual bombarding energy at

_a given target radius less than the nominal cyclo-

tron energy at that radius by an amount not well
determined (2 to:5 MeV), but relative threshold
measurements are accurate to better than 2 MeV.
Spectra taken at different incident proton en-
ergies indicated that the peak.in channel 74 had a

‘ higher threshold than the large peak in channel

108. Both its energy and its measured threshold
indica.tgd'that it was in fact fqllowing the decay of

t

Si25. The 8i25 delayed proton spectrum [4] is
shown as the insert in fig. 1. Other lines as-
sociated with Si2% could then be identified and

are seen to appear in the main spectrum with the
relative intensities expected. Of the remaining
lines, four were attributed to the decay of 529 by
the following argument. Since these lines did not
appear following bombardment of silicon, the nu-
clide responsible for the activity must be an iso~
tope of phosphorus or sulfur. (Clearly there is
only a small contribution to the large peak in
channel 108 from the Si25 peak at about the same
energy.) Any isotope of phosphorus that can be a
delayed proton precursor must have a production
threshold from stable sulfur lower than that from
phosphorus. In fact, however, the apparent pro-
duction threshold from sulfur was 7 MeV greater
than that from phosphorus, and was approximately
50 MeV. These results are compatible only with
the reactions $32(p, d2n)S29 and P31(p, 3n)s29
whose calculated laboratory energy thresholds are
(46.3 = 0.5) MeV and (39.5 % 0. 5) MeV. The ap-
pearance of Si2% lines in the spectrum is attri-

* buted to the reaction $32(p, ad2n)Si25 whose

threshold, 55.8 +0. 5 MeV, is 9.5 MeV higher
than the threshold for §32(p, d2n)s29; this differ-
ence compares favourably with the experimental
difference of about 10 MeV.

The two high energy peaks (6. 05 and 6. 60 MeV)
were not sufficiently above background to identify
their source positively, while the peak in channel
97 did not behave in a consistent manner and has
not yet been identified. The energies of the peaks
shown in fig. 1 are corrected to centre~of~-mass.
Since this correction depends upon the source, the
three peaks of uncertain origin are shown only
with approximate energies.

. Typical decay curves for the three main peaks
are shown in fig. 2. The data for the 5.59 MeV
peak has been corrected for the small Si25 peak
(5.62 MeV). From such curves, the half life we
adopt for S29 is 195 + 8 msec. Incidentally, the

4. 25 MeV peak is seen to have a half life consis~
tent with its assignment to Si25 which has a mea-
sured half life of 225 msec [4]. ' :

The proposed decay scheme appears in fig. 3.
The known level at 8. 08 MeV [5] would result in
proton peaks at 5. 33 and 3. 56 MeV, agreeing
within experimental error with the observed peaks
at 5.36 £ 0.10 and 3.60 £ 0.06 MeV. The peaks at
3.86 = 0.04 and 5.59 + 0.04 MeV fit the decayof a
proposed new level at 8.36 = 0.03 MeV. .

The spin-parity of A129 is 3+, ag it is for all
other nuclei with 13 odd nucleons, and conse-
quently it is likely that S29, its mirror, should
have the same spin-parity. On this basis, the pos-
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Fig. 2, Typical four-point decay curves for peaks in

the spectrum of protons following bombardment of sul-

fur. The energy of the peak considered, its source, and
its measured half life are indicated for each curve,

itron decay t6 the 8, 08 MeV level should be al-
lowed. X a log f¢ between 4. 0 and 5. 0 is assumed
for this transition, then from the relative inten-
sities of the proton peaks, the decay to the 8. 36
MeV level has a log ftbetween 2.5 and 8.9, in-
dicative of a super-allowed transition. Combin~
ing this with the fact that the expected energy of
the first T =  state in P29 ig 8.2 0.5 MeV, it
18 reasonable to assign this isotopic spin to the
level at 8.36 £ 0.03 MeV. Like the similar levels
in A1%% and Na21 [4], this level can proton-decay

only through an admixture of T = . If this admix- -

ture is small, then it is to be expected that the
level should not appear in resonance data for pro-

. ton reactions on Si28. This appears to be the case.

There are several other levels in P29 with a
spin of 3+ or 5+ which are apparently not popu-
lated sufficiently to be observed in this experi-
ment, This, however, is not inconsistent with
these levels being fed by allowed transitions,

14.0 (s)* '
J Ty,"195msec.
pf

IZS levels

836 () Tey
8085+ '
16 lavels

I

275 0

Il

Sit% p

w000 4+ Tey

Fig. 3. Proposed decay scheme of 829, The proposed

T = § level is shown dashed at 8,36 MeV; all other

levels and assignments are from the compilation of Endt
.and van der Leun [5]. .

since, on the basis of the range of log ft's previ-
ously assumed, transitions with high allowed log
Jt'a could result in peaks with unobservably low
intensities.

Using the value 8. 38 MeV for the lowest 7'=
% state in P29 and the calculated Coulomb ener
difference, a revised estimate of the Q.+ for 29
is 14.0 + 0. 2 MeV; this value is shown in fig, 3.
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ABSTRACT

The delayed-proton precursor 33Ar has been produced by proton bombardment
of a lithium chloride target in the internal beam of the McGill synchrocyclotron.
The half-life of 2Ar was measured to be (178 = 10) msec. To explain the delayed
proton spectrum, two new levels, at 5.55 and 7.55 MeV, in #Cl are proposed. It is
also proposed that the former is the expected first T = 3/2 state in that nucleus.

Delayed protons have been observed following the decay of #Ar. The only
previous reports of this nuclide are brief mentions by Reeder et al. (1964) and
by us (Hardy and Verrall 1964a) in simultaneous publications that were
devoted mainly to another delayed proton precursor, 3?Ca. We now report our
results in detail; they differ somewhat from those of Reeder et al.

