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INTRODUCTION

One of the major fields of research in nuclear physics is
the accumulation of experimental data on the properties of energy
levels in the various light nuclei.v In general, the most useful
information that can be obtained is whether or not an energy 1e§re1
exists, its excitation energy, its width, its total angular momentum
or spi.n, its relative probability of different modes of decay and its
isobaric spin admixtures. Such information should be useful in
acquiring further understanding of nuclear forces and nuclear
strﬁcture.

The research reported in this thesis is a part of this
systematic search for and classification of nuclear energy levels.
Five separate experiments have been carried out and data has been

10 11

9 , CH,

collected on part of the level structure of the nuclei B

N14, 015

, C
and Nezo.

Chapter 1 describes the design features and associated
electronics for an activation apparatus which was constructed for
use in investigating reactions in which the residual nucleus is
positron active.

A formula was derived for the absolute cross section of

reactions measured by the activation apparatus. Chapters 2 and 3
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describe cross sections measured in this manner, for the Flg(p,n) Ne1

and Blo(p,n) Clo reactions respectively. In addition to the usual
quantities that must be measured to obtain cross sections, the

radioactive decay constant is also required, Because an accurate

evaluation of this had not previously been made for either Nel? or

10

C™", the half life for each element was measured.

Considerable structure was found in the Flg(p,n) Nel®

excitation function. From a comparison with the structure observed

20

in other reactions leading to the compound nucleus Ne“", an inter-

pretation of the structure has been made in terms of compound

nucleus states, influenced at higher energies by a strong direct

11

interaction contribution., Several new levels in C~~ were found from

10

the study of the B~ " (p,n) C10 reaction, and a more accurate value

was obtained for the energy of the first excited state of Clo.

7

The ¢ particles from the Blo(p,a) Be ' reaction were studied

in an effort to confirm, and to measure some of the properties of the

levels in C11

observed in the Blo(p,n) c10 reaction (described in
chapter 3). Excitation functions were measured at close energy
intervals at two angles, and thirty angular distributions were
measured for both the ground and first excited state g-particle

groups, These were analysed in terms of a series expansion of

Legendre polynomials, The spin of the o particle is zero, and this

9
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réduced the number of unknown parameters enteringbinto the
theoretical distributioné sufficiently to allow an éssignmen’c to be
made of a spin and parity to one of the levels, The éxperirnent,
and the analysis of the results, are described in chapter 4, together
10(

with the results of an investigation of the B p,He3)Be8 reaction

which was measured concurrently with the (p,«) work,

Chapter 5 describes the results of an investigation of the

level structure of B9 from a study of the o particles from the

BlO(HeS,af)B9 reaction. No new levels were seen.. However,

several possible levels, reported by other workers, were not seen.
The excited compound nucleus N13 in this reaction is éxtremely
unstable to breakup into 3¢ + p. The shape of this continuum of

o particles and two possible' modes of decay which could result in
the observed continuum are discussed.

12IC13

In order to compute the C abundance ratio produced

at equilibrium in stars burning in the Carbon-Nitrogen-Oxygen cycle,
the ClS(p,'y) cross section at stellar energies must be known. The

usual extrapolation of the measured C13(p,'y) cross sections down to

14

stellar energies assumes that there are no levels in N** just above

the C13 + p threshold, Unfortunately, a level just above the threshold

N14

has been reported from a study of the (p,p') reaction, The

purpose of the experiment described in chapter 6 is to repeat this



-x-
inelastic proton scattering experiment under as nearly as possible
identical conditions to check on the reported level. The experiment
was repeated over a range of proton energies and observation angles
completely covering that of the previous measurements. The inter-
pretation of the previous results was found to be in error, However,
an adequate explanation has been found which does not require a

14 near the C13 + p threshold.

level in N

Appendlx A désérib‘eé thé re‘sﬁltis.of soiné ‘céléurlaﬁ(.)n's Vorrl |
the effect of observed beam current variations on the cross sections
measured using the activation apparatus. The cross section formula
given in chapter 2 was derived using the assumption that the beam
current was constant throughoﬁ.t the bombardment.

Finally, appendix B describes calculations which were
carried out to determine the energy resolution of charged particle
groups from Nl4 + p reactions, obtainable with the gas target

described in chapter 6. Broadening of the groups due to both

geometrical effects and to energy straggling are treated.




CHAPTER 1

THE ACTIVATION TECHNIQUE AND APPARATUS

1.1 Introduction

The work described in this thesis is directed towards a
better understanding Qf the level structure and properties of some '
light nuclei, Much useful information can be obtained from experi-

. ments. iﬁ which the nucleus concerned is studied as the intermediate -
or compound nucleus. A study of the reaction cross sectibn as a
function of bombarding energy will often provide information on the
number, positions and widths of the levels in a given excitation region,
If the level spacing in the region of interest is much greater than the
level width, the levels can be analysed in terms of compound nucleus
formation. Properties of the levels, such as spin, parity and re-
duced width can then often be determined from a study of the angular
distribution of the reaction products,

In the simplest experiments, the reaction cross section is
meaéured, as a function of energy, at a single angle with respect to
the incident beam. Because of interference between various levels,
and between the levels and backg‘round contributions, this information
may need to be supplemented. Interferénce effects in thé excitation |
functions, measured at a single angle only, manifest themselves as

displacements of the resonance energy, as modifications of the total



-92-
level width and even as é.dditional minor anomalies,

If the differential cross section is integrated over 4 = steradians
however, interference effects, except those’ due to levels of the same
spin and parity, are eliminated. The experimental procedure which
provides the most information is one in which the excitation functions
are measured at a large number of angles relative to the incident beam
direction. The cross section can then be integrated over 4n steradians
bto give.the. feéohancé e.ner.gy and fofai w1dth, éﬁd itl'vleraﬁg;ular distfibutioﬁs
can often be used to derive the spin, parity and reduced width of the
level.

When the residual nucleus of a nuclear reaction is radioactive,

a relatively sirhple method of measuring the integrated cross section is
available. This is the activation technique, which consists in measuring
the reaction cross section by recording the radioactivity produced,

The technique is most powerful when the incident beam is monoenergetic
and can be controlled in energy. High energy resolution can then be
obtained by using very thin targets and measuring the cross section

as a function of the incident beam energy. If, on the other hand, the
incident beam is monoenergetic but cannot be so controlled, a method
known as the stacked foil technique can be used, In this method, the
target is a stack of thin foils through which the beam is passed. As

the beam passes through the stack, it loses energy., Hence, the reaction
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cross section corresponding to the average beam energy in each foil
can be found fforn a separate measurement of those foils. In this
way a complete excitation function can be measured after one irradiation,
However, because of the severe energy straggling of the beam in the
foils, the energy resolution obtained using this technique is very poor.

The detection system used with an activation appara’tus depends
upon the mode of decay of the residual nuclei. The most common
rhoIdés.of (-ierca».yvare; b-y.p-os-itir(»)nvarnd} élécfréﬁ eirrvlissAio.n.. .Tilésé électrons
can be measured using Csl or organic scintillators, or with a magnetic
or electrostatic focusing spectrometer. A y-ray spectrometer however,
is probably the most generally useful detector for many activities.

When the B rays themselves are not detected, the characteristic y rays
from the excited states of the daughter nuclei can be measured. Also,
in the case of positron emission, the 0.511 MeV annihilation quanta
can be measured, either singly or in coincidence. Other radiations -
which can be measured by -ray spectrometers are the X rays from
electron capture, and the y-decay of isomeric states.

The activation technique is a useful method of investigating
many reactions. It is especially useful when the emitted reaction
particles are neutrons., Neutron detection is difficult, and no really
satisfactory directional neutron counter is available. It is therefore

very difficult to discriminate between reaction and background neutrons,
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This problem is particularly severe when (p,n) reactions are measured
at proton energies near 10 MeV, because of the large neutron back-
ground produced in the beam collimators, target backings and the
Faraday cup. The activation technique is also very useful for distin-
guishing between simple and complex reactions such as (a,b) and (a, 2b)
respectively, Here again this is particularly true when one or both of

the reaction particles are neutrons. A third type of measurement

where the activation technique may be very useful is in cases where

it is very difficult to separate the charged reaction particles of interest
from other charged particle groups. This is particularly true for low
yield reactions emitting low energy particles, provided the delayed
radiation is sufficiently different from that of competing reactions.
An example of this class of reaction might be the observation of
(Heg,t) reactions in the face of strong competition from the (He3 yr)
and (He3,p) reactions, The tritons can often be separated from «
particles and protons by magnetic analysis. However this involves
a loss of detection efficiency which can generally be avoided by use
of an activation technique.

Competing reactions can generally be separated by their
decay half-lives, or by their different characteristic v rays.
Difficulty may be experienced however, when both the half-lives and

the characteristic radiations are comparable for the competing reactions.
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1,2 The Activation Apparatus

The activation apparatus described in this chapter was
designed for use in investigating nuclear reactions in which the
residual nucleus is positron-active, It was used, in conjunction
with the Canberra tandem Van de Graaff accelerator, to investigate
two (p,n) reactions at proton energies up to 11,0 MeV. The positrons
were detected by measuring coincidences between the positron an-
niﬁilatioh Vqﬁant.a .us‘;itllgA t§v§ NaI(TL) y—ray.specfrérheféré 1.31.'.;1cved (r)nA
either side of the target. This method enabled backgrounds, other
than those from positron activities, to be elirninated.

The design of such an apparatus may take many forms,
HoWever there are certain basic requirements which must be incor-
porated. The factors considered in the design of the present apparatus
are outlined below:

(i) Over periods of time, contaminants such as carbon from -
backing pump or roughing pump vapours and mercury

from the diffusion pump, build up a layer on the target

Surface. Such layers may produce unwanted background

positron activities, and can also produce a shift in the

energy at which a sharp resonance is observed, This

build up can be reduced by placing a liquid air tré.p

near the target.
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(ii) If the measurements are to be consistent, the geomefry
of the counting system must be well known and reproducible.
Hence the provision of a beam viewing device, usually in
the form of a quartz disk, is essential to enable the position
of the proton beam to be adjusted #nd monitored,

(iii) When the activity to be measured has a relatively long half
life, (greater than a few minutes) the targets are often
removed from the té.fgét chamber after irfadiatioh ,' and
taken to a shielded counting system for measurement.

This procedure greatly reduces all unwanted background
activities except those actually present on the target.
However, the present apparatus was designed for experi-
ments in which the activity can have a decay half life as
short as a few seconds. For this reason it was decided
to keep the targets fixed, and to place the counting system
beside the target chamber,

(iv) When the above counting procedure is adopted, the interior
of the target chamber must be constructed from a material
which does not become positron active when irradiated by
scattered beam.

(v) In order to make the equipment sensitive to very small

cross sections, it is desirable to arrange the counting
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equipment in such a manner that the detection efficiency

is as high as possible. The activity is measured by
detecting coincidences between the two annihilation quanta
from a positron at rest. Because of the 180° correlation
between the two annihilation quanta, the positrons must be
made to annihilate in some relatively small central region
between the two counters in order that they be detected.

Of the readily available target backing materials which do
not become positron active when irradiated with protons,

a suitable one was tantalum. Tantalum was used on some
target backings and was also used to line the inside of the
faraday cup. For proton energies above about 5 MeV, the
(p,n) reaction cross section for tantalum (Ha 62) increases
rapidly. These neutrons activate the Na and I nuclei in the
NaI(TL ) crystal detectors, and the resulting activity can
build up to prohibitively high backgrounds after two or

three hours of measurements. The most damaging neutron

127 128

reactions are I°“"(n,y)I and Naz'g'(n,»y) Na?4 giving B-
activities with 25 minute and 15 hour half lives respectively.
It is therefore essential to protect the crystal detectors
with neutron moderating material, Adequate shielding

from y-ray backgrounds from the target chamber and

from the quartz viewer must also be provided.
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1.3 Description of Apparatus

The target chamber and coﬁnter system is shown in fig. 1.1.
The vacuum chamber was made from brass, and the portions visible
to the beam were lined with 0,02 cm. tantalum sheet. The tahtalum,
which does not become positron active when irradiated with protons,
prevented scattered protons from activating the Cu and Zn nuclei in
the brass. Principal reactions which would lead to positron activity
vin. tl.f1e> b>rab.sis are‘Cﬁsgv(p‘, ﬁ) Zﬁ63,. 38 mln [3+, ‘Z‘r164.(p‘,n‘) ‘Ga64,‘ 2‘. 5 mln
B+; Zn67(p,ry)(}a68 and Zn68(p,n)Ga68, 68 min B+.

The targets were held in a vertical tantalum tube 0, 05 cm, |
thick, 2 cm. in diameter and 23 cm, long, Five holes, each 1,6 cm.
in diametef, were cut horizontally through the tube. Targets were
mounted in four of these spaces, the fifth being left empty to allow the
beam to pass through on to a quartz disk, aliowing the position and
focus of the beam to be observed. The position of the targets could
be changed by means of a small reversible direction motor .which
operated a rack and pinion attached to the target holding assembly.
The position of the targets could be accurately reproduced by lining
up a small pointer mounted on the rack with a marker on the side of
the target chamber, A small O-ring clamped around a 0. 63 cm.

~ diameter silver steel rod attached to the tantalum tube made an ade-

quate sliding vacuum seal.
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A slightly modified High Voltage Engineering Corpofation
quartz viewer and viewing port were placed ‘in the beam line about
15 cm behind the target position. A fine tantalum mask defined an
area 0.2 cm in diameter in the centre of the quartz, and this allowed
the beé.m always to be focussed in the same position throughout the
experiment, When the quartz was bombarded with protons of energy
greater than about 5 MeV, several reactions led to positron active

nuclei. The most serious reaction "”as'o'le(‘p,d)ng Whlch ﬁas é. 10
minute half-life B+ activity. When the beam was positioned and
focussed on the viewer, the quartz became highly activated and it

was necessary to shield the counters from this source of background.
The viewer was therefore mounted on the end of a 72 cm long 2 cm
diameter silver steel rod which could be withdrawn along the beam
axis to the end of the beam tube when not being used. Because of

the large diameter of the steel rod, a double O-ring vacuum seal,

and differential pumping was used. When the quartz was in the viewing
position, it was accurately located by guide rails attached to the inside
of the target chamber. A small tantalum cover was hinged on to the
viewer in such a manner that it did not obstruct the beam or viewing
window while the viewer was in use, but folded across the face of

the quartz when the viewer was rotated through an angle of 90°, This

prevented the beam, which passed through thin self supporting targets
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onto the viewer, from activating the quartz.