The measurements were carried out as in previous experiments in the present
series (e.g. McPherson et al. 1964), using thin targets bombarded in the
circulating proton beam of the McGill synchrocyclotron and observed by
surface-barrier silicon detectors. Figure 1 shows the delayed proton spectrum

- from a chlorine target (2.3 mg/cm? LiCl vacuum evaporated on a 200 ug/cm?

gold backing). Shown as an inset in Fig. 1 is the spectrum of delayed protons
obtained from a sulphur target, which is taken from the work of Hardy and
Verrall (1964b). We now argue that in the main spectrum only the two peaks
located at channels 47 and 98 can be said definitely to follow the decay of 3Ar.
Two other peaks, at channels 67 and 114, are too small to beidentified positively,
while all other peaks are attributed to 2°S and 2Si.

The peak in channel 105 of the main spectrum was shown to follow the decay
of 2°S by means of the following arguments. Its production threshold was found
to be (50 &= 5) MeV, which agrees with the calculated threshold for the reaction
%Cl(p, @3n)**S. Also, the measured energy of this peak is the same as that
previously found (cf. inset) for the principal proton group following the decay
of 2°S. By comparison with the inserted spectrum, several other peaks in the
main spectrum can be identified, and these are seen to appear with the relative -
intensities expected.

It can be seen that the predominant peak in channel 47 was not observed
following proton bombardment of sulphur, and consequently the nuclide
responsible for the activity must be an isotope of argon. A measurement of the
threshold for its production was difficult to obtain because of the relatively
high 8 background; however, an approximate value of (39 &= 5) MeV was
determined. The argon isotope must then be ®Ar since the observed threshold is
consistent only with the reaction %Cl(p, 3n)%Ar, whose calculated threshold is
37.8 MeV. A decay curve of the net area under this peak is shown in Fig. 2, and
gives the half-life as (178 &= 10) msec. '

Canadian Journal of Physics, Volume 43 (March, 1966)
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From lifetime and threshold measurements, the peak in channel 98 (Fig. 1)
appears also to be associated with ®Ar; its intensity is about 49 of that of the
main peak (3.26 MeV) of the #Ar spectrum.

The energies, corrected to center of mass, of the two peaks assigned to #Ar
are (5.26 == 0.1) and (3.26 %= 0.05) MeV, as is indicated in Fig. 1. Figure 3
shows the proposed decay scheme of #Ar and includes two new levels at (7.55 =+
0.1) and (5.55 = 0.05) MeV which are introduced to explain the two observed
proton peaks. The first level is in an energy region not previously explored, and
the second has apparently not been observed in proton-scattering experiments.

2ar

e (%)
. W= 178 msec

T= 3/3

7.55 (%%)*
-5.75 '/;'

L --5.55 ('/z) T=2,
~-5.46 '

l3_Levels

szS+p

0.00 *%*T=Y,
>l

F16. 3. Proposed decay scheme of #Ar. Previously known levels, taken from the compilation

" of Endt and van der Leun (1962), are shown as solid lines.

As well as observing the peak at 3.26 MeV, Reeder ef al. observed a peak at
(3.90 £ 0.1) MeV which they attributed to 3Ar, This could be the unidentified
peak which we observed at about 4.0 MeV. Their measured spectrum does not
extend to sufficiently high energies to include the 3Ar peak at 5.26 MeV.

All known nuclei with 15 odd nucleons have an assigned spin parity of 3+,
and for this reason, we have assigned 1+ to 3Ar. On the basis of this assignment
there are two known levels in 3Cl] which should be fed by allowed 8 transitions
and which should decay by emitting protons within the energy range of
observation. Such proton groups (expected at 3.17 and 8.46 MeV) are certainly
not present with an intensity comparable to that of the observed 3.26-MeV peak.
This suggests that the level at 5.55 MeV is fed by a superallowed 8+ transition
from the T = 3/2 ground staté of ¥Ar, and is therefore the expected first
T = 3/2 state in #Cl. This isotopic spin assignment would also account for
the level's nonappearance in resonance data for proton scattering from 3%S.
Using the semiempirical formula of Jaenecke (1960) for Coulomb energy
differences, and assuming isobaric invariance, the expected energy of the first

= 3/2 level was calculated to be 5.54 MeV, which is in good agreement with
our experimental value.
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, It can also be noted by comparing the relative intensities of the relevant
proton peaks that the log ft value for 8 decay to the 7.55 MeV level is only about -
0.35 higher than that for the superallowed decay. It is certainly, then, a highly
allowed transition, perhaps indicating that the 7.55-MeV level also has some
T = 3/2 admixture. '

Using the value 5.55 MeV for the first T = 3/2 level in #*Cl and a calculated
Coulomb energy difference, the Qg+ for #Ar is found to be (11.8 == 0.2) MeV.

~ This value is shown in Fig. 3.

To demonstrate the consistency of the above arguments, we now estimate the
log ft value for the 8+ decay to the 5.55-MeV level, from its energy and the
experimental half-life. Correcting for B+ decay to the ground state of #Cl, by
using the known log f¢ value (5.0) of the mirror transition

8P _B_) 335’

we obtain log ft = 3.0. Further corrections for the two or three other possible -
branches will raise this figure, but unless these branches themselves have
unusually low log ft values, the final result will remain in the superallowed
range.

We should like to thank Professor R. E. Bell, the director of the Laboratory,
and Dr. R. Barton for helpful discussions. We acknowledge, also, scholarships
awarded by the National Research Council.