In order to minimize build-up of contaminants on the targets,
a simple liquid air trap was placed in front of the targets, The design
was essentially the same as that used previously (Ba 62) in this
laboratory, except that here, the beam passed axially down the
cylindrical trap.

Two 7.6 cm x 7. 6 cm NaI(T.£) crystals were used to detect
the y rays associated with the positron decay, Detection efficienéy
was increased by inserting two flat sections into the side of the target
chamber which allowed the two crystals to be placed within 1,25 cm
of the tar'get. In order to reduce neutron activation of thé Na and I
nuclei in the crystals, the crystals were mounted on small pneumatically
controlled trolleys which were moved away from the target during the
irradiation period.

The crystals were shielded from neutrons originating in the
Faraday cup by 100 cm of concrete lined with cadmium sheet. (See
fig 1.2). Lead sheet 0.3 cm thick was wrapped around the crystals
to reduce the intensity of low energy v rays from the target and al}so
from slow-neutron capture in the cadmium. When the crystals were
in the counting position on either side of the target, they were pro-
tected from residual activity in the quartz viewer by 15 cm of lead.

The most energetic positrons encountered in the activation
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experiments were from Ne19, and these had an energy of 2.2 MeV,
The tantalum cylinder which contained the targets was capable of
stopping only 1.9 MeV positrons. Because of the energy distribution
of the positrons, only about 8 percent have energies between 1.9 and
2.2 MeV. However, of all the positrons striking the tantalum cylinder,
only about 3.5 percent, which strike the cylinder almost perpendicularly,
will pass thlrf'oughvit_. | 'Ifh»es»‘erwrill still stop between the crystals (see
fig 1.3), and the detection efficiency for them does not differ signifi-
cantly from that for those stopped in the cylinder. Positrons from
ClO, which were also measured, have a maxirnum‘energy of 2,1 MeV,
and less than 1 percent of these which strike the cylinder pass through
it. The beam entry and exit holes in the cylinder subtend a solid angle
of 0.23 x 4n steradians at the target, Most of the positrons emitted
into this solid angle travel up or down the beam tube and are lost to
the counting region, However, some strike the side of the chamber -
between the counters (see fig 1.3). Positron escape vertically, up or
down the target cylinder, was prevented by tantalum sheets 0,06 cm
22

thick, The detection efficiency was measured using a calibrated Na

source which gives positrons with Em = 0.5 MeV. The source was

ax
mounted on a thin mylar foil and placed on a target holder of the type

used in the experiment, This was then mounted in the target chamber

under the same physical conditions as the targets. The same fraction
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of positrons would therefore be lost from the counting region during
the calibration as would be lost during an actual experiment.

1.4 Associated Electronics

Pulses from the two photomultipliers were amplified by
charge sensitive preamplifiers feeding double delay line linear amp-

lifiers. (Franklin Electronics Inc, model 358). Double delay line

amplifiers are particularly suitable because of their ability to handle

heavy overload pulses without introducing excessive dead time, and
their ability to handle high count rates without excessive base line _
shifts., Also, time jitter can be greatly reduced by using discriminators
and single channel analysers which trigger off the "cross-over' point
of these pulses. Such reduced time jitter allows smaller resolving
times to be used in the coincidence circuits and therefore reduces the
accidental coincidence rate,

Pulses from the photopeaks of the coincident y.rays to be
measured were selected by means of single channel analysers and
fed into a coincidence unit, The position of the analyser windows was
adjusted before each day's run and the gain of the system was checked
periodically during the run, Initially it was found that the gains of the
photomultipliers were affected by the very high count rates experienced
during the target irradiation; changes of up to 25 percent occurred,

taking up to 30 minutes to recover. This effect was eliminated by
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applying a reverse bias of -90 volts between the photocathodes and
focus grids of the photomultipliers (Fa 58) to disable them during
irradiation. Any subsequent slow gain drifts during va run were cor-
rected by adjusting the high voltage supply of each photomultiplier,
Fine control was obtained by means of a ten turn helipot controlling
15 percent of the high voltage.

Throughout the Blo(p,n) C10 e);periment, described in chapter
3, a Dynatron Radio Ltd., type 1036C coincidence unif, haVing a
resolving time 2 T = 0.2 ysec was used. Accidental coincidences
were recorded with a second coincidence unit having a 1 usec delay

in one channel, For the Flg(p,n) Ne19

experiment, described in
chapter 2, a Cosmic Radiation Lab. Inc., model 801 multiple fast/
slow coincidence unit became available, This unit contained low level
discriminators for use with the fast channels and single channel
analysers for amplitude selection for the slow channels, The resolving
time of the slow unit was 2 T = 2 usec and that of the fast unit was set
at 2T = 0.050 ysec. The resolving time of the fast unit was capable
of variation from O to 0. 180 ysec. The lowest value which could be
used without losing true coincidences however, was limited to 0. 050
usec by the time jitter of the "cross-over' points of the pulses from

the amplifiers. The increased time resolution obtained with this unit

eliminated the need for a second coincidence unit to record accidental
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coincidences. The beam current was measured by an Elcor model

A 309 A current integrator which was accurate to ¥ 1 percent.



CHAPTER 2

9

THE F°(p,n)Ne!® REACTION BETWEEN 5 AND 11 MeV

2.1 Introduction

The Flg(p,n) Ne19 reaction is particularly suitable for study
using the activation apparatus described in chapter 1. The product
nucleus, Nelg, decays by positron emission with a half-life of app-
roximately 17 seconds, and there are no competing reactions which
result in positron activity. The reaction is extremely difficult to
study (above about 5 MeV proton energy) by any other technique
because of the difficulty of obtaining a fluorine compound for the
target, which does not also produce large numbers of neutrons by
(p,n) reactions. The activation technique can distinguish these
reactions by the differing residual activities,

The excitation region in Ne20 above about 13 MeV has been
investigated mainly through F19 + p reactions. At this excitation
energy, the levels of Nezo are very closely spaced, and only experi-
ments carried out with good energy resolution have been able to see
the fine structure, Several groups of workers (Bl 51), (Wi 52), (Ma 55)
have studied the (p,n) reaction up to about 6 MeV proton energy while
the (p,vy) reaction has been studied (Ge 59), (Br 60) over the proton
energy range 0 to 11 MeV. States in Ne20 have also been studied

through the (p,q) reaction in the proton energy range up to 12 MeV.



TABLE 2.1

RESONANCES IN THE COMPOUND SYSTEM Nezo

PROTON ENERGIES (MEV)

Fw(v.n) F'9%p.n)

Fo%.m F%p.0) F'O%y) Fl9par) F %) Fi%(po ) F1%pa ) Flo%e,) F'Ppo,) 0'%ka) ExiNe®®)
(11

. (Wi 52) (Bl 61) (Ma 55) (Br 60) (Wi 62) (Ge 58) (Wa 83) (Ra 58) (Ra 58)  (Br 80) (Hu 82) MevV
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: 9.8 9. 82 32,1
i A 60
? 8.8 B. 50
i 9. 30 9.32
| 9.2
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i 8.70 8. 70 10
| 8,37
| 8. 28 3. 30 8.30 8. 32
| 8.15 e
| 8,02
i 7. 80 7. 83
| 7.74 T 10
| {7. 80)
7.52 7.55 7. 50 7,50 30,0
7.41 [7.635)%* 7,37
7.21 1. 27
714
7.03
8. 91 "
6.87
8. 81
; .66
8,53 .6.5 8, 850 (6.85)*% __6.4% 8. 850 13,0
~6.35 6. 35
(6. 2%) [P 1)
8,15 6.1 8. 18
8,03 8.00 5. 98
{5.88)_
.73 5.0 LNE 5.80 5. 08 5. 72
5.37 5.4 5.4 5.358 3. 37 .38 15,0
T5.28 5.3
5, 20 5.20 5.20 8.5)%* 5. 17 5,30 LAY
11 5.07 5.1 5. 07
“5. 03 5. 03
4.06 4.99 5.0 4. 99 1. 07 ¥. 60 4. 98 4,98
{3.85) 4. 85 4.90 4. 70
4,78 1.8 4.8 4,70
4,71 4,71 4.60 3.1 4.70 ki)
1.62 4.64 4.65 -
4.57 4.57
4.40 4.49 4,49 4.50
4.48 . 4.46 447
4.36 437 .35 11.0
4.29 4,29 4.33 - 1.26 :
$00 E 3] E 2 o8 XN EX ] £ X)) 201 .0 (7] 03 xoF
L] The present experiment
- 1t has been suggested (Br 60) that these figures are spproximately 300 keV too large.
(L1}

Resonances seen in O} ‘(u ,a) expressed in terms of the proton energy giving the same excitation to N-:o.
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(Br 60), (Ra 58), (Wi 52), (Wa 63). At the higher excitation energies,
it is difficult to relate the energy levels reported by different reactions.
However, a complete summary of the reported levels, and their
possible relationship is given in table 2. 1.

Blaser et al. (Bl 51) have studied the (p,n) reaction using an
activation technique, A fixed energy cyclotron provided 6. 84 MeV
protons, and aluminium absorbers were used to vary the incident
beérﬁ én.ergy.‘ Tl‘le’ resuiting énefgy .rés‘cvlﬁt‘io‘n wéé po<.)r., .arl1d‘ oﬁly
the gross structure was seen. Willard et al. (Wi 52) studied the
(p,n) and (p,ay) reactions, using protons from a 6 MV Van de Graaff
accelerator. Neutrons were detected by a long counter, and the v rays
by a Nal(T,e) crystal, The energy resolution obtained was good, and
many sharp resonances were observed in both reactions. The (p,n)
reaction was also studied, using a long counter, by Marion et al.

(Ma 55). Protons from a 6 MV Van de Graaff accelerator were used,
However a relatively thick target was used and only moderate energy
resolution was obtained.

Gemmell et al. (Ge 59) carried out a study of the y rays from
the Flg(p,'y) reaction using 7.7 MeV protons from a cyclotron, The
beam energy was modified by absorber foils., Their excitation function
is notable for its lack of structure, but this is probably due in part

to the poor energy resolution. The same reaction was studied by
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Broude and Gove (Br 60), up to proton energies of 11 MeV using a
tandem Van de Graaff accelerator, Although their energy resolution
(100 keV) was much better than that obtained by Gemmell et al.,
their excitation function showed the same striking lack of structure.
These authors also studied the Flg(p,ao) reaction over the same
energy range, with somewhat better resolutiocn, This excitation
function showed considerably more structure than did that from the
v-ray work. |

Using protons from a 5 MV Van de Graaff accelerator,

Ranken et al, (Ra 58) obtained excitation functions with good energy
resolution for the (p,a“ ), (P,eg)s (P,ay) and (p,p'y) reactions. Con-
siderable structure was evident in all the excitation functions, and»
good agreement was obtained with tﬁe results of other.workers.
The (p,ao) reaction data has been extended up to a proton energy of
12 MeV with good energy resolution by Warsh et al. (Wa 63). The
proton beam was obtained from a ;candem Van de Graaff accelerator.
Here again considerable structure was reported. The energy levels
of Ne20 have been investigated between the excitation energies of ‘16
and 20 MeV by Hunt et al. (Hu 62) by means of the Ols(a,a) reaction,
Quite good agreement was obtained with levels reported by other
workers in the lower excitation energy region,

20

Close agreement is found for the levels in Ne®" up to about
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18 MeV excitation as seen by varioﬁs different reé.ctions. However,
above this energy considerable differences exist in the amount of
structure seen by different reactions, It was therefore apparent
that an extension of the earlier (p,n) work into the proton energy
region up to 11 MeV, with good energy resolution, would proﬁde
useful information on the level structure, and possibly the reéction
mechanism,

2.2 Experimental Apparatus

The activation apparatus and the triple (fast-slow) coin-
cidence unit used in this experiment have been described in chapter 1.

The fluorine target was obtained by vacuum evaporation of
MnF'g onto a thin gold foil, The cornpouhd MnF 9 was chosen for the
target for two reasons, Because of its low melting point of 856°C,
it is very easily evaporated under vacuum from a tantalum boat.
Also, manganese is a single isotope which does not become positron
active when irradiated with protons. Only the Mn55(p,n)]3‘e55 reaction
leads to a radioactive nucleus. However the X rays resulting from
this 2.9 year K capture activity do not affect the present experiment.

The target backing was chosen to be as thin as possible in
order to reduce the number of neutrons produced by it. Shielding
cannot easily be provided to prevent these neutrons from acti\}ating

the Nal crystal detectors. The thickness of the foil however, was
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19

thick enough to prevent the Ne"Y nuclei recoiling out of the target

and being lost from the counting region. Gold foils 3 mgm/cm2
thick were found to be suitable for this purpose.