This research was supported by a grant from the Atomic Energy Control
Board (Canada). :
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CALCIUM-3T7tf

d. C. Hardy and R. 1. Verrall

Foster Radiation Laboratory, McGill University, Montreal, Canada.
(Recelved 13 November 1964)

This Letter reports the observation of the for the ground-state inverse transition 3’Ar
previously unreported 37Ca by measurements - =37C1, a calculated f¢ value for the transition :
on the délayed protons following its 8% decay, = - to the first T = § state of 3Ar, and estimated -

There has been much recent interest in the Jt values for transitions to the two other ex-
detection of solar neutrinos by means of the cited states.
reaction 3’Cl+ vgglar —3"Ar +e~. Bahcall® has It has been pointed out? that a better c-stnna.te
shown that this reaction may proceed either for branching to the latter two states can be
to the ground or to any of three excited states obtained from a knowledge of the lifetime of
of S7Ar. The total cross section for this reac-’ 37Ca, since the positron decay of 3Ca,,, name~-
tion was predicted using the measured lifetime ly 3Ca=%"K+et + v, is the mu‘ror reaction

764 o . ' -W550 1-3
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to neutrino capture by {7CL,. This lifetime

and other properties of the 3’Ca decay have now

been measured. The nuclide %’Ca is the latest
one of the (4n+1) series of delayed-proton pre-
cursors studied in this Laboratory,® the pre-
ceding members being **0, !'Ne, #*Mg, 25si,

S, and **Ar, The fact that 3’Ca has appeared

in its logical place in this series lends confi-

dence to the results to be reported here.

Measurements were taken using a surface
barrier silicon detector of 200-mm? area and

500-4 depletion depth (8 MeV for protons),

mounted 6 cm from the thin target foil and in-
serted on a radial probe into the circulating
proton beam of the McGill synchrocyclotron.
Counting was performed between repetitive
bursts, typically 30 msec long, of normal cy-
clotron operation. A clock-controlled count-
ing period was initiated following a 100-msec
delay which was long enough to allow dissipa-
tion of beam storage effects in the cyclotron,
This period could be accurately divided into
four equal intervals, enabling the spectrum

to be stored sequentially in the four quarters
of a 256-channel analyzer. Thus, four-point
decay curves for the peaks in the spectrum
could be obtained.

To calibrate the energy response of the sys-
tem, the *°Po « line was used in conjunction
with pulses from a mercury pulse generator
fed onto the input of the preamplifier. Several
ten-minute counting periods were alternated
with pulser calibrations in order to determine
the energy of a peak,

Figure 1 shows the delayed proton spectrum
obtained following proton bombardment of a 0.9~
mg/cm?® caleium target, vacuum evaporated
on a thin (200 pg/cm?) gold backing, Similar
peaks were obtained from a potassium target
(KOH vacuum-evaporated on thin gold), but -
with a reduced counting rate., Bombardment
of a chlorine target (LiCl) produced a proton
spectrum which was considered® to follow the
decay of **Ar; that spectrum included a peak
near channel 47, but its other features indicate
that its contribution to the spectrum in Fig. 1
is less than a few percent. Consequently, the
nuclide responsible for the present activity
must be an isotope of either potassium or cal-
cium,

Yield curves for the prominent peak in Fig. 1
were plotted for both the calcium and potas-
sium targets by measuring the delayed-proton
production as a function of the target radius

W550 2-3

in the cyclotron. Observations near threshold
were difficult because of the B background un-
der this peak; also, radial oscillations in the
cyclotron beam make the actual bombarding
energy at a given target radius less than the
nominal cyclotron energy at that radius by an
amount not well determined (2 to 5 MeV). Rel-
ative threshold measurements, however, could
be made to within 2 MeV by comparing the ex-
citation functions over a range of energies
above the threshold,

The threshold for production from stable
calcium (97% “Ca) was found to be 7 MeV high-
er than that from potassium (93 % %°K), and
was approximately 47 MeV. These results
are compatible only with the reactions “Ca(p,
d2n)*’Ca and *°K(p, 37)°"Ca, whose calculated

- laboratory energy thresholds are 44.6 and 38.5
MeV. This establishes the activity as follow-
ing the decay of %'Ca. ' '

From decay curves of the area above back-

ground of the main proton peak, each taken -

over approximately five half-lives, we adopt
the value (173 + 4) msec as the half-life of 3’Ca. -
The small peak in Fig. 1 appears to have
a half-life not significantly different from that
of the main peak, but threshold measurements
could not be made, and positive identification
was not possible. Since its intensity is only
about 2 percent of that of the main peak, it is

8000~ -

37ca DELAYED PROTONS
TARGET——09mg/cm2 Ca
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" FIG. 1. The spectrum of delayed protons from a
caleium target bombarded at 85 MeV in the cyclotron.
The two peaks are marked with their center-of-mass
energies computed for mass 37, but only the 3,21~
MeV peak has been definitely assigned as following
the ¥’Ca decay.
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ignored in what follows. ‘
The energies of the peaks are shown, cor-
rected to center of mass, i Fig. 1. The peak

. 'at (3.21x0.04) MeV corresponds to the decay
~of a level at (5.07+0.04) MeV in *’K [using Endt
*“and van der Leun’s value® of 1.86 MeV for the

‘mass difference between (**Ar +p) and 3K,
- which agrees with the predicted® excitation

_ “energy (5.12 MeV) of the first 7= § level in

:*'K. Such an assignment to this level would -
.account for the fact that this peak appears with
relatively high intensity, because the 8* decay
to it from 37Ca would be superallowed.

Figure 2 shows the proposed decay scheme,
which includes all relevant levels, and where
the bracketed energies have been predicted
only. The ft value for the electron capture
decay }3Ar;o~37Cl,, is known to be 1,14X10%
Sec, and one may assume that this value ap-
plies very nearly to the ground-state % de-
cay 3iCa,, ~ 37K,q; Bahcall® als: calculates an
Jt value of 1.9X10° sec for decay to the T'=§
level in K. Using these assumptions and the
measured lifetime, we have calculated approxi-
mate branching ratios for the two previously
mentioned decays and the total of all other
decays. Since decays to the two levels at 1,57

and 1.46 MeV are the only other ones that would

contribute‘significantly, the branching ratios
and decays should appear as in Fig. 2,

It is now possible to use these branching
values for the mirror neutrino-capture reac-
tion on 3'CL. In reference 1, Bahcall made
calculations concerning the cross section for
the neutrino capture using estimated branch-
ing ratios. Repeating the calculation using
the measured half-life and the subsequently
modified ratios, a revised estimate for this .
cross section is obtained. This value predicts
the total number of solar neutrino captures
to-be 3.1X107%/(*'C1 atom)-sec, a value 14%