2.3 The Half-Life of Ne19

The half-life of Neld

was not well known, and many con-
flicting values, ranging from 17.4 * 0,2 sec. up to 20.3 T 0,5 sec.,
had been reported (Aj 59). For this reason, and because an accurate
bvaA.hble» of fhé Vdevcr-;tyv crorrlsfarntrwraé ferqﬁirr-erd rforr rarAl é.béélﬁté érbés.s.ecfibri
measurement (see section 2.5), it was decided to measure the Nel?
decay half-life,

A 400 channel pulse height ahalyser, operated in its time
analyser (multi-channel scaler) mode, was used to follow the decay
of the activity, Part of the analyser behaves as a simple scaler which
records the incoming pulses, On an external signal from a pulse

generator, the contents of the scaler are recorded in an appropriate

channel of the pulse height analyser, the scaler is cleared, and the

counting is begun again, This cycle is repeated, stepping from channel

to channel for as long as is desired. The decay half-life is of the
order of 17 seconds. Hence a counting interval of 2 seconds was
chosen, This allowed reasonable statistical accuracy to be built up
for each point, It also gave a reasonable number of points on the

first two or three half-lives of the curve, from which an accurate
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estimate of the half life could be made, The channel advance pulses
were controlled by a scaled down 100 Kc/sec. crystal oscillator,
The simple oscillator circuit used (see fig 2,1), was measured to
have a stabi]ity be’;ter than one part in 105. The introduction, in the
last four or five years, of multi-channel analysers which can be
operated in the time analyser mode has greatly increased the ease
W1th Which »half» —1if.e .m.easurvements can be‘ mafde.. Using these instru-
ments, as many as four or five hundred points can t;e measured on
one decay curve. This allows the decay to be followed over very
many half-lives and leads to a more accurate estimate of background
contributions, Fortunately, the introduction of computing facilities
to most laboratories has greatly lightened the burden of analysingl
this increased volume- of data,

The F 19 target was bombarded for 60 sec., with 0, 1uA of
4.8 MeV protons, and the decay of the induced activity followed for
290 secs., that is about 15 half-lives. The Ne19 decay goes 100
percent to the ground state of Fl9 (Aj 59), and therefore the 0.511 MeV
annihilation quanta are the only characteristic v rays. Pulses from
each y-ray detector were fed into single channel analysers with the
windows set over the y-ray photopeaks (see fig 2.2). By following
the decay of counts in the window, single component decay curves

on constant, low backgrounds were obtained. The statistical accuracy
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change effects were negligible.
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of the decay curves was increased by adding a large number of runs,
in each of which counting losses and gain-change effects were neg-
ligible. As a check that other activities were not affecting the results,
several determinations were made by following the decay of the count
rate of coincidences between the annihilation quanta. This does not
exclude from the measurement, other positron activities possibly
present on the target., No attempt was made to check for other activi-
ties. However, it was apparent from the linearity of the logarithmic
plots (see fig 2, 3) that the effect of any such impurities, except those
giving positron activities with a half-life very close to that of Nelg,
was negligible,

The Ne19

half-life was determined for each measurement,
by a weighted least-squares fit of a straight line to the logarithm of
the nett counting rate (i, e., total counts minus the constant background)

plotted against time. The reciprocal of the standard deviation was

used as a weighting factor for each point, If the actual measured

1
number is N, then the standard deviation is 0"(N) = N2, The num-
bers plotted however, are of the formy = log N. Differentiation gives
dN
d = —
Y N

Therefore if the assumption is made that the standard deviation of the

two numbers follows the same form,

LT



o)
oW =T
Substitution for @~ (N) gives
4
o) =N

and therefore the appropriate weighting factor for log N is

[N

1
= N
o

A total of five independent measurements were made and
analysed at different times. The results from these measurements
showed that the equipment was functioning consistently. The results

for the Ne1 9

half-life are 17,40, 17,48, 17,29, 17,32 and 17, 64 sec,
(all ¥ 0,13 sec.) From this data, the half-life and its standard
deviation was determined as

T Nel®) = 17.43 ¥ 0.06 sec.

2.. 4 Absolute Cross Section

2.4,.2 Cross Section Formula

In this section, the factors involved in the determination of
an absolute cross section using an activation technique are outlined.
Assuming a constant current arriving at the target, the

number of reactions per second induced in the target is

RO = | sec (2.1)
M
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where R is the number of protons / sec. striking the target.

¢ is the reaction cross section in cmz.
x is the target thickness in gm/cmz,
and M is the mass of a F19 nucleus in gms.
It follows therefore, that the number of radioactive Ne-19 nuclei
present in the target after t; seconds bombardment is
'N'='B'—q~§'(1—'e'>‘t1)"""""""'"’(2.’2)"

M A\

where )\ is the Nel® decay constant,

In order to determine the cross section 0 , a relation must |
be found between the number of events recorded, and the number of
radioactive nuclei produced by the bombardment. The total efficiency £
of the detector for 0. 511 MeV v rays will be defined as the probability
that an 0,511 MeV annihilation quantum emitted into 4x steradians,
will be detected by the crystal, It is convenient to define an intrinsic
efficiency €' by the relation € = ({1 /4 x) g', where £'is now the
probability that an 0.511 MeV annihilation quantum will be detected,
provided it enters the crystal which subtends a solid angle of L at
the target. For every positron decay, two 0,511 MeV quanta are
produced, Hence the probability that one will be counted in one of the
detectors is 2 € ., For positrons decaying at rest, there is a 180°

correlation between the annihilation quanta, Also the two y-ray counters
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are placed symmetrically about the target, Hence if one v ray is
detected in one of the crystals, the other v ray must enter the second
crystal., The probability of this second y ray being detected is €' .
Therefore the probability of detecting a coincident eventis 2 E £' .
In the present experiment, coincidences were measured between
pulses in the 4 ray photopeaks. Hence the coincidence efficiency
must be modified by the ratio P, of the photopeak counté to the total
cboﬁnts. ‘Thé ‘pro]eoa-bi-lity. of observing a positron decay as a coin-
cidence between the annihilation quanta is therefore
' (281516'P2) | (2.3)

where the suffices refer to the different crystals.

We require to know the fraction of the active nuclei produced
during the .bombardment fromt = 0tot = t; which decay during the
counting interval from timet = tytot = tg seconds. The fraction

2 -t A g

of the active nuclei left at timet = t9 seconds is e
the fraction left at time t = t3 seconds is e "3 - t1) X . Hence

the fraction which have decayed during the time interval from ty to

t3 seconds is

[ e-(tz = tl)}\ _ e-(t3 - tl)k] (2'4)

Combining equations 2,4 and 2, 3 gives the fraction of the radioactive
nuclei present immediately after bombardment, which are detected

by the counter system; This is




-25-

-(t2 - TN -(t3 - t1)
[2£P1€'P2:”:e — e A ] - (2.5)
Hence the actual number of decays measured is found from equations

2.5 and 2, 2 to be

Rox

M\

v - [1 ) e—tl)\][z EPle'Pz-][ e'(tz - t1)>\_ e-(t3 - tl))\] (2. 6)

The number of protons striking the target per second is found from
the integrated current I, (assuming a constant current) to be

I
t; » 1,60 , 10717

R = protons [ sec (2.7)

where t; is the time of the bombardment,
I is measured in coulombs,
and 1.60 x 1071 coulombs is the charge on a proton.
Substituting equation 2. 7 into 2. 6 and re-arranging gives,
Y AM ty . 1.60 . 10719

o = cmg. 8
Ix[2 EP18'P2] [1- e-t1"] [e—(’cz -t)A_ -(t3 - tl)’\] (2.9)

2.5.1 Cross Section Determination

The target thickness was measured using protons from the
Canberra 1,2 MV Cockcroft-Walton accelerator. The evaporation of
the MnF, target was carried out with a piece of thick aluminium foil
placed alongside the gold backing. It was found experimentally that

the thickness of the target layer was uniform. The displacement of
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when the MnFy coated side of the Al target was presented to the
proton beam.
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the narrow 773 keV A127(p,'y) resonance was therefore used as a
measure of the actual target thickness. Because of the possibilityb
of undesirable contamination by oil from the diffusion pumps, the
gold backed target itself was not investigated directly.

An excitation function over the 773 keV A127(p,'y) 8128 resonance
was measured using a 13 cm diameter by 10 cfn thick NaI(T£) cryétal
to detect the 12.3 MeV v rays proceeding to the ground state of 8128.
The apparent shift in the resonance when the MnF, coated side of the
aluminium foil was presented to the beam (see fig 2,4) was then a
measure of bthe energy loss of 773 keV protons in the layer. The
energy 1o-ss was found to be 8,71 0.6 keV, and using the compilations
of proton stopping cross sections (Wh 58) (De 63), the content of
fluorine was calculated as 19.5 1 2,5 ugm/cmz.

The detection efficiency of the positron counting system
(2€P, €'P,), was determined directly using a calibrated N:;.22 source,*

22

The decay of Na®“ proceeds partly (89. 7 percent) by positron decay

to the first excited state of Nezz, and partly (10. 2 percent) by electron
capture to the same level (En 62). (See fig 2.5). The decay of this

level gives a 1,28 MeV v ray in coincidence with the annihilation quanta.

% This source was calibrated to an accuracy of ta.5 percent, using a
4% B-v coincidence counter, by the Australian Atomic Energy
Commission Research Establishment, Lucas Heights.
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The coincidence efficiency measured with the Na22 gource was cor-
rected for the contribution from coincidences between an 0.511 MeV
v ray in one crystal and the Compton tail of a 1,28 MeV v ray in the
other. A spectrum of the.Nazz y rays .obtained with the same geo-
metry was used to estimate the fraction of the 1,28 MeV v rays whose
pulse heights fell within the window over thé 0. 5li MeV photopeak.
Approximately 10 percent of the measured coincidences were between_
0.V5il. aﬁd 1. 28 MeV 'y -rasvrs. The change in coincidence efﬁciency
caused by the second order effect of 0,511 and 1.28 MeV pulses

being recorded in the one crystal and thus removing a pulse from

the 0, 51i MeV photopeak, was neglected,

In deriving the crosé section formula, it was assumed that
the beam current was constant during the bombardment. The effect
of various oscillations and changes in the beam current during bom-
bardment were calculated (see appendix A) and it was found that a
maximum error of 1 percent was introduced duriﬁg normal running
conditions. The integrated current was accurate to T 1 percent and
the timing of the bombardment and counting periods weré accurate
to ¥ 0.5 percent. The accuracy of the measured "equivalent constant
current' was therefore t 15 percent, The decay constant )\ was
measured and is accurate to T 0, 4 percent, and the statistical ac-

curacies of the measured yields were better than ¥ 1 percent, The
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distribution Qf errors in the cross section measurement is shown
in table 2, 2.
TABLE 2,2

Distribution of errors in the absolute cross section measurement

SOURCE OF ERROR PERCENTAGE

Target thickness T 15%
Decay constant T 0.4%
Equivalent current T 1.5%
Counting statistics t 1%
Detection efficiency + 9

(2€P; €' Py) = 2.
Total error ' t 16%

19, - 19 cr s . .
2.5 The F" "(p,n)Ne ~ Excitation Function: Experimental

Procedure and Results

At time t = 0 sec., the beam was switched onto the target.
Bombardment was continued for slightly more than three half-lives
by which time 90 percent of the equilibrium activity was established.
The effect on the number of active nuclei produced, of small errors
in the bombardment time was therefore negligible, During the beam-

on period, the photomultipliers were switched off by applying a
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reverse bias of -90 volts between their focus grids and photocathodes,
At time t = 60 secs., a switch started a timer, ‘and also operated a
fast beam stop which interrupted the beam 6 metres short of the
target, At the same time, the crystals, which took 1.5 secs to move
into position, began to move up to the counting position. At time
t = 62 secs, , the timer started the counting by removing the bias
from the photomultipliers, Be.cau.sel qf fche exppnentia1 gharacter Qf .
the decay, small errors in the time between switching off the beam
and beginning the count are very important. This interval was thére-
fore accurately controlled by the electronic timer, All other intervals
were controlled manually using a stopwatch. Time coincident pulses
in the two detectors were counted for 60 secs., and the photomul-
tipliers were turned off again at time t = 122 secs. Time coincident
pulses were again counted for 60 secs. between times t = 180 and
t = 240 secs. Counts in the second interval were then subtracted
from those in the first, a correction being made for the 0, 75 percent
of the Ne19 decay events occurring in the second interval,

By keeping the counting rate during the first 10 secs. below
a predetermined figure, counting losses were always less than 1 per-
cent, Typical values of the beam currents used were between 0, 2
and 0.3 yA. During a run over a selected proton energy range,

three determinations of the activity were made and averaged at
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20 keV intervals, All sections of the excitation function were
measured at least twice, and some energy intervals as many és
four times, Relative errofs on the final curve, arising from
counting statistics and from the assumption of a constant current
were about T 2 percent, |

The activation technique, as applied here, measures the

cross section for all neutron groups from the Flg(p,n) Ne19 reaction

which lead to positron decay of Nelg. Neutron groups to excited

19 15

states in Ne™ above the O™ + o threshold (3. 52 MeV) probably

decay preferentially by particle emission and therefore are not ex-

pected to contribute significantly to the l\Te19

19

activity, By comparison
with the levels in F™7, a large number of levels are likely fo be
present near the 015-+ a threshold. Hence for proton energies at
"which excitation of unbound levels in Ne19 is possible (Ep> 7.94 MeV),
the measured cross section contains contributions only from those
neutron groups to Ne19 levels below about 3.5 MeV excitation.

The absolute Flg(p,n)Ne19 cross section was determined
as 27 T 4 mb at a proton energy of 5.58 MeV. Comparison with the
two previously reported measurements of this cross éection (Bl 51)
(Gi 59) is difficult because of the small enefgy region in common,

the thick targets used by the other workers and the lack of good error

estimates. However, agreement occurs between the three groups of
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workers, to better than a factor of two, at 4,9 MeV proton energy.