JorT

e %o .
Tl/z-l73msec (3/2°3/2)
~45% f
————(3/2"3/2)
7 39%)
(~16%)
' / /_( -(572%,1/2)
3 57 __ _ / e R
Are p oy i ===-0/2%1/2)
00 - ————(32'1/2)

37K

FIG. 2. Proposed decay scheme of 37Ca, Levels
and decays that have not been directly observed are
shown by dashed lines. Energies that are only es~
timated are shown in brackets. The g* branching
ratios have been estimated as described in the text,

lower than that in reference 1, Eq. (36), but
well within the quoted errors.
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SUPERALLOWED log ft VALUES
FOR TRANSITIONS BETWEEN T = g ANALOGUE STATES

J. C. HARDY %, R. I. VERRALL and R. E. BELL
Foster Radiation Laboratory, McGill University, Montreal
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Abstract: The log f7 values have been measured for a number of +-decay branches from the delayed
proton precursors *Mg, 258i, #S, 33Ar and %Ca by comparing the intensity of peaks in their
delayed proton spectra with that of peaks in the spectrum following the decay of ’Ne. In
particular, each decay has a superallowed branch from the (7, T;) = (3, —3%) precursor ground
state to the (§, —}) analogue level in its daughter nucleus. The measured log f7 values for these
branches agree quite well with calculations and are, in order, 2.9, 3.0, 3.1, 3.6 and 3.3, all values
being -4-0.3.

RADIOACTIVITY ¥'F, #Na, ®Al, *P, 3C|, ¥K [from (p, x5*)];
measured J (delayed protons); **Ne, Mg, 258i, S, 33Ar, 37Ca deduced log f. Natural targets.

1. Introduction

Recently, a number of new light nucleides with T, = —3% have been observed and
their decay investigated ! ~®)*. These nucleides are all delayed proton precursors.
All have the form (Z, N) = (2k+2, 2k—1), all decay by the emission of positons,
and in each case there are decay branches that lead to states in the daughter nucleus
which are above the proton separation energy; these are characterized by the further
emission of a proton. This branch of the decay may be written

Qk+2, 2k—1) £ (2k+1, 2k)* B, (2K, 2K). 6))

Measurement of the energies and relative intensities of the observed proton groups .
yields corresponding information about the preceding B*-decay branches, their
energy and the relative branching intensities. However, it is only possible to obtain
directly the partial half-lives, and hence log f¢ values, if all branches in the g*-
decay of the precursor lead to proton-emitting levels, since then the total intensity
of all decays can be measured. ‘ -

The decay of *"Ne is the only one in which this is the case. The ground state of
17Ne is 4, while the ground and first excited states of 17F, its daughter, are$* and
17 respectively. In fact, the lowest state in *’F to which allowed decay is possible
. 1 Now at Nuclear Physics Laboratory, Oxford. )

11 Ref. 1), 17Ne, #Mg and 258i; ref. 2), 1?Ne; ref. 2), 1’Ne, #S and 3%Ar; ref. 4), ¥Ne, *Mg and
258i; ref. ©), Mg and %Si; ref. ¢), 2S; ref. 7), 3Ar; ref. 8), 7Ca and ref. ?), ¥Ar and "7Ce}.
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is at 3.10 MeV (2.50 MeV above the proton separation energy) and its de-excitation
would result in delayed protons within the energy range of observation. The delayed
proton spectrum has already been investigated ! ~*) between 2.5 and 8.0 MeV and,
from the relative intensities of the proton groups, the log ft values for the f*-decay
branches have been obtained directly #'4).

The fivs other T, = —% nucleides of interest here are 2!Mg, 2°Si, 2°S, 33Ar and
37Ca. The delayed proton spectra from their decays have previously been observed
and investigated ®~°) and consequently it has been possible to find the relative in-
tensities of the B*-decay branches from each. However, in each case allowed decay
is possible to states in the daughter that are below the proton separation energy, and
partial half-lives (and log f¢ values) could not be obtained.

It was of particular interest to measure partial half-lives for transitions from the
five nucleides in question since in each case a decay branch had been observed to
proceed to the lowest T'= 3 level in the T, = —1 daughter (i.e. the analogue level);
this decay branch was superallowed. Although calculations have been made for the
log ft values between T = % levels *°), no experimental measurements have been
made of log ft values for such transitions.

2. Method

It has been pointed out 1°) that it is possible to obtain the partial half-life of such
a B*-decay branch by comparing its intensity with that of a decay branch of !"Ne.
In practice, the total intensity of the proton groups that succeeded the unknown
decay branch would be compared with that of a proton group in the !”Ne spectrum.

Given two precursors X and Y, the partial half-life of a particular branch in the
decay of X is related to that of one in Y by the formula

(X) _ A00) o(X) @
1Y)  IX) o(Y)

where ¢ is the partial half-life of the relevant transition, I the total intensity of the
succeeding proton decay and ¢ the cross section for the production of the parent
nucleide from the target material; C is a known factor which depends upon the total
lifetimes and takes account of any differences in experimental arrangement between
the two measurements, such as target thickness. Using this equation and a known
half-life for *"Ne, partial half-lives for transitions from other precursors may be
found. ‘

In order to make use of this formula, though, it is necessary to evaluate the ratio
a(X)/a(Y). Since it is possible to produce all of the previously mentioned precursors
by means of (p, 3n) reactions on stable target materials, it is only necessary, therefore,
to evaluate the ratio where both ¢ refer to the same type of reaction. This is done in
the following manner. The six targets involved are *°F, 2*Na, 2’Al, *!P, *°Cl] and

©e
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39K. The centre-of-mass energy thresholds for (p, 3n) reactions on-these nucleides
all lie between 34.7 and 38.2 MeV, and the thresholds for other proton-induced
reactions lie within equally narrow limits. At a bombarding energy well above
thresholds, one is then justified in taking the ratio of (p, 3n) cross sections for any
two such targets as equal to the ratio of their total reaction cross sections. The
present measurements were made over 40 MeV above threshold. '
Recently, total reaction cross sections have been measured for incident 100 MeV
protons on 39 nucleides between beryllium and uranium **), From the results it was
concluded that the reaction cross section 6y, varies smoothly with the atomic number
and can be accurately calculated by taking into account the geometrical cross section,
Coulomb penetrability and nuclear opacity. The ratio oz (X)/or(Y) may be calculated

- in this way and substituted for the cross section ratio in eq. (2).