The excitation function is shown in figure 2.6, Maxima
occur at proton bombarding energies of 4, 96, 5. 03, 5,11, 5, 2>6>,
5.37, 5.73, 6,03, 6.15, 6.35, 6.53, 6.81, 7,14, 7.27, 7.41, 7.52,
7.74, 8.02, 8,15, 8.28, 8,37, 8.70, 8,82, 9,08 MeV (all T 0,02 MeV),
9.2, 9.5, 9.8 and 10.2 MeV, corresponding to possible levels in the
compound nucleus Ne_2(_) at 17, 55, 1»7.’6‘2,‘ 117, 6‘9,‘ 17, 84_, 17. 94», 18 28,
18.57, 18.68, 18,87, 19,04, 19,31, 19,62, 19. 75, 19,88, 19, 98,‘
20.19, 20,46, 20,58, 20,71, 20.79, 21.11, 21,22, 21,47 (all T 0,02
MeV), 21.6, 21,9, 22.1 and 22,5 MeV,
2,6 Discussion

A comparison of the positions of the maxima in the present
(p,n) excitation function with the positions of other reported resonances

above 17 MeV excitation in Ne20

, is shown in table 2.1, Up to an
excitation energy of about 18, 5 MeV, the agreement between the sets

of data from the (p,n), (P,av), (P,ay), (P,ay ) and (@,a) reactions is
very good. It is not to be expected that all reactions will show every
resonance in Ne20, as selection rules apply which are especially

strong in reactions where an outgoing ¢ particle is involved. Thé
agreement evident between the levels up to 18.5 MeV excitation suggests

an interpretation of the maxima over the energy range of the present

(p,n) experiment, as representing individuallNezo compou_nd nucleus

levels,
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At excitation energies well above 18,5 MeV, the connectibn
between the positions of the resonances seen in the different reactions
becomes much less apparent, In their work on the Flg(p,a) reaction,
Warsh et al. (Wa 63) studied the angular distributions of the ¢ ’par*ticles
at proton energies i‘n the range 3 to 12 MeV, They found that théy
could fit their data at the minima (but not at the maxima) of the total
- cross section by a direct interaction treatment. Teplov et al. (Te 61),
who investigated the (p,q) reaction, have also suggested that in the
proton energy range from 5.1 to 6.5 MeV there are sizeable con-
tributions from both direct and compound nucleus interactions., It is
probable therefore that there will be a considerable direct interaction
contribution over the energy range of the présent (p,n) experiment,
Interference effects between this contribution and that from compound
nucleus formation will have a marked influence on the structure of
the excitation function. The direct interaction contribution should
increase as the excitation energy increases, It is to be expected
therefore, fhat a decreased correlation between the structure observed
by different reactions will result.

Calculation has shown that if the maxima in the excitation
function near 21 MeV excitation are interbreted as compound nucleus
resonances, the density of levels implied is about two orders of

magnitude smaller than that predicted by level density formulae.
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The apparent experimental density at this energy is about one level
per 100 to 150 keV, whereas the work of Lang and Le Couteur (La 54)
and of Lie Couteur and Lang (Le 59) predicts a density of states of
about one level every 1,5 keV, Application of the formula derived
by Cameron (Ca 58) gives a similar value although it is not expected
to be accurate at energies so far above the neutron threshold. If the
level spacing at these excitation energies is only a few keV, then it
is possible that the structure observed is the result of a statistical
average over many levels, The magnitude of the fluctuations which
can be expected under these circumstances has been calculated, on
the basis of the statistical model of the nucleus, by Ericson (Er 60).
The basic assumption of the statistical model is that the intermediate
state is long lived and therefore that the nucleons reach an energy
equilibrium before the compound nucleus decays. Under these con-
ditions, the formation and decay of the compound nucleus are
independent and the phases of the many overlapping levels taking
part in the reaction can be treated on a purely statistical basis.

As well as making predictions about the magnitude of the fluctuations
in the total cross section, the theory indicates, that if the angular
distributions are averaged over a large energy range, they will be
symmetrical about a centre of mass angle of 90°,

In an effort to check the Ericson prediction, Warsh et al.
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(Wa 63) averaged 12 of their angular distributions over the energy
range 9.9 to 12,3 MeV. The result was not symmetric about 90°,
The basic assumption of the statistical model is not fulfilled by
reactions of the direct interaction type. Therefore in view of the
expected large contribution from direct interaction mechanisms at
these energies, the magnitude and effect of both the directv inter-
action contribution and of interference between this and the compound
nucleus contributions would have to be estimated before any theory

of the statistical model nature could be effectively applied.
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CHAPTER 3

THE Blo(p,n) C10 EXCITATION FUNCTION FROM
THRESHOLD TO 10,6 MeV

3.1 Introduction

Information on high lying levels of Clllis scarce, The
experiment described in this chapter was therefore undertaken to
measure the Blo(p,n) excitation function from the threshold (4.8 MeV)
to 10.6 MeV and to search for levels in C11 between 13.1 and 18,3
MeV excitation., The reaction can be readily investigated ﬁsing the
activation apparatus described in chapter 1 since the positron decay
of C]‘0 (see fig 3.1) proceeds almost entirely via the 0. 717 MeV
level of B10 (Sh 53). Coincidences between the 0,717 MeV v ray
and one of the 0,511 MeV annihilation quanta then allows a unique
identification of the C10 activity even in the presence of other likely
positron activities,

Transitions to the ground state of C10 ere inhibited by the
large spin change (AJ = 3) involved. As a result, the cross section
below the first excited state threshold is small, and no excitation
function for the reaction has been measured.

Kalinin et al. (Ka 57) carried out a stacked foil experiment
with poor energy resolution, which suggested the presence of broad

resonances in the Blo(p,a) excitation function at E_ = 4,0, 5,6 and

p
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7.8 MeV corresponding to broad levels in Cll at 12.3 T o0, 2,
13.8 1 0.2 and 15.7 0.2 MeV excitation energy respectively.
More recent experiments in this laboratory by Ophel et al (Op 62)
. . 10 10 10
using the reactions B™ " (p,p'y), B (p,y) and B” '(p,v,) have estab-
lished levels in C11 at excitation energies of 11,47 t 0.01,
12,69 ¥ 0,01 and 13,95 ¥ 0,02 MeV.

3.2 Experimental Apparatus

The activation apparatus and electronic equipment used in
this experiment have been described in chapter 1,

For proton energies up to 8 5 MeV, a target of electro-
magnetically separated boron metal (>99. 9 percent Blo), of nominal
thickness 600 ugrn/cm2 deposited on a thick tantalum backing *, was
used, This target was 44 keV thick to 5 MeV protons. Preliminary
measurements showed that the deposit was non-uniform, varying by
about 15 percent across the 1 cm wide target. Hence, care was
taken to bombard the same portidn of the target throughout the
experiment, For each energy measured, the bearﬁ was focussed
onto the quartz viewer to a spot less than 0.2 cm in diameter located
centrally to better than 0.06 cmm. Reproduceable results were ob-
tained by following this procedure.

Above a proton energy of 8.5 MeV, the large numbers of

* Obtained from the Harwell Electromagnetic Separator Group.
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neutrons produced in the tantalum backing of the target (Ha 62) in-
duced prohibitively high activities in the Nal detecfors. Eor the

high energy section of the experiment therefo_re, a self supporting

10 was used, This target

boron film * containing 105 Mgm/cm2 of B
was made by vacuum evaporation of enriched boron from a tantalum
crucible using electron bombardment heating, It contained 89 percent
‘Blo and 8 pgrcent B11 by weight, some carbon, and traces of tantalum.
To prevent the C10 nuclei from recoiling out of the target and being

lost from the counting region, a 3 mgrnlcm2 gold foil was placed
directly behind the target. The beam passed through both the target

and the gold foil and was collected on tantalum in a shielded section

of the beam tube away from the detectors,

3.3 The Half-Life of C-°

At the time this experiment was carried out, only two measure-
ments of the C10 half life had been reported, The first, of 8.8 sec
(De 40), was in error due to an impurity in the boron powder used,
and the second, by Sherr et al, (Sh 49), was 19.1 1t 0,8 sec. Because
an accurate value of the decay constant is required for an absolute
cl0

cross section measurement, it was necessary to measure the

decay half life,

* Thanks are due to Mr. F.A, Howe and associates at A, W.R.E. )
U. K. who made this target.
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A 200 - 250 ugmlcm2 self supporting Blo0 target (also
obtained from Mr, F.A, Howe) was bombarded for. 60 sec., with
0.1 uA of protons from the tandem accelevrator, and the decay of
the induced activity followed for 290- sec, i.e,, about 15 half-lives,
since the C10 decay is uniquely identified by the 0. 717 MeV v rays,
(see fig 3.1) the activity was measured by following the decay of

counts in a single channel analyser window placed over the photo-
peak of that ¢ ray (see fig 3.2). As in the half-life measurements
described in chapter 2, statistical accuracy was increased by adding
a large number of runs., A check that other positron activities were
not affecting the results was also vmade by following the decay of the
count rate of coincidences between an annihilation quantum in one
crystal and an 0, 717 MeV 4 ray in the other, Both methods showed
that the backgrounds were constant with time (see fig 3. 3) and that
accurate subtractions could be made,

The experimental procedure, apparatus used and the method
of analysis have been fully described in chapter 2. A total of six
independent measurements were made at proton bombarding energies
between 7,0 and 9.2 MeV. The results for the C10 half-life are
19.37, 19,55, 19,62, 19,63, 19.33 and 19,40 sec (all T 0, 12 sec).
From this data the half-life and its standard deviation was determined

as
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T (% = 19.48 +0.05 sec.

3.4 Absolute Cross Section

In chapter 2, a formula was developed for the deferrnination
of an absolute cross section using an activation apparatus., In that
derivation, Nelg activity was measured by the coincident counts
between the two annihilation quanta, The decay of C10 however,
has been measured by observing coincidences between an annihilation
quantum in one crystal and the 0, 717 MeV « ray in the other, If the
total efficiency, as defined in chapter 2, of one detector for 0. 511
MeV « rays is £ 1 then the probability that one of the annihilation
£

quanta will be detected as a pulse in the photopeak is 2P There

171

is no angular correlation between the 0, 717 MeV v rays and the
annihilation quanta, Therefore, if the total detection efficiency of
the second crystal for 0,717 MeV 4 rays is 82, then the probability
of detecting a coincident event between one annihilation quantum and
the 0. 717 MeV v ray is 2P, € 1Py 82, where P, and P, are the

ratios in the two counters of the photopeak to total counts of the
respective y rays. After making this change, the cross section
formula for this experiment becomes, using the notation of chapter’ 2,

YAMt;, 1.60 . 1079

I x[zelplezpzj [1- e">‘t1][e‘(t2 -tON (k3 - "11)>\] o
(3.1)
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. 10
where here >\ is the decay constant of C
x is the thickness of the target in gm[cm2

and M is the mass of a B10

nucleus in gms.
The "thick' target used in this experiment between thres-

hold and Ep = 8,5 MeV was non-uniform and unsuitable for an

absolute cross section measurement, However the self supporting

10

B target used to obtain data from Ep = 8.5 to 10.6 MeV was much
more uniform. Its thickness was measured by observing the energy
shift of the C13(p,n) threshold when the proton beam from the tandein
accelerator was passed through it, The yield of slow neutrons over
the region of the threshold was measured using a boron loaded plastic
scintillator (type N.E. 401), placed at an angle of 0° to the target.
The apparent shift in the threshold energy when the beam had first

10

passed through the B™" target was a measure of the energy lost by

3.24 MeV protons in the boron (see fig 3,4). From this energy loss,

10 was calculated as 105 T 15 pgm/cmz. The mag-

the content of B
nitude of the error in this measurement was due mainly to the &ery
small energy loss and the effécts of hysterysis in the 90° beam-
analysing magnet.

The detection efficiency of the counting system ‘2€1P182P2

was determined in two parts., The detection efficiency of one crystal

for 0,511 MeV annihilation quanta was determined directly using the
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calibrated Na22 source described in chapter 2, A5 percent correction

was made for the contribution in the window over the 0.511 MeV y-ray

photopeak of the Compton tail from the 1,28 MeV vy ray. Determination

of the detection efficiency for the 0,717 MeV v rays in the second
crystal was more difficult however, Initially this efficiency was
calculated from

2y (). |
[1—e sin©0d®o (3. 2)

M

Ty

i o
where [1 STy (9)] sin 0 is the probability that a v ray
entering the crystal at an angle 8 with respect to the
line joining the source and the central axis of the crystal,
will be detected in the length y (0) of the crystal.
-2 Tiy;(9) s :
e ! is the probability that the same vy rays will
not be scattered by the thickness y; (8) of absorber
before reaching the crystal,
the T are the absorption coefficients for the absorbing
materials and the crystal
and the subscript i represents the different absorber materials
between the source and crystal.
Evaluation of this integral shéwedvthat the 0, 717 MeV

v rays suffered a little over 50 percent absorption in the tantalum

target holding cylinder, tantalum lining, brass target chamber walls
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and the lead shielding foils on the face of the crystals., As this
absorption was large, it was checked experimentally using 0. 662 MeV
v rays from a cs137 source, The detection efficiency without absor-
bers present can be accurately calculated. Therefore an ordinary
uncalibrated source was used to measure the absorption by observing
the count rate both with and without the absorbing material in front
of the crystal. The crystal was placed within 2 cm of the source
during use, Heﬁce thercrountv rate Waé éx"créfnely éeﬁéifix;e -tov érﬁail
differences in this distance. The source and crystal were therefore
clamped in position and an accurate replica of the appropriate section
of the target chamber and lead shielding was constructed and placed
between them. The absorbing material could then be placed in
position and removed again without disturbing the crystal-source
spacing. The value obtained for the absorption by the two methods
differed by 15 percent, However the experimental value was very
reproduceable and was statistically accurate to better than 1 percent,
Hence the detection efficiency determined experimentally was used
in the evaluation of the absolute cross section, A small correction
was made for the difference in the absorption coefficients for 0. 662
MeV and 0, 717 MeV v rays.

The factors contributing to the error in the absolute cross

section measurement are essentially the same as those outlined in
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chapter 2, Table 3.1 summarises the distribution of these errors.

TABLE 3.1
Distribution of errors in the absolute cross section
measurement
SOURCE OF ERROR PERCENTAGE
Target thickness t 15 9,
Decay constant T 0.3 9%
Equivalent current T 1.5 9
Detection efficiency £ 1P t 2.5 9%
Detection efficiency €9P t 39
r.m.,s. error on average T 29
curve (from the deviation
of the measured points
from the average)
Total error + 16 9%

3.5 Excitation Function, Procedure and Results

The experimental procedure was exactly the same as that
used for the Flg(p,n)l\Te19 experiment and has been fully described
in chapter 2, Counting 1osseé were again kept to-less than 1 percent.
During a run over a selected energy range, at least three measure-

ments of the yield were made at each proton energy and averaged.
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The statistical error on this average was t3 percent, Over the
higher energy portion of the excitation function the repeatability of
the curve was not good. Therefore, each energy interval was covered
between six and nine times and the excitation function shown in figure |
3.5 represents an average of these individual runs weighted equally
after normalisation. The spread of points on the curve was much
greater than the statistical error, _The}refqr'e the r.m.s. ver‘ror on
the average curve was obtained from the deviation of each measure-
ment from the mean., The resulting error was T 2 percent. This
means that the structure of the curve in the region Ep = 7.5 MeV is
not absolutely certain, However, the fact that the averaging has
failed to smear the double peak observed in the individual runs into
a single peak, suggests the existence of two resonances in this region,

The absolute Blo(p,n)C10 cross section was determined as
2.0t 0.3 mb at a proton energy of 8.5 MeV. A cross section for the
reaction has been reported by only one other group. Gibbons and
Maklin (Gi 59) reported the value < 2 mb at 5,51 MeV while the
present measurement gives 0.50 ' 0,08 mb at 5.51 MeV.