Four of the precursors have also been obtained through (p, p3n)+ (p, d2n) reac-
tions. The same arguments may be applied to these cases, and eq. (2) used with the
same substitution in the cross section ratio.

3. Experix;lental Technique

3.1. BOMBARDMENT PROCEDURE

What must be measured experimentally is the ratio of the intensities of proton
groups from different precursors produced under the same, or at least accurately
known, conditions. To avoid the uncertainties involved in separate measurements,
two targets were bombarded simultaneously and peaks in the composite spectrum
compared directly. Either one target material was evaporated onto another (e.g. LiF
onto Al foil) or a compound of the two target elements was evaporated onto thin
gold foil (e.g. NaF or NaCl). The total thickness of the composite target never
exceeded 5 mg/cm?. ;

Proton bombardments were carried out in the internal beam of the McGill syn-
chrocyclotron in a manner which has been described %). Measurements were taken
using a surface barrier silicon detector which was 200 mm? in area and had a 400
pum depletion depth (7 MeV for protons). Target and detector were mounted about
6 cm apart and inserted on a radial probe to a radius at which the circulating proton
beam had an encrgy of 80 MeV. Counting was performed between repetitive 30
msec bursts of normal cyclotron operation, a complete cycle consisting as well of a
100 msec pause followed by 533 msec of counting time.

It is evident that in the bombardment of a composite target both target materials
receive the same number of incident protons, and both subtend the same solid angle
from the detector. Further, since the efficiency of the counter is 1009 for all protons
striking it, and since the cyclotron magnetic field does not result in any significant
variation of the effective solid angle over the entire range of proton energies, the ratio
of the proton intensities is simply equal to the ratio of total counts in the peaks.

Following is a list of the targets bombarded. They are divided into three groups:

e e e e
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those involving (p, 3n) reactions, those principally involving (p, p3n)+(p, d2n)
reactions and those involving both, this group being used only to cross-check the
results of group 2. A “+ denotes “evaporated onto”, but where a compound ap-
pears alone in the list it is to be understood that it was prepared by evaporation onto
thin (200 ug/cm?) gold foil; in all cases except those including sulphur, evaporation
was performed in a vacuum. The precursors produced from each composite target
are shown after it in brackets _
(i) LiF+ Al(*"Ne, 2°Si); AlF;(?%Si, 1"Ne); NaF(?'Mg, 1"Ne); P+ AI(*°S, 25Si);
NaCl(*!Mg, 3*Ar); NaCl+Al(*'Mg, 3*Ar, 2581); KF(*'Ca, 1"Ne),
(i) S+Mg(’s, 2'Mg); S+Si0,(?S, 2°Si); CaSO,(*'Ca, 293),
(iii) Mg and Al (*'Mg, 2°Si); S+ Al(3°S, 2Si); Ca+Al(*"Ca, 2°Si). -

3.2, EFFECT OF TARGET COMPOSITION

Target materials in group (i), except chlorine and potassium, are monoisotopic.
Natural chlorine is composed of **CI(75.5%) and 37Cl(24.5%), and it is from 35Cl
that *3Ar is produced by (p, 3n) reaction, the lab threshold energy being 37.8 MeV. In
order to investigate the effect of the (p, 5n) reaction from 37Cl (threshold 57.3 MeV)
on the production of *3Ar, a NaCl target was bombarded at several different energies
between 45 and 80 MeV and a ratio measured- in each case between the rate of
production of **Mg and that of **Ar. From these measurements, jt was concluded
that we could neglect the effects of the *’Cl(p, 5n)33Ar reaction without affecting
the errors quoted for the log /2 values. The *K (p, 5n) reaction was similarly neglected
in the case of potassium (*°K, 93.2%; “'K, 6.8 %).

The target materials in group (ii) are not monoisotopic, but in all cases the delayed
proton precursor is produced by (p, p3n) reaction from the most abundant stable
isotope (> 9077 abundance for all except magnesium). If an analogy is taken to the
previous argument and the effect of (p, p5n) reactions neglected compared to that
of (p, p3n) reactions, then only the latter reaction need be considered for all targets
in this group except magnesium. From magnesium (**Mg, 78.8%; 2Mg, 10.1%;
26Mg, 11.1%), 2*Na may be produced by the (p, p4n) reaction from a reasonably
abundant stable isotope, 2°Mg. In this case no correction was made, but the results
obtained using a magnesium target were weighted less heavily in determining log /2
values for 2!Na. ‘

4, Experiﬁentﬂ Results

4.1. MEASURED log ft VALUES

It is evident from the proposed decay schemes of the delayed proton precursors
(e.g. that of 25Si in ref. #)) that the decay branches represented by eq. (1) can proceed
either to the ground state (0*) or'first excited state (2*) of the (2%, 2k) nucleus.
In most cases there are, in addition, other more highly excited states to which proton
decay is energetically possible, though severely retarded by the Coulomb barrier.

oo
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Since the f- and y-background to the recorded proton spectra becomes large below
2.5 MeV, the protons corresponding to decay to these higher excited states would not
have been observed. Therefore the total number of protons actually observed
from the decay of a single level sets a lower limit to the intensity of the preceding
B*-transition, and from this an upper limit to the log f¢ value for that transition
may be calculated.

TABLE 1
Experimental log f¢ values for the superallowed transitions

Analogue . ; . .
Precursor  Daughter vt Epeimenal <+ Rovised sxpeimenc
(MeV)
- UMg “Na 8.90 =30 2.9
% N 7.91 =30 3.0
*8 »p 8.36 =3.1 3.1
3BAr 3Cl 5.55 =3.6 3.6
37Ca K 5.07 =34 3.3

Column four of table 1 gives the experimentally measured upper limits to the log ft
values that correspond to the superallowed transition from each precursor.