Although the Blo(p,n) reaction has not been studied previously,
the lower e?gcitation energies in C11 reached in this experiment have
been attained through the (p,p'y) and (p,q) reactions. Earlier results

in this region show a marked lack of structure (Ka 57) (Op 62) and
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indicate widely spaced broad levels, and this is supported in the
present work, The maxima in the excitatioh function, at proton
energieé of 5.92 0,02, 6.68 to, 04, 7,33 to. 05 and 7.60 T 0. 05
MeV correspond to broad levels in the compound nucleus C11 at
excitation energies of 14,08 ‘l'VO. 02, 14,78 T o, 04, 15.36 ¥ 0.05
and 15.61 T 0,05 MeV. o

Taking into account the broad nature of the levels, it is
possible that the present level at 14,08 MeV might be identified with
the level reported at 13.8 T 0,2 MeV from the stacked foil experi-
ment by Kalinin et al, (Ka 57). The ill-defined level of Kalinin et al.
at 15.710.2 MeV probably reflects the ''double resonance'' observed
in this experiment near 15.5 MeV excitation,

The sharp rise in cross section at Ep = 8,55 MeV is interesting.
It corresponds closely to the energy at which neutron transitions to
the first excited state of C10 become energetically possible. Because
of the large spin difference, neutron emission to the ground state of
C!0 i restricted, and the yield is low, At the threshold of the first
excited state however, s-wave neutron emission becomes possible
and, in the absence of resonances in this energy region, the yield
above threshold may be expected to rise as for an s-wave neutron
threshold. The cross section immediately above a (p,n) threshold

has the form (Bl 52)
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U (p:n)ae;lz-l.%

where 8 n 1S the channel energy of the outgoing neutron,
and /e is its orbital angular momentum,
The channel energy is proportional to the energy of the

neutron in the centre of mass. Hence for s-wave neutrons (l= 0)

o () aEF N S

where E, is the centre of mass neutron energy.

The region around Ep = 8. 55 MeV was repeated in energy
steps of 20 keV. If the sharp rise corresponds to the first excited
state threshold, it should follow a relation approximating the form
of equation 3. 3. It was assumed that the background before the
sharp rise was entirely due to neutrons to the ground state of cto
and that it remained the same ﬁnder the rise, The data, after sub-
traction of this "ground state' contribution was then fitted by a curve
of the form 0"« En% (see inset in fig 3.5), The continuous line
represents the fitted En% curve, and it can be seen that a reasonably
good fit to the experiinental data was obtained. The target thickness
at this energy was only 5 keV. Hence it was assumed that the data
was a good approximation to perfect energy resolution, Assuming

then, that the cross section rise at Ep = 8,55 MeV is a threshold

corresponding to the first excited state, then the level is located at
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3.38 1 0,03 MeV compared with the previous determination of
3.41 0.2 MeV (Aj 54). In calculating this excitation energy, the

Blo(p,n)Clo

reaction threshold value of 4,835 T 0.025 MeV reported
by Takayanagi et al, (Ta 61) was used.

It is of interest to compare this energy of the first excited

state of Clo with the corresponding energies (Aj 59) in the other

members of the isobaric triplet, Bel0 and Blo. These are 3,37, 3.42

énd 3..38 MeV for Belo, Bl0 andFCio respectively, Differences in
these energies could be due to different Coulomb energies inthe J = 0
and J = 2 states. These have been calculated by Dr. E. Bradford

(Br 62), using for simplicity, j - j coupled wave functions. The con-
tributions to the excitation energies of the J = 2 states relative to the
J = 0 states are -0,08, 0 and 0 MeV in the three nuclei, Thus the
excitation energies corrected for Coulomb energies are 3.45, 3,42
and 3,38 MeV and such a linear trend could possibly be due to Thomas

shifts or to increased size of the nuclei due to Coulomb repulsion,




CHAPTER 4

THE B%(p,q)Be”’ AND B1O(p,He®)Be? REACTION
BETWEEN 2 AND 11 MeV

4,1 Introduction

Measurements of the excitation functions for the reactions
10 10 . i0 , .
B (p,ev), B (p,p'y) and B™ "(p,v) for proton bombarding energies
up to 2.7 MeV, corresponding to an excitation energy of 11.2 MeV in

11 jave established levels in C1! at 9,74 * 0,01 and 10.09 T 0, 01

C
MeV (Da 54) (Ch 56) (Hu 57). Bair et al. (Ba 55) have studied the
Blo(p,fy) reaction and have reported a broad level at 12,3 ¥ 0.1 MeV.
Ophel et al, (Op 62), have measured the excitation functions for the
above three reactions over the proton energy range 2.4 to 7.2 MeV,

11 5t 11.45 * 0.01, 12.66 T 0.01 and

and have reported levels in C
13.91F 0,02 MeV. The level reported by Bair et al, at 12.3 MeV
was not seen,

Levels have been reported at 9.1, 10,7 and 11.4 MeV by
Andreevet al, (An 62) who studied the Blo(p,p) reaction., From their
study of the same reaction, Owverley and Whaling (Ov 62) observed
levels at 10.06 ¥ 0.02 and 10.68 T 0.01 MeV. They also observed
the latter level through the Blo(p,a) reaction,

Cronin (Cr 56) measured the Blo(p,a) excitation function

between the proton energies of 0.8 and 1,65 MeV, and reported levels
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at 9.76 T 0.05 and 10.09 ¥ 0.05 MeV. Kalinin et al, (Ka 57), using
the stacked foil method, obtained the Blo(p,a) excitation function in
the range Ep = 3 to 8 MeV and found structure which indicated possible
broad levels in ¢l at 12.3 ¥ 0.2, 13.8 ¥ 0.2 and 15.7F 0.2 MeV.

The observation of neutron groups from the stripping reaction
Blo(d,n) C11 has indicated the presence of further levels in 011 at
excitation energies of 11,26 ¥ 0,02 and 11,52 T 0,02 MeV (Ce 56)

10(p,n) C10 reaction described in

(Gr 57). The experiment on the B
the previous chapter has established levels at 14.08 to. 02, 14.78 T o, 04,
15.36 T 0.05 and 15,61 T 0,05 MeV,

The present experiment was undertaken to extend the ex-
citation function for the BlO(p,a) Be7 reaction up to a proton energy
of 10.8 MeV in the hope of confirming the levels observed in other
reactions and of determining some of their properties. There is only
one channel spin available to the outgoing system, and this should
increase the possibility of making assignments of spins, parities and
reduced widths of states of the intermediate system Cll, by studying
the angular distributions of the o particles.

Accordingly, in the experiment described in this chapter,
excitation functions were taken for o particle groups from the

Blo(p,a) Be7 reaction proceeding to the ground (¢,) and first excited

(ql) states of Be7, for proton bombarding energies from 1,8 to 10,8 MeV.
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Thirty angular distributions for Both a, and o4 Wefe takén between
proton energies of 2,8 and 7.0 MeV, Excitation functions and
angular distributions for the Blo(p,He?’)Be8 reaction were measured
concurrently with the present work.

4,2 Experimental Procedure and Results

A 100 pgm/cmz self supporting target * (containing 89 percent
B10 and 8 percenthll by weight) was mounted on a rotatable support
aﬁ: thé ‘cen‘tr‘e of é écatfefing c‘:h‘arAnb‘e.r,} and was .bé)mb‘ar"dedA W1th a‘ |
0.02 yA proton beam from the Canberra tandem accelerator, The
beam entered the chamber through two 1, 6 mm diameter collimating
holes in carbon discs, placed 6 cm apa.rt. Each collimating disc was
followed, at a distance of 3 cm, by a carbon antiscatter disc with
3.2 mm diameter holes. The o particles were detected by a 4.5 x 4.5
mm, 3000l -cm, gold-silicon surface barrier detector which was
mounted inside the vacuum, 6.35 cm from the target, in such a
manner that it could be placed at any angle in a horizontal plane,
with respect to the beam axis. An aperture, 2 cm in diameter,
plg.ced 4 cm in front of the counter, provided a certain amount of
collimation, The sensitive depth of the counter was adjusted, by

varying the reverse bias on it, so that the o, group was just stopped

within the sensitive depth. The scattered proton pulses were then

* Thanks are due to Mr, F.A. Howe and associates at
A.W,.R.E., U.K., who made this target.
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small and were able to be suppressed, The pulses from the detector
were amplified by an Ortec charge-sensitive preamplifier-amplifier
system, and were recorded by a multichannel analyser. By keeping
the dead time of the analyser below 5 percent, "pile-up" of pulses

in the electronics was made negligible. A spectrum, taken at a
proton energy of 4, 70 MeV, is shown in fig 4.1,

To obtain absolute cross sections for the reactions, it was
necessary to measure the thickness of B10 in the target. This was
done by comparing the yields of Blo(p,a) reaction ¢ particles from
the present target and from the target of the same composition and
method of manufacture, whose thickness was measured for the ex-
periment described in chapter 3. The comparison was made at
several proton energies, and the thickness of B10 determined as
(77 + 12) pgmlcmz. The statistical accuracy of the comparison was
better than T 2 percent,

The yields of both Qg and o were measured, as functions of
proton bombarding energy, every 50 keV from 1, 8 to 10.8 MeV, at
laboratory angles of 50° and 90°. The excitation functions obtained |
are shown plotted as differential cross sections in fig 4.2, The ¢4
excitation function at 50° was measured up to 10, 8 MeV proton energy,
but that at 90° was measured to only 9,5 MeV because of increased

overlapping above this energy of the ground state o-particle group
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and the He3 group from the Blo(p,He3) reaction. For a similar
reason the all excitation function at 90° ceases well below the cor-
responding one at 50°, The lower limit of the excitation functions,
namely Ep = 1,8 MeV, was imposed by the minimum energy o
particles that could be detected by the solid state counter,

A value of (10 T 2) mb/sr was obtained for the Blo(p,ao)

differential cross section at 90° at the Ep = 2,2 MeV resonance, -

This is not in agreement with the (18 t 2) mb/sr reported previously
(Ov 62). (See section 4. 3. 3 for further details).

Angular distributions for both ¢, and oy were measured at
the thirty proton energies shown arrowed in fig 4 2, and selections
of them are shown in figs 4.3 and 4. 4. Most are taken with thirteen

angles from 0 = 30° to 150° in 10° steps, enabling an estimate to

Lab
be made of the magnitude of the contributions of terms of orders
0 to 6 to the polynomial expansion described in section 4,.3.1. Measure-
ments were not made at smaller and larger angles because of the
problem of intercepting the beam with the counter assembly.

Data were taken with the target at 45° to the beam direction.
The angular range 30° to. 100° was covered with the target foil in one
position, The foil was then rotated through 90° to enable the range of

angles from 80° to 150° to be covered, The effective thickness of the

target is a very sensitive function of the angle when it is near. 45°,
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Hence a monitor detector, fixed at a laboratory angle of 900, was ‘used
throughout the measurement of the angular distribution to allow nof- A
malisation of the forward and backward angle data.

4,3 Analysis and Discussion of Results

4.3.1 Least Squares Analysis of Angular Distributions

The. angular distributions are most amenable to analysis in

-terms of resonance theory if they are expressed as a series expansion

of the form

N

W(e) = Z A. P (cos 0).
1.0 L L

All of the ¢ o and o 1 angular distributions taken were analysed
in this way on an I, B, M. 1620 computer using the least squares me{hod
of Rose (Ro 53). It was found that these thirteen-angle distributions
could be expanded in a physically meaningful way with terms up to
L = 6. The coefficients A4, A5 and AG do not differ significantly from
zero over the energy range covered, The detailed results forao are
displayed in figs 4.5 and 4, 6, and those for aq in fig 4.7, Both re-
sidual and statistical errors were calculated (Ro 53) for all coefficients,

and those quoted here are in each case the larger of the two.

4,3,2 The Ep = 2.2 MeV Level

The known resonance (Ov 62) (An 62) (Ce 56) at Ep = 2,18 MeV

(10.67 MeV excitation in Cll) is very evident. Overley and Whaling
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(Ov 62), on the basis of their proton elastic scattering cross section
and the non-resonant behaviour of the @y group, have suggested that
the levelis J ™ = 9[2+, with the proton and g partial widths contri-
buting equally to the total width of 200 keV, This figure for f' is
confirmed here by a measurement of (220 t 30) keV. Unfortunately
it was not possible in the present experiment to take angular distri-
butions over this resonance in an attempt to verify this spin and - -
parity assignment because the low energy g-particles could not be
detected at backward angles.

4,3,3 The Ep = 4.4 MeV Level

The dominant resonance in the remainder of the energy
range covered is that at a bombarding energy of 4,4 MeV. This
level, at 12,65 MeV excitation in C11 , is resonant for both o and
@y, and has a total width of approximately 400 keV. These valués
are in agreement with those of Ophel et al, (Op 62), who reported a
level at 4,36 MeV, 400 keV wide, from studies of the Blo(p,m() and
Blo(p,p'y) reactions, The absolute integrated cross sections
(4= A ) for the BlO(P,ao) and Blo(p,al) reactions at Ep = 4.4 MeV
are (160 * 30) mb and (75 T 15) mb respectively. The major contri-
bution to the error is from the uncertainty in the target thickﬁesé
measurement,

If it is assumed that there is only a single level in the peak
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at 4.4 MeV, a lower limit on the spin value J may be imposed from
a knowledge of the total cross section, The sum of the resonant -

reaction cross sections, measured at the peak of the reson‘ance can

be expressed in the form (Bl 52a)

0 - 2J + 1 i X2 E)E
T (2s+ 1) {2+ 1) ° (fp+n)2

where F p is the partial width for the incoming channel, -

r;. is the partial width for all open reaction channels,
I is the target nucleus spin, |
s is the projectile spin,
and x is the reduced de Broglie wavelength of the incideni particle,
The maximum value that the expression Pp C- [ ( r‘p + r’r)z has
is 1/4 when F p- F r S© that one has the inequality

x X2 (27 + 1)
(2s + 1)(2L + 1)

o<

The lower limit on the spin of the present’compound state,
imposed by the integrated (p,a,o) and (p,al) cross sections after sub-
traction of an estimated background from other states, is J 2 11/, .
However, these allowed spins all give ¢ particle reduced widths
exceeding the Wigner sum rule limit (Te 52), WhiCh suggests that the
present values for the cross sections must be too large and that lower

spins than J = 11/2 must be considered, (It is notable that if the
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present data were normalised to that of Overley and Whaling (Ov 62)
at Ep = 2.2 MeV, then the integrated cross section at 4.4 vMeV would
be approxifnately’ 280 mb. After background subtraction, this would
imply a spin J 2 195.)