4.2. REVISED log ft VALUES

An estimate may now be made for the intensity of unobserved proton branches
from the analogue levels and a final log ft evaluated. Penetration factors, calculated
using an optical model potential, have been tabulated 12); these values were used to
©obtain the total intensity of proton decay from each level, knowing from the preceding
measurements the intensity of the one or two most intense branches and knowing
also the energy and possible spin-parity of those levels to which decay is possible 12).

\ .

TABLE 2
Experimental log f values for other allowed transitions

} Energy
Precursor  Daughter level Log ft values®)
(MeV) .
aMg #Na 6.52 =44
7.45 3.7-3.9
(8.35) v) 4.2
s A 7.14 3.7
: (9.03) 3.6 )
®s . wp 8.08 4.4
3Ar %Cl 7.55 . =41
37Ca K (5.91) =49

%) Uncertainty in these values is =:0.1 relative to the corresponding superallowed branch.
b) Parentheses denote levels whose identification is not certain. :
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Column five of table 1 lists the values calculated in this manner; it can be seen that
the effect of unobserved branches should be very small.

Once the log ft value is known for the superallowed B*-decay branch from each
precursor, it is possible to calculate directly the log ft values for all other observed
decay branches simply from the intensity of peaks in the delayed proton spectrum.
These results appear in table 2.

4.3, ESTIMATED UNCERTAINTY

In order to evaluate the uncertainty in the quoted values it is necessary to take into
account not only the experimental errors but also those arising from the calculation
of the intensity of the unobserved proton branches and from the use of an approxima-
tion to the cross-section ratio. Purely experimental errors correspond to an uncer-
tainty of +0.15 in the log ft values, but it is more difficult to assess the effect of the
other two sources of error. Where two proton branches have been observed from one
level, their relative intensities have been quite well duplicated by calculation, and
since the effect of the unobserved branches is expected to be small, the uncertainty
introduced by the calculation of their expected intensity should in all cases be less
than +0.05. Finally, the results of ref. *!) and the consistency of the reaction
thresholds indicate that the approximation to the cross-section ratio does not in-
troduce large error. '

To take account of all contingencies, the total uncertainty that is attached to the
values in column five of table 1 is +0.30. It should be noted that this represents a
factor of 2 in the /2 value, and is intended to be, if anything, an overestimate. )

The uncertainty in the values shown in table 2 are +0.1 relative to the log f value
for the superallowed decay branch from the relevant precursor.

5. Discussion

Calculations 1°) have been made for log f¢ values of the superallowed transitions
shown in table 1, and these predicted that all values would lie between 3.25 and 3.30.
Since for transitions between T = 3 states the Fermi matrix element is large (=3,
the log ft value does not depend very strongly on the model-dependent Gamow-
Teller matrix element; this is reflected in the similarity of the calculated values.

The experimental resuits shown in table 1 agree well with the calculations, all but
one being within 0.3 of 3.3. However, the accuracy is not sufficient to test details
of the model used in the calculations.

It has been pointed out that of the principal sources of error in the present meas-
urements was the uncertainty involved in the substitution for the cross-section ratio.
This error could be greatly reduced if information were available concerning the
excitation functions for, say, (p,n) or (p, pn) reactions on a number of targets in
this region.
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AN EXTENDED NOMOGRAM FOR log ft VALUES
R. I. VERRALL, J. C. HARDY and R. E. BELL
Foster Radiation Laboratory, McGill University, Montreal, Canada

Received 24 March 1965

Recent work at this laboratory has required the
calculation of log ft values for beta decays with a
maximum energy greater than 9 MeV. For this purpose
we have extended to higher decay energies the nomo-
gram originally constructed by Moszkowski!). We
have also increased the size of the nomogram and the
number of grid lines in order to make its use convenient
and accurate.

The graph (fig. 2) of the Coulomb correction factor
(log C) has also been extended in the same fashion. The
value of C is given by!):

=i [ F@mW W - 0¥ - wyaw,

where the notation is standard. The exact values of
F(Z,W) were obtained for a point nucleus. That is,

1
FZ,W)=— (821 +fi)
2p

where g and f are the “large” and “small” radial wave
functions evaluated at the nuclear radius?). The McGill
IBM 7044 computer was used to facilitate evaluation
of the complex gamma and confluent hypergeometric
functions as well as to carry out the integrations. Be-
cause of access to this computer, we were not forced to
make the approximations made by Moszkowski, thus
eliminating a possible source of error: It was found,
however, that our results and those of Moszkowski
agree remarkably well.

In addition, an approximate correction was made to
take into account the effect of screening by the atomic
electrons. This was done by replacing F(+ Z, W) by®):

F(+Z,W F Vo) [{(W T Vo)*— 1} (W~ 1)[¥
. x(WF Vo)W,

where the upper sign refers to electrons and the lower
to positrons. ¥, is given by ¥, = 1,1302Z3%.

The effect of the finite size of the nucleus was not
included in the corrections to log C. Rose and Holmes*)
have calculated the size of this correction for various
values of Z and W for an assumed nuclear charge
distribution. These calculations show that for values of
Z less than 60 the correction is negligible. For a Z of
60, log C would be lowered by about 0.01 and for a Z
of 96, log C would be lowered by about 0.09. The
correction is almost independent of W. It was decided
that these corrections were not appreciable enough to
merit the additional calculations involved.

To use the nomogram place a straight edge on the
appropriate maximum energy and partial half life of a
B* component and read the value of log f,¢ on the third
column (fig. 1). The log f¢ value is given by

log ft = log fot+1log C!

It is evident that the chart extends well beyond the

4 decay energies and log f values likely to be encountered.

However, the ease with which the extension was made
once the calculation was set up and the possibility of
speculative interest in these regions, led us to include
these higher values.