The measured total width F = 400 keV is more accurate
than the integrated cross section, and this can be used to derive an
upper limit to the possible spin values of the level. The total width .
of the level is the sum of the contributions from all open channels,
The contribution from the (p,HeS) reaction (see fig 4. 8) can be neg-
lected, as can that from the (p,vy) reaction (Op 62). The total width

is therefore given by

F=Fp+r +r1

o o
At the peak of the resonance I-:l’l / r"l'o =0 (P,ay) 1 0 (Psay) = 0.37.
The maximum theoretical cross section is obtained if r;) =1,37 Fao.
For spins < 11/5 this will result in the smallest difference between
the measured and the maximum theoretical cross section. Using
this relation, the values r;) = 0,20 MeV, r'ao = 0.15 MeV and
Fal = 0,05 MeV are derived. Because of the small penetrabilities
of the ¢ particles relative to the protons, the upper limit to the possible
spin values of the level are imposed by the ¢ particles. The reduced

partial widths for a, and s for different orbital angular momenta,

are shown in table 4.1. Also shown is the g-particle Wigner limit
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and the maximum possible spin value for each angular momentum.

TABLE 4.1
The reduced partial widths for a, and @y from the BlO(P,a)Be7

reaction at the Ep = 4,4 MeV resonance

Upper limit to J™

,ga 'Yz,o ’Y‘zzl’ ag oy W.L.
It i
0 0,027 0.009 319° 175"

1 0.030 0.011 5]5F 375t

2 0.047 0.016 S 5/9"

3 0.077 0. 030 9,* 1" 7251
4 0. 385 0.16 1y 9, |

5 4.7 1,90 13,0 1yt

The above values of 'yi and —yz
o @]

are less than the Wigner limit for

orbital angular momenta /ea =< 4 and zealé 5, giving J$9]2 .
o

Contributions from any A; , with L odd, must be due to

L’

interference effects from other levels. Over the region of the
resonance, all AL with L even and greater than 2, are zero. Also
at the resonance (Ep = 4.4 MeV) A2 goes through zero which suggests

that the resonance contributions to both the a, and ¢ angular dis-

1

tributions there are isotropic. The possible spin and parity assignments
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9]2+, 915" and 7] cannot give isotropic distributions. The value

1] 2+ does yield an isotropic distribution for ¢ and ¢, however if it

Y 1

is assumed that only s-wave protons contribute, the maximum
possible cross sections at the peak for J = 7/2 are then 64 percent
of the measured values. The existence of the large resonant Ag

term in the g, distribution could be explained as interference between
o

- the 7]2+- state and a neighbouring state of -1]2* , as such an inter-

ference would contribute an L = 3 term only.
A tentative assignment of J * = 7[ 2+ was therefore adopted,

and using it, partial widths Fp, r; and [;1 were calculated from

o
the measured (p,a,) and (p,aq) total cross sections (reduced by
36 percent) and a total width of 400 keV. The dimensionless reduced
widths for the state,

0 = 42 [2ua? ] (30%)]
where p is the reduced mass of particles Ay and Ag
and a is the channel radius defined as

a = 1.40 (] + Aé) x 1071 cm,
do not exceed the Wigner sum rule limits. The partial widths have
not been modified by the effect of level shifts (La 58). Table 4.2
gives the properties of the 12, 65 MeV state of cll gerived from

the present experiment,
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TABLE 4,2
. 11 10 7
Properties of the 12,65 MeV C~~ level, from the B~ (p,«)Be

reaction

LABORATORY ENERGY MeV

T 2 2 2
J Ep p o oy % % %
7; *F 3
/o 4.36 0.20 0.15 0.05 0.02 0.29  0.08

4,3.4 Other Levels

The oq yield is peaked strongly at forward angles at
Ep = 3.0 MeV (see fig 4.4), which could be due to the state which
has been reported (Op 62) (An 62) (Ce 56) at 11, 44 MeV excitation
in Cll. The o, yield is only weakly resonant at this energy. The
anomaly at a proton energy of 5.10 MeV depicted by Ophel et al,
(Op 62), corresponding to an excitation energy of 13,33 MeV in C11 R
is confirmed, The broad peak at Ep = 6.3 MeV covers the region
where several resonances have been observed by Kalinin et al
(Ka 57) and in the Blo(p,n) work described in chapter 3, The
analysis of section 4. 3., 3 suggests that one of these states could be

the J© = 1 state interfering with that at 4.4 MeV.
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The measured excitation functions are shown in fig 4,8
together with one for the Blo(p,q) B‘e'7 ground state ¢ particles,
taken at a laboratory angle of 90°, ‘The (p, He3) reaction is only
weakly resonant, in contrast to the (p,q«) reactiori. The excitation
functions do pass through slight maxima at similar energies to those
occurring in the (p,q) reaction., However it is significant that the
Blo(p,Hes) angular distributions do not vary appreciably over the -
proton energy range 4,5 to 7.0 MeV (see fig 4. 9) and this, together
with the lack of structure in the excitation function, suggests a

predominantly direct interaction mechanism,
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CHAPTER 5

THE ENERGY LEVELS OF B9

¢

5.1 Introduction

The energy level structure of B9 has been investigated
by many workers., Most of the experiments involved measuring
neutron groups, and the difficulty of these measurements has re-
sulted in considerable uncertainty as to the number and excitation
energy of the levels of Bg. Up to an excitation energy of 17 MeV,
only the ground state, 2.34 and 2,81 MeV levels (La 62) and a
level at 11, 62 MeV (Wh 63) have been established definitely“.

In figure 5.1, the definitely established levels of BY are
shown as full lines and other reported levels are shown dashed.

A possible level near 1.4 MeVbhas been suggested from independent
studies of the Beg(p,n)B9 neutrons by Marion and Levin (Ma 59),
Takayanagi et al. (Ta 61) and Saji (Sa 60). From the same experi-
mental data Saji (Sa”"60) also suggested further levels at 4,1 and

4,9 MeV excitation energy. Symons and Treacy (Sy 62) have
suggested a level at 1,7 MeV from a study of the C12(p,q)B®
reaction, while Knowles (Kn 58) suggested a possible level at

7.0 MeV fI‘OII:] his preliminary study of the same reaction. A

recent experiment on the Li7(He3,n)B9 reaction by Dietrich et al,
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(Di 63) has indicated z; further level at an exc_itatiori enefgy' of
14.70 MeV,

The present experiment was undertakén in an effort to

check the reported levels, and to search for new levels in B9

by
studying g-particle spectra from the BlO(He?’,a)Bg‘reaction in the
energy range from 3,0 to 10,5 MeV,

5.2 Experimental Procedure and Results

The apparatus used for this experiment was the same as
that used for the Blo(p,a) Be7 experifnent and has been described
in chapter 4.

A 50 ,ugm]crn2 thick self-supporting boron target *

10

(containing 89 percent B*~ and 8 percent B11 by weight) was bom-

3 ions from the Canberra

barded with 0.1 pA of doubly charged He
tandem accelerator with helium injector. The target was mounted

at 45° to the beam axis in the centre of a scattering chamber and a
300 L) -cm surface barrier counter, also inside the chamber, was

mounted 6. 45 c¢m from the target at a laboratory angle of 90°. The
reverse bias on the counter was adjusted so that the range in the

counter of the ground state g-particle group from the BlO(HeS,a/)B9

reaction was always less than the sensitive depth, even though the

* Thanks are due to Mr, F.A., Howe and associates at
A.W.R.E., U.K,, who made this target.
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bias required at the maximum He3 energy used caused a slight loss

of resolution, |
Spectra were recorded at a laboratory angle of 90° every

0.5 MeV from 3.0 to 10,5 MeV incident He3 energy., These spectré

were plotted as in figure 5.2, and the positions of the various peaks

were marked on the axis of each, The energy of a reaction product,

when detected at a laboratory angle of 900, is given by
i} (Ml_ + My) (Mg + My) My (M1 + M,)
(Mp My - My M) (Mg My - My M)

Eq Q (5. 1)

where E; and Eg are the energy of the incident and detected
particles respectively,
Q is the energy released in the reaction,
M, and M, are the masses of the incident and target
nuclei respectively, |
and Mg and M, are the masses of the detected and recoil
nuclei respectively.
The energy of the reaction products is a linear function of the
incident He3 energy. Hence the slope and. intercept of the line
produced by each reaction in figure 5.2 assist in the identification
of the reaction, For the sake of clarity, only four of the spectra
are shown in figure 5.2. As a further check on the identification,

the energy of each group was compared with that calculated from
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the reaction kinematics, The detector energy calibration was
obtained from the energy of the well-defined d—par“ticle groups

to the ground and 2,34 MeV levels of B? (marked ¢, and a9 on
figure 5. 2).

The impurity element reactions observed were consistent
with those elements reported by the supplier to be present in small
amounts in the target material, Tantalum was present because the
target was made by evaporation from a tantalum boat.

11

Alpha-particle groups from the B (He?’_,cz)B10 reaction

behave with incident beam energy in very nearly the same manner

10173 9
(

as those from the B~ (He",)B” reaction, In order that groups

from the former reaction should not be mistaken for new groups

from the latter, a separate spectrum, using a B11

enriched B5Og
target, was taken for comparison., A typical spectrum is shown
in figure 5. 3.
10 3

(

Spectra from the B~ " (He ,o,)B9 reaction were also recorded

0, 120° and 150° at He3 energies of

at laboratory angles of 500, 75
3.5 and 8,0 MeV, but no further -particle groups were revealed.

No evidence was found in any of the specfra for levels of
B9 below 10 MeV excitation, other than from those previously es-

tablished., In particular, the suggested levels at 4.1, 4.9 and 7.0

MeV were not observed, although the first two may have been
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obscured by the very weak o5 and ag peaks from the Bll(HGB,.a)Blo
reaction at low energies, and the oy group from the 016(H63,a)015
reaction at higher energies, The level reported at 1.7 MeV was |
fitted by a reduced width (Sy 62) of 1 MeV. Such a broad level
would be indistinguishable from the g-particle continuum resulting
from the disintegration of N13 into three ¢ particles and a proton
even if its integrated yield was an appreciable fraction of that of
the ground sfate group. This continuum, which was also seen by
Povh (Po 59) and by Spencer et al. (Sp 60) makes it difficult to
detect broad levels in B9 by means of the BlO(He3 ,a)Bg reaction,

A few months after this work had been completed, Whaling
(Wh 63) searched for levels in B9 using the same reaction., A double
focussing magnetic spectrometer was used to analyse the reaction
products, It was thus possible to discriminate much more strongly
against protons and scattered He3 particles than in the present

experiment, The range of excitation from zero to 17 MeV in B9

was investigated by Whaling using 10 MeV incident He3

particles.
Only one level, at 11.62 MeV, was seen in addition to those already
definitely established (see fig 5.1), in agreement with the present
results,

5.3 Discussion

The reaction mechanism in the present case is not known,
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available for the excited N13 nucleus , produced by the
bombardment of B10 by 6.5 MeV He?d ions, is shown. Levels
shown dashed in C12 represent any one of a large number of
possible levels in that excited nucleus.
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but if a compound nucleus is formed, this is’ highly unstable to
break up into (3¢ + p). The extremely large number of decay channels
available for the excited N13 nucleus are shvown in figuré 5.4. Many
nuclear emulsion studies have been made of the breakup of N13
from highly excited states but these provide conflicting evidence
on the process. Although most authors find that a proportion of the
decays proceed through excited states of intermediate nuclei such
as Clz, Bg, Be8 é.nd Li5 (see for exarvnplev(l‘\Ie -55)>), othéré ‘sug.gbestb
that four-body breakup occurs (see for example (Va 63)).

If an extreme case is taken and it is assumed that the
decay is purely a direct four:-body process, then the energy dis-
tribution of.the a-particles can be calculated. Assuming that there
is no interaction between the particles, the energy distribution of
one of them is (Ro 55)

max ~ E)z (5"2)

N(E) = kE% (E
where K is a normalization constant,
E is the particle energy in the centre of mass space,
and Emax is the maximum centre of mass energy available to
a single particle in the breakup.
It can be showh, using the method of Lagrangian multipliers that iﬁ

the centre of mass space, one particle has its maximum energy

when the other three move off with equal velocities in the opposite
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direction., If the spectrum is recorded at a léboratory angle of 900
then an expression of the same form as equatién 5.2 applies with
the energies measured in the laboratory system., The dashed
curves in figure 5,2 are an evaluation of equation 5. 2, vnormalized
to fit each continuum, It is worth noting that only one parameter,
the vertical scale, has been adjusted when making these fits. A
more critical test of the direct four-body breakup assqmptiqn Wo,ul,d

be to corﬁpare the fit in the region of the maximum of the continuum.
Unfortunately, this region cannot be observed using solid state
counters because of the large background of protonsk at lower energies,

The four-body breakup formula fits the data quite well in
the energy region over which it is applied, It cannot be the whole
explanation however, since the experiment itself, through the -
particle transitions to B9 states and proton transitions to high excited
states of Clz, shows that these intermediate nuclei certainly take
part. In fact, the g-particle background in the energy region under
consideration could probably be fitted equally well by considering
the breakup as a series of two-body processes., Breakup through
different levels of the intermediate nuclei give rise to broad over-
lapping groups of ¢ particles. Such groups are especially spread
out when very broad levels such as the excited states of Be® are

involved, There are a large number of such decay modes available
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(see fig 5.4) and it seems probable that these broad groups could be
combined to fit the observed continuum.