Two of us (R.IV. and J.C.H.) wish to thank the
National Research Council for scholarships. This work
was supported by a grant from the Atomic Energy
Control Board (Canada).
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APPENDIX 7

RANGE ENERGY CALCULATIONS

When the gas detector system was used, the observed protons had to
pass through the mylar (Clngoh) front window and the methane (GHA) £illing
gas before they were stopped in the silicon detector. In order to correct
the proton energies for energy loss in these two media, it was necessary
to have the appropriate range energy tables. Since these tables are not
readily available, it was necessary to calculate them. Also, since alpha
sources of known energies were used to determine the thickness of the
window and the gas, it was necessary to calculate similar tables for alpha
particles.

To calculate the dE/dx at a particular energy for a compound one uses

the expression

— - dE
- Z L&

compound i i

Rl&

where i represents the different elements present, and f; is the fraction

of the mass which that element represents. For example,

g6

I =L + .zs%E-xl
CHh Carbon

Hydrogen

The values of dE/dx for the elements were taken from the tables of

Williamson and Boujot (1962). |
Having calculated values for dE/dx for the compound we can calculate

the range (R,) for various energies (E,) using the relationship



The quantity dBE/dx is inherently negative; hence the appearance of the
minus sign.

When 1/(dE/dx) for the protons is plotted versus E, one obtains a
curve which is nearly linear. For this reason a simple trapezoidal
integration formula was used for the numerical integration. At the low
energy end of this plot, the curve was extrapolated linearly to zero energy.
Since this extrapolation is over only 50 keV, any error in this approxi-
mation will contribute negligibly to the integration.

The above procedure was also used for the alpha particle curves,
except that in the low energy region, where - dx/dE is not linear, more
points were evaluated and Simpson's formula was used for the numerical
integration. It is felt that uncertainties in the results are due mainly
to uncertainties inherent in the original tables,

The values of R and dE/dx for alphas and protons in methane and mylar

are tabulated in Tables A7.1l to A7.4.



TABLE A7.1
PROTONS IN MYIAR

2

g}:ﬁy £ (Mevgcm ) Range (g/cn”)
-05 ' 9.35 x 102 5,95 x 1077
1 8423 | 1.07 x 1074
2 6.38 | 2,46
.3 5423 4420
o Lokt . 6428
.5 3490 8.68
b 3.48 1.14 x 10
7 3.15 Lok
.8 2.88 1.78
9 2.66 2.1
1.0 247 2.53
1.2 2,18 | 3439
1k 1.95 437
1.6 L.77 5ek5
1.8 1.62 6063
2,0 1.50 791
2.5 1.27 1.16 x 1072
3.0 1.10 1.58
4s0 8.82 x 10! 2,60
5.0 740 3.84
6.0 6440 5430
7.0 5461 6497
8.0 509 . 8.85
9.0 LeT77 1.09 x 107+

10.0 Le25 1.31




TABLE A7.2

PROTONS IN METHANE

2

%;Z“}?y = (Mev;m ) Range (g/cn®)
.05 1.85 x 10°  232x10°
1 L5 5439
.2 1.04 1.36 x 1074
3 8.12 x 102 2,42
A 6,74 3.78
o5 579 s 5.38
6 5.10 7.23
o7 b7 9.30
.8 Lel5 1.16 x 1073
9 3.81 141

1.0 3452 1.69
1.2 3.07 2.29
Lok 2,73 2.99
16 247 3,76
1.8 2.25 L6l
2.0 2.08 5453
2.2 1.93 6.53
2.4 1.80 7.61
2.6 1.69 8,76
2.8 1.59 9.98
3.0 1.51 1.13 x 1072
el 1.40 1.40

conttd,



TABLE A7.2 (cont'd.)

ﬁ}:‘:;%y = (ﬂcié,&), Renge (g/cu)
3.8 1.25 x 10%-  L1x 07
ha2. 1.15. 2,00
Leb 1.07 240
5.0 . 9.99 x 101 2,79
6.0 8.6L 3487
7.0 7459 | 5011
8.0 6480 6449
9.0 617 8.04

10.0 5.66 ' 9.73




TABLE A 7.3

© ALPHAS IN MYLAR
Enerey & Qoo Range (s/ex?)
.05 1.09 x 103 | 5054 x 1075
a1 1.66 9.34
.2 2.23 1.46 x 1074
3 2.45 | L.
oy 2.51 2,29
5 250 2,69
.6 2.45 3409
7 2,38 3.51
.8 230 g
.9 2,22 0 h38
1.0 2.1, Lol
1.5 1.79 7ok0
2.0 1,53 1.04 x 1073
2.5 1.34 1.39
3.0 1.19 1.79
40 19.83 x 102 2.72
5.0 8.40 3.82
6.0 7.37 5,09
7.0 658 | 6.53
8.0 5.96 8.13
9.0 5.6, 9.88

10.0 5,04 | 1.18 x 102




TABLE AT.4

ALPHAS IN METHANE

Energy

Range (g/cm)

(MeV) % (E?I,Lécﬁ)
.05 2,32 x 107 2,70 x 10~
ol 342 451
o2 k32 7407
o3 ho5L 9.32
ok bob5 1.16 x 1074
o5 4e30 1.38
6 hell 1.62
o7 3.92 1.87
8 3473 2,13
9 3455 2.41
1.0 338 2.69
1.2 3409 3.3L
1.4  2.83 3499
1.6 2,62 LT3
1.8 2.43 5452
2,0 2.28 6437
2,2 2.1 727
2.6 191 9426
3.0 1.73 1.15 x 1073
3k 1.58 1.39
3.8 ‘ 1.45 1.65
he2 1.35 1.94

cont'd.



TABLE A7.L (cont'd.)

| Energy

,2.