In order to calculate the shape of the background of o particles
from such a process a very large amount of experimental data von the

13

decay mode of N™° would be required. Some of the data required

would be:
(i) Cross sections for decay to all the excited states of C;z
from 7, 656 MeV to at least 24 MeV.
(ii) Cross sections for the decay to all levels in B? up to
at least 16 MeV,
(iii) Branching ratios for the decay of each excited state of

C12 and B9 to levels in Be8, and also to L15 for

both
some high excited states of Bg.

(iv) For each decay mode,. the shape of the resulting broad
a-particle group is required. This shape would be
difficult to calculate when the broad excited states of
Be8 are involved,

Very few of the above measurements have been made at present,
and none at all at the very high excitation energies required. Lack
of this knowledge makes it impossible to carry out background sub-
tractions which might allow evidence to be offered for or against

the presence of broad states such as those suggested in the 1,4 to

1,7 MeV region,
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CHAPTER 6

ENERGY LEVELS IN Nl4 NEAR THE PROTON THRESHOLD

6.1 Introduction

14 up to 8. 71 MeV excitation energy

The energy levels of N
which have been well confirmed are shown in figure 6, 1. The level
structure in the region immediately above the 013 + p threshold is
of particular astrophysical interest (Ca 62) as any level existing in .

12 / c13 abundance ratio in stars

this region could influence the C
burning on the Carbon-Nitrogen-Oxygen cycle. Two reported levels
fall into this category.

In his study of the neutron groups from the Clg(d,n)N14
reaction, Benenson(Be 53) observed a level in N14 at 7,72 MeV
and a possible level at 7,50 MeV in addition to the well-confirmed
levels. The level reported at 7. 72 MeV could influence the
Clg(p,'y)N14 reaction rate at stellar energies, In their study of the
v rays from the same reaction however, Ranken et al, (Ra 58a) saw
v rays from the well confirmed levels up to 7. 03 MeV but found no
evidence for levels between 7,50 and 8.6 MeV excitation, The
Cl?’(p,-)()N14 reaction cross section has been studied by Hebbard
and Vogl (He 60) at proton energies down to 130 keV, and later by

Vogl (Fo 62) down to 100 keV, Levels at 7.97 and 8,06 MeV were

seen, but no evidence was found for the level reported by Benenson
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at 7.72 MeV. No other levels were seen down to an excitation |
energy of 7.64 MeV, If a level does exist at 7, 72 MeV, the work

. 1
c13(p, )Nt

of Hebbard and Vogl shows that it would not influence the
reaction rate at stellar energies.
Burge and Prowse (Bu 56), (Ho 57) observed the inelastic

scattering of protons from N14

using photographic emulsions. In
addition to the well-confirmed levels, they reported levels at 7.40
and 7, 60 MeV with possible levels at 5.95 and 6, 60.-MeV, The level
reported at 7,60 MeV is also of considerable astrophysical interest.
However the evidence provided for this level in the work of Burge
and Prowse is not conclusive as the group attributed to it was
suspiciously narrow, and was seen at one angle only.

Miller et al, (Mi 56) observed p-particle groups from the
inelastic scattering of 21,5 MeV ¢ particles from N14. All levels
reported by them up to 8 MeV excitation have been well confirmed,
An additional level was reported at 8,45 MeV but no evidence was |
found for levels at 7,40 or 7.60 MeV, Groups from T = 1 levels
would be strongly inhibited by isobaric spin selection rules however,
and would not necessarily be seen with this reaction. Recently
Clayton (Cl 62) has investigated the level structure of N14 petween
4 and 8 MeV excitation energy by observing the g-particle groups
15(

from the N He3,a) N14 reaction. He observed all the well-confirmed
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levels up to 8. 06 MeV as well as a possible new level at 6.048 MeV,
However, he did not find any evidence for the levels reported at
6.70, 7.40 and 7.60 MeV,

| Inelastic proton scattering from N14 has been studied by
Oda et al. (Od 60) using protons at several energies between 7, 6 and
14.2 MeV. Proton groups were observed, corresponding to the well-
confirmed levels up to 8 MeV excitation, However, only relatively
sffoﬁg gréﬁpé Wéré ob.sclar‘véd.a.nd. ﬁof all 1bevveisVWAer>'e‘ rés;oivéci. o
Further reports of inelastic proton scattering studies, by Brown
(Br 63) using 10.5 MeV protons and by Donovan et al. (Do 63) using
10. 2 MeV protons have recently become available, Both of these
experiments revealed the well-confirmed levels in N14 up to 8 MeV
excitation but showed no sign of levels at 6, 05; 6,60, 7.40 or 7.60
MeV.

In view of the possibility of rapid changes in the inelastic
proton scattering cross section with energy, it was considered
desirable to observe the N14(p,‘p") reaction in a search for the 7. 60
MeV level reported by Burge and Prowse using the same bombarding
energy and angle of observation as were used previously.

6,2 Experimental Apparatus

The experiment was carried out using monoenergetic protons

from the Canberra tandem accelerator. The beam entered a 43 cm.




FIG, 6.2 Schematic representation of the scattering chamber,
Numbered items are?

1, Portioh of the beam collimator and baffle system.

2, The gas target,

3. Mylar windows (1 mgm/cm?, Al-coated on each side).
4, Thin Ni windows (0. 63 micron entry, 1.26 micron exit).l
5. Solid state counter,

6. 'Detector collimating assembly.

7. Lucite neutron moderator.,

8. Electron suppressor and Faraday cup.
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diameter scattering chamber through two collimating apertures

0. 15 cm in diameter placed 20 cm. apart. An antiscatter aperture,
0.23 cm. in diameter, was placed 10 cm. behind each collimator.
Beam currents of the order of 1 yA were used, and the charge was
collected in a Faraday cup with both magnetic and electrostatic
suppression,

A gas-cell target, already in use in this laboratory, was
found to be suitable for the present experiment. Calculation showed
(see appendix B) that for 10 MeV incident protons and a filling
pressure of 180 mm of mercury, the energy resolution (full width
at half maximum) was approximately 58 keV for a 1 MeV proton
group leaving the target at a laboratory angle of 600, and was better
for higher energy groups. This resolution was adequate to allow all
the well-confirmed levels in N]‘4 to be resolved., The experimental
apparatus is shown in figure 6, 2. A detailed description of the
scattering chamber, gas target, beam and counter collimators is
given by Ohlsen and Young (Oh 63).  The beam entered and left the
7.6 cm. diameter gas target through Ni foils of thickness O; 63 micron
and 1, 20 micron respectively, The entrance foil was mounted on a
5.7 cm. ''snout'" and was 10,3 cm. from the centre of the target.
The purpose of the snout was to prevent protons scattered by the

Ni foil from illuminating the front slit of the counter collimator,
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The reaction products left the target through an aluminium coated
mylar foil 1 rngm]crn2 thick. The filling gas was dry oxygen-free
nitrogen, and various filling pressures between 40 and 180 mm of
mercury were used. A small tray containing KOH pellets was
mounted inside the target lid in order to help eliminate the build
up of water vapour.

Two 6000{L-cm gold-silicon surface barrier detectors of
50 mm2 area, and capable of stopping 8 MeV protons were mounted
inside the scattering chamber, 19 cm from the centre of the target,
Two rectangular collimating slits were placed between each counter
and the target. The dimensions of the collimator systems are given,

following the notation of Silverstein (Si 59), in table 6, 1.

TABLE 6,1
NOTATION DESCRIPTION DIMENSION

2b1 front slit width 0.30 cm
2b2 rear slit width 0.30 cm
,e rear slit height 0.50 cm
R0 distance from centre

of target to rear slit 18.5 cm
h distance between slits 13.2 cm

slit thickness 0,038 cm

angular resolution 20
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An antiscatter slit 0.40 cm. wide and 0, 60 cm high was placed mid-
way between the front and rear slits, Pulses from the counters
were amplified by charge-sensitive préampliﬁers and Ortec model
203 amplifiers operated in their double delay line mode, and spectra
were recorded on 400 channel pulse-height analysers.

6.3 Experimental Procedure

Data were recorded at laboratory angles of 600, 90° and
1200 every 20 keV between the proton energi_es of 9.30 and 10. 00
MeV,r and every 100 keV between 10,00 and 10,50 MeV, Initially,
spectra were taken with maximum permissible bias on the counters
to enable all inelastic proton groups to be stopped within the depletion
layer. Peaks from the well confirmed levels in N14 were used to
provide an energy calibration for the counters, Other proton groups
were then identified, both by their calculated energy, and by their
energy variation with angle, In addition to their energy variation
with incident beam energy and angle of observation, g-particle and

He3

groups were identified by their increased energy loss in an
0,88 mgm/cm2 mylar foil which could be placed in front of the
counters. Helium peaks were also typically about twice as broad
as proton peaks,

The energy loss of the incident beam in reaching the centre

of the target, and of the reaction products in leaving the target, was
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calculated, using the stopping cross sections compiled by Whaling
(Wh 58). The stopping cross section for low energy reaction
products (below about 2 MeV) varied markedly along their path
length in the target gas and in the mylar. The procedure adopted
at these energies therefore, was to use the stopping cross section
appropriate to the energy of the particle entering the absorber to
calculate a ﬂrst o}rc}le»r energy lobsrs.i Thls Was‘u‘se.d 'tq fin‘d‘ar‘l |
approximate average energy of the parﬁcle in the absorber, and the
stopping cross section appropriate to this energy was then used to
obtain a corrected energy loss, Values obtained in this way agreed
with those obtained by numerical integration to within the accuracy
of reading the stopping cross section curves. In calculating the
energy loss in the mylar window, a slight correction was made to
the nominal thickness in order to achieve consistency between the
proton and heavy particle calibration curves. This correction made
negligible difference to the proton calibration.

In all spectra recorded, a very large background of low
energy pulses was evident. Part of this was probably due to pile-up
of pulses from B particles from the target, If V is the reverse bias
applied to the counter, then the sensitive volume is proportional to
V% . For the highly penetrating B8 particles therefore, the energy

1
deposited in the depletion layer will be roughly proportional to Vz,
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It follows that the energy of pile-up pulses will also be proportional
to V% . Substantial reduction in the energy of pile-up pulses from

B particles can therefore be gained by lowering the counter bias.
Part of the background was also caused by Si(n,p) and Si(n, o)
reactions induced in the counter depletion layer by the large flux

of neutrons originating in the be‘am collimator, target and Faraday
cup. For single neutron-induced pulses, if n is the number of
reactions per second per unit volume of the counter, the number
recorded per second is proportional to nV%. If the resolving time
of pulses from the counter is T , the number of double neutron-
induced pulses recorded is proportional to bnz'C'V. Lowering the
counter bias will therefore greatly reduce the number of those
background pulses, especially those at higher energy caused vby
multiple pulse detection. In the present experii:nent, the background
in the proton energy region corresponding to the excitation energy

near the C13

+ p threshold, was reduced by a factor of three. This
background was reduced by a further factor of two under low bias
conditions, by surrounding the counter by a 2.5 c¢m, thick lucite

neutron moderator (see fig 6. 2) which lowered the average energy

of the neutrons incident on the counter, In all the spectra recorded

in the investigation of the excitation region near the cld 4+ p threshold,

the counter bias was reduced until the broad group due to the partially




FIG. 6.3 A pulse-height spectrum of charged particles from
the NI% + p reaction, taken at a laboratory angle of 60° and a
proton reaction energy of 9.45 MeV, Proton groups are labelled
by the energy of the appropriate level in N14 and heavy particle
groups are labelled by the reaction producing them. The expected
position of the peaks from levels reported at 7.40 and 7.60 MeV
are marked by arrows., A target-gas filling pressure of 180 mm
of mercury was used and the charge incident on the target was
100 4 C of protons. In the region between the peaks, the statistical
errors are approximately the magnitude of the plotted points.




1500}~ |

1000}

COUNTS

7.03

—

T
100

CHANNEL

5.10 -

5.83

.A Np,ox,)

150 200 250




-78-
stopped elastic protons was just above the region of interest,

6.4 Results and Discussion

6.4.1 The Energy Levels of N14

Spectra were taken at sufficiently close intervals in energy,
so that the whole of the reaction energy range between 9,15 and
9.85 MeV was investigated. All spectra showed similar characteris- -
tics. Figure 6.3 shows a spectrum taken at the same proton reaction
energy (laboratory energy at the target centre) and angle of observé.tion
as was used by Burge and Prowse (Bu 56). The expected position of
the peaks from the levels reported by these workers at 7.40 and 7, 60
MeV are shown by arrows on the figure. Figure 6.3 shows clearly
that no proton groups to these states occur in the present spectrum.

At higher proton energies, states of higher excitation appear out of
the low energy background, demonstrating that the equipment works
satisfactorily for low energy protons.

Of particular interest is the ground state g-particle group
from the N14(p,a) reaction shown in fig 6.3. Tracks from this
a-particle group should be visible on the emulsions exposed by
Burge and Prowse, Accordingly, the properties of this group of
tracks have been calculated. The range of protons and o particles
in the emulsions was obtained from the Nuclear Emulsion section of

this Laboratory (Br 63a), and the geometry and gas pressure of the
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experiment was obtained from the publication by Burge and Prowse
(Bu 56). It was found that the group would have a track-length dis-
tribution whose mean length, width at half height and intensity
correspond closely to the properties of the group attributed to
inelastic protons from a level at 7.60 MeV in N14. The intensity
is measured relative to the proton group to the 7. 03 MeV state of
N14, shown in the same histogram (Bu 56). At the other angles
used by Burge and Prowse, the g-particle group would not be visible.
Burge and Prowse found that the analysis of their emulsions was
made difficult by a concentration of background grains near the
surface, ‘In some of their work this surface deposit was removed
by rubbing the emulsions with cotton wool dipped in alcohol. It
seems probable therefore, that the ends of the g-particle tracks
could easily have been mistaken for proton tracks. In order to
check this hypothesis, Dr. Burge has re-examined his emulsions
at 60° and checked the present calculations, He has indicated

(Bu 63) that the conclusions reached here appear to be welllfounded,
and that the group concerned could easily be the N14(p,a) group.
Positive identification of the tracks, as resulting from « particles,
was made difficult by their shortness and by the removal of the
surface layer of the emulsion,

Following the initial survey, several fixed energies were




FIG. 6.4 A portion of a spectrum of charged particles from

the N1Z + p reaction, taken at a laboratory angle of 60° and an
incident proton reaction energy of 10,14 MeV. An incident charge
of 104 uC of protons and a gas-filling pressure of 60 mm of mercury
were used, A broad proton group, caused by elastic scattering
from hydrogen accumulating as water vapour in the gas target, and
a first excited state g-particle group from the N14(p,a) reaction are
visible, The portion of the spectrum expanded by 10 shows two
weak proton groups from known levels in cl12 and N15 at 7.66 and
7.57 MeV excitation respectively. The bulge labelled 'A' is caused
by a low-energy proton group from the N14(p,p') reaction to a level
in N14 at an excitation energy of approximately 8,57 MeV,
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selected and bombardments made to obtain good statistics for the
known proton groups and to investigate more closely the regions
between these groups., The spectrum of fig 6.4 is typical of all

the spectra obtained with good statistics every 100 keV between
9.95 and 10,45 MeV (reaction energy) at angles of 60° and 900, and
at 10,25 MeV at an angle of 1200. Statistical accuracy is high,
typical errors being of the order of the size of the plotted points

on the expanded portion of the curve, Tyvo further proton groups,
to the 7,97 and 8,06 MeV levels of N4 are clearly \}isible above the
low energy background., The cross section of the group to the 8,06
MeV level is very small for all energies and angles observed, even
though it is not inhibited by any known selection rules., A proton
group, marked A on the figure, is also evident on the side of the
rising background. At higher incident proton energies, this group
was fully resolved, Because of its low energy, it could not be
positively identified by kinematics at other angles. However because
of the intensity of the group, it was attributed to a level in,N14 at an
excitation energy of (8.57 ¥ 0.05) MeV. The energy calibration
technique, which was previously tested on the group to the 7. 97 MeV
level when this group was of comparable energy, is believed to be
satisfactory. The position of this level is not in agreement with the

well-confirmed level in this region at 8,63 MeV (Aj 59). However,
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thére is a relatively large background under the group Wﬁich probably
contains a contribution from the broad proton group resulting from
the breakup of the excited N14 nucleus into C13 + p.‘ It is possible
theréfore, that a small group from the 8. 63 MeV level could have.
been obscured. The present level could possibly be identified with
the level reported by Miller et al. at (8.45t 0,07) MeV (Mi 56).

Also present in this spectrum (fig 6.4) is the first-excited-

n14

state g-particle group from the (p, @) reaction, and a broad group

from the Hl(p,p) reaction resulting from water vapour present in
the target. The expanded section of the spectrum shows proton

groups from the 7.57 MeV level of N19 and the 7. 66 MeV level of

012. Other Clz, N15, and O]‘6 peaks were also observed in other

regions of the spectrum.
None of the spectra taken provided evidence for groups to

the levels of N14 reported at 7.40 and 7.60 MeV. A group to the

14

N** level, of the same magnitude as that to the 7.57 MeV level of

N15 (see fig 6.4), would have a laboratory cross section of 11,5 ub/sr.

An upper limit of 2 yb/sr is therefore set to the cross section of a

group (which would appear as a statistically significant peak) to any

cl3

level in N14 near the + p threshold,

An upper limit of 5 ub/sr has been found for the cross section

14

to a 6,05 MeV state of N™* suggested by Clayton (Cl 62). In some of
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the spectra, a weak group appeared at an energy close to that expected
for this level. It was demonstrated however, both by the energy
variation of this peak with the angle of observation, and by recording
a spectrum with air in the target, that the group was from the 6,13
MeV level of 016. It was estimated from the intensity of the group,
that up to 0. 5 percent O16 was present in the target when badly con-
taminated with water vapour.

In summary, it may be said that although proton groups to

14

all the well-confirmed levels in N™~ up to 8,06 MeV excitation were

observed, no evidence was found for the levels reported at 6,0, 6,6,
7.4 and 7,6 MeV (Bu 56), or at 6,05 MeV (Cl 62). A proton group,

14 at 8,56 MeV was seen,

possibly corresponding to a new level in N

An upper limit of 2 yb/sr has been placed on the inelastic proton

scattering cross section from any level of astrophysical importance
T 14 13

at an excitation in N~ near the C™" + p threshold.

6.4.2 Excitation Functions and Levels in 015

Angular distributions of the first nine inelastic proton
groups from the N14(p,p') reaction have been measured by Brown
(Br 63). For these measurements an incident reaction proton energy
of 10,36 MeV was used. An attempt is being made by Brown to fit
these distributions by a direct interaction distorted wave calculation

14

leading to N~ * states of configurations proposed by Warburton and

Pinkston, It is therefore of interest to look at these cross sections
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FIG 6.5 The excitation function, at three angles of the

proton group to the 2,31 MeV state of N14, At the higher
energies there is a pronounced minimum in the angular
distribution at 90°,

FIG, 6.6 The excitation function, at three angles, of the

proton group to the 3, 95 MeV state of N14, The 015 levels
corresponding to the resonances shown in figs. 5.10 and 5, 12
appear to have some influence on the cross section. This is
particularly noticeable at 90°, The angular distribution is
varying with energy near 10,4 MeV proton reaction energy.
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FIG. 6,7 The excitation function, at three angles, of the
proton group to the 4, 91 MeV state of N14, The 015 levels
corresponding to the resonances shown in figs. 5,10 and 5,12
may have some influence on the cross section, The angular
distribution is varying with energy near 10,4 MeV proton
reaction energy.

FIG. 6.8 The excitation function, at three angles, of the
proton group to the 5,10 MeV state of N14, The cross section
is influenced by the 015 levels corresponding to the resonances
shown in figs, 5,10 and 5,12, This is evident from the signifi-

cant changes in the angular distributions over much of the energy
range shown,
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FIG. 6.9 The excitation function, at three angles, of the proton
group to the 5,69 MeV state of N14, Both the cross section and
angular distributions are influenced by the levels in 015 corres-
ponding to the resonances shown in figs. 5.10 and 5. 12,

FIG., 6,10 The excitation function, at three angles, of the proton
group to the 5,83 MeV state of N4, The prominent resonance at
a proton energy of 9, 58 MeV corresponds to an 015 1evel at 16.25
MeV excitation, The peaks at different angles are slightly dis-
placed, possibly because of the influence of the nearby resonance
shown in fig., 5.12,
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FIG. 6.11 The excitation function, at three angles, of the

proton group to the 6,21 MeV state of N14, The cross section
is influenced by the 015 1evels corresponding to the resonances
shown in figs, 5,10 and 5,12, The angular distribution is
varying with energy near 10,4 MeV proton reaction energy.

FIG. 6,12 The excitation function, at three angles, of the

proton group to the 6,44 MeV state of N14, The prominent
resonance at a proton energy of 9, 38 MeV corresponds to an
015 1evel at 16.04 MeV excitation, The peaks at the different
angles are slightly displaced, possibly because of the influence
of the nearby resonance shown in fig. 5,10, The angular
distribution is varying with energy near 10.4 MeV proton
reaction energy.
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FIG. 6.13  The excitation function, at three angles, of the
proton group to the 7,03 MeV state of N14, The cross section
is influenced by the 015 levels corresponding to the resonances
shown in figs. 5.10 and 5.12, The angular distribution'is
varying with energy near 10.4 MeV proton reaction energy.

FIG. 6,14 The excitation function, at two angles, of the
proton group to the 7, 97 MeV state of N14, This group was
insufficiently resolved at 120° for all energies used.
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as a function of energy in order to indicate the contribution of com-
pound nucleus effects.

Excitation functions for inelastic proton groups from all
the well-confirmed levels in Nl4 up to 7. 97 MeV have been extracted
from the data at laboratory angles of 600, 90° and 120° between the
proton energies of 9.30 and 10,50 MeV (see figs. 6.5 to 6.14). The
cross sections, which were calculated using the formula .dex-ived by
Silverstein (Si 59), are accurate to T 10 percent,

Quite large and rapid variations in cross section are shown
by two groups. The groups to the 5,83 MeV level (fig 6.10) and to
the 6. 44 MeV level (fig 6.12) show marked peaks at proton reaction
energies of 9,58 and 9. 38 MeV respectively. These peaks correspond
to separate levels in the compound nucleus, 015, at 16,24 and 16,04
MeV. Most of the other groups are influenced by these compound
nucleus levels, and some show anomalies near 10,4 MeV, The
cross sections are least affected by compound nucleus formation in
the 'proton reaction eriefgy 'regio'n near 10,0 MeV. Angular distri-
butions taken in this energy region would therefore be most likely
to be amenable to a direct interaction treatment,

015 at the excitation

Information on the level structure of
energy reached here, is scarce. The only previous report was of

levels at 16.1 and 16,5 MeV by Towle and Macefield (To 61). In
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3 14

that experiment, neutrons from the Clz(He ,N)O~ ~ reaction were
studied by a time of flight technique and with a long counter.

It is of interest to note that the two groups showing the
strongest evidence for compound nucleus formati‘on, populate levels
in N14 with the highest spin (J = 3). Two separate levels in O15 are
involved, each with a width of approximately 170 keV. These two
levels have a moderate, but not strong, influence on the cross

sections for proton groups to the N14

states with J = 2 or 1, and

a weak or negligible influence on the cross sections for proton
groups to N14 states with J = 0. The ways in which the 015 levels
break up appear to be strongly correlated with the magnitudes of
the spins of the residual Nl4 states. In order that residual levels
with J = 3 should be preferred to those with J = 2 or 1, a spin for
the O15
because the barrier penetrabilities for the inelastic protons are not
significantly different for orbital angular momenta/Zp' < 2. An
upper limit (< 13/2) of the spins of the O15 states may be obtgined

from the total widths of the states by application of the Wigner limit.,

The limit to the spin is obtained, independent of any assumption

concerning the relative magnitudes of the elastic and inelastic proton

partial widths,

It should be noted that many of the angular distributions of

levels of at least 5I2 is indicated. A spin = 9/2 is probable,
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the inelastic proton groups are changing significantly with energy
near a proton reaction energy of 10.3 MeV. It is therefore likely
that an additional level in 015, just above an excitation energy of
16.9 MeV, is influencing the cross sections and angular distributions

of these groups.




APPENDIX A

THE EFFECT OF VARYING BEAM CURRENTS ON CROSS
SECTIONS MEASURED BY AN ACTIVATION TECHNIQUE

In deriving the formula for cross section determinations
when using an activation apparatus (see chapter 2), a constant
current was assumed, In actual fact, the beam current from the
tandem accelerator is not absolutely constant with time. In this
appendix therefore, the effect on the accuracy of the cross section
measurement of different types of beam current variation is cal-
culated, In all cases treated, the value of the current integrated
over the bombardment period was the same, Hence any differences
in the number of active nuclei produced are a measure of the error
introduced by assuming a constant current. Three different
examples have been calculated.

(2) Constant current

With a constant current, the rate of reactions k, is pro-
portional to the beam current, However the radioactive nuclei
decay at a rate proportional to the number N, present at any time.
The number decaying is N >\ where }\is the decay constant, Hence

the rate of build up of active nuclei is given by

aN k- AN A1l
dt
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Integration from the beginning of the bombardment to time t = tl

seconds, gives as the number of active nuclei present at time ty

N(t,) = 3 (1-e

(b) A small sinusoidal ripple on a constant current N

If the amplitude of the oscillation is ka (where a <<1) then

the rate of build up of active nuclei is given by

dN
— = k(l+asinwt) - N\ A.3
dt

where W) is the angular frequency of the oscillation in
radians | second,
Integration over the time t = 0 tot =t gives as the number of

active nuclei produced

ka
(N +w?)

N(t,) = 2a- e">‘t1) + rwe M1y A4

A

( >\sinwt1 - coswt,

For oscillations in which W33 A , equation A, 4 can be approximated

by

N(t,) = ;(1 - e_>\t1) + w(e

The number of active nuclei given by equations A.2 and A.5
differ by the term

ka

(e-)‘Jcl - coswtl) A.6
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(c) A slow linear change in current

Suppose the beam current at the beginning of the bombard-
ment is I(1 -~ b), and at the end of the bombardment is I(1 + b) where

b<&<& 1. Then the rate of build up of active nuclei would be

dN 2t
———=k[1+b(——1) -N>\] : AT
dt t

~ Integrating from the beginning of the bombardment to time t = t;

secs., gives as the number of active nuclei produced,

RN
k At kb )\t 2kb t1 1 1
Nit,) = v(l-e LH-<-(-e ALIPR-y A.8
( 1) X( ) )\ ( (>\ )\2 >\2 )
In this case, the number of active nuclei produced differs from
that of the steady current by the term
2 b1 e M1 _
1 "Mty A.9

R owtE
On several occasions the beam current from the Tandem Van de
Graaff accelerator was recorded on a Brown Recorder, The
recorder trace showed three types of beam current variation,
Two are of the oscillatory type, and the other is a slow linear
change. Of the two oscillatory types, one had a frequency of about
2 cycles per sec., and was associated with the frequency of re-
volution of the belt in the accelerator, The magnitude of the

oscillation was typically about a = 0,01, The second type of
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oscillatory variation which had a frequency of approximately 0. 2
cycles per second, was often seen, but was of unknown origin, Its

magnitude was typically about a = 0,02, Typical variations of the

linéar change type, observed during the bombardment time, were
up to about b = 0.03, i.e., a 6 percent change from beginning to
end of the bombardment.

The decay constant for Ne19 (chapter 2) is )\ = 0.0398
per sec, The target was bombarded for 60 seconds. Hence the
number of active nuclei produced by the steady current is (from
equation A. 2)

N(60) = 22,6k A.10
By substituting the above valueé in equations A.6 and A, 9, ‘and by
letting coswty = -1 in equation A, 6, the maximum differences in
the activity produced are
(i) for the fast oscillation * 0, 001k

(ii) for the slower oscillation t 0, 