G £ &, Range (g/cu’)
hab | 1.26 x 103 2,25 x 1073
5.0 1.19 2.57
- 6.0 1.03 3048
740 9416 x 102 bo51
8.0 8.25 566
9.0 7+53 6493
10,0 693 8432




APPENDIX 8
EFFECTIVE SOLID ANGLE CF A DETHCTOR IN A MAGNETIC FIELD

When a source and detector are placed in a magnetic field, the
effeétive solid angle for the detection of charged particles is depe,hdenﬁ '
on the energy of the particles. To compars the intensities of pea.ks of
different energies, it is necessary to knéw the‘form}of this c'lep.endance.-

| The probleni will be tfeated» in two stages. In ihe first, a simple
point source is assumed and collimation effects are assumed to be absent.
In the second stage, an estimation is made of the effect of the collimation
inherent in the detector system.. ’

Magnetic.
Field (B) | 1 | Detector

Source %

(———L —p

Fig. A8.1

The assumed geometry is shown in fig. A8,1. The magnetic field B is
in the y direction, the detector axis lies along the z direction, and the
gource is at the origin of the co-ordinate system.

If a particle of mass m, charge e and imitial velocity V= (V,, Vg, V,)
is emitted from the soui'ce, its resultant motion is found to be, letting

W = (Be) /m:

x-kint-—-z-(l-coswt) 1
.-Q,-S w @ C e o o o



g

V% v,
:ES’ (1 - coswt)"’; singpt e o 00 2

Y:Vyt | 00003

We now write (?x, Vy, Vz) in terms of V and the spherical co-ordinates
(8,4)

V, = V sinecos ¢

Vy:: v sinésincﬁ

Vz:Vcose

Substituting these expressions into equations 1, 2 and 3 we have (x, y, z)
in terms of (©, ¢, t). The problem now is to determine df2=sinededd
in terms of dxdy, the. corresponding. element of area at the target. - We will
then integrate the expression 6ver the vﬁarget;ar_ea to determine the solid
angle subtended by the detector. This is done as follows.

We write |

dx dy dz = J( 2) dedpdt

CHA-

= J(—IL-E) J(e ) de dg dz

where the J's are the appropriate Jacobians. Cancelling dz and rearranging

we obtain
J(E2923) 0z
d0dd = —B:bat 4y gy- O dy
Xa¥s3Z J(ZaTa%)
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si.n@%z-
d(l=sin6ded¢ = == dx dy ceo e k
J(XaeZ .
6t

The expression multiplying dx dy must be evaluated at the detectdr—, i.e.
at z = L, and at the particular values of (x,y) in question. Sineé-v the
expression can be mttén down most easily in terms of ( ©,¢,t) we must
solve equations 1, 2, and 3 for 6, ¢, t, substitute the results. info
equation 4 and integrate the result over the surface of the detector. The
equations were solved by an iterative procedure, and the numerical
integration was performed using equation 25.4.61 in the "Handbook of
Mathematical chtions"].' This numerical work was done by a computer, .

For L = 5.38 cm and a circular detector of radius 0.8 cm (thé stan=.
dard gecmetry), the resulting solid angle as & function of emergy is shown
as the solid line in fig. A8.3. | |

The actual geometry is more complicated, however. The presence. of
the gas counter and some shielding causes an effective collimation., In
"the presence of a m@etic field, this collimation will shield the detector
from phe source to a ,dggree-depending on the energy of the proton, Fig.»
A8.2 éhows the correct geometry with an assumed point source. The dotted -
curve represents the path of a proton with an energy of 0,17 MeV. It .can
be seen that protons with less energzy than this carnot get to the detector.

Using graphical methods, an approximation was made of the amount. of
- the detector "visible" to the target. This was used to estimate the effec- ..
tive solid angle, The result is shown in fig. A8.3 as the dashed line. In
the region of interest, the effect is small, (R/5% correction at 1 MeV).

1., U.Se Dept. cf Commerce, Series 55 (1965), Edited by M. Abramowitz and
I.A. Stegun,
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Therefore the accuracy of the calculation is sufficient for the purpose of
@ this thesise The fact that the source has a small finite area is estimated
to have a negligible effect on the above calculations.




FIGURE A8,2 = -
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Figure A8,2: Scale diagram of the squrce-detector geémetry
showing the collimation effedt of the supporting
structure,, The path of the proton with the
smallest observable energy (0.17 MeV) is shown.
(The magnetic field is normal to the diagram,)
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Figure A8,3: Effective solid angle of the standard source;- '
detector. geomstry as a function of proton
energ&.l The cufve is normalized to the solid
angle withe the magnetic field off. The solid
line does not take into account the collimating -
effect of the apparatus. The dotted curve does
‘take this into account.
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APPENDIX 9
SQUARE ROOT GRAPH PAPERL

Some of the proton spectra in this thesis are plotted on a new type
of graph paper in which the distance above the base line at which a number
is plotted is proportional to the square roct of the number. The paper was
designed after seeing a publication by Hooton (1967) in which this kind of
scale was suggested for the oscilloscope display of spectra accumlated in
a multichannel enalyser. Hooton's motive was to provide a display in which
the scatter of the points dus to their ordinary Poisson errors would be
independent of the position of the points on the display, This property
follows so long as the variance of an observed number N ig proportional to .
N, as in Poisson sﬁatistics. A plotted multichamel spectrum having a
large number of chammels should then appear as a2 band of points having a
constant vertical width. This is an obvious convenience in the analysis of
spectra,

Square root graph paper (or a square root display) also has advantages
for showing a spectrum whose intensity covers a wide range. Linear paper
overemphasizes the high intensity region with the result that low intensity
peaks tend to disappear., A multi-cyele logarithmic scale, on the other
hand, overemphasizes the low intensity region and compresses the high
intensity peaks. On a L-cycle logarithmic scale, for example, three~
quarters of the area of the graph is devoted to the intensities lying
below 10% of full scale. In addition, the value zero cannot be plotted on
a logarithmic scale., Square root paper lies between the extremes of these

two commonly used scales,

1. Available in 11" x 17" sheets from Graphic Controls Inc., Montreal,
Number G8 - 10173L. :



A note is presently in preparation for submission to "Nuclear
. Instruments and Methods" describing the graph paper and mentioning its
availability.
An 8" x 11" facsimile of the paper is shown in f:.g. A9.1,
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Figure A9.1: A reproduction of the "Square Root' graph paper

vwhich is now commercially available.
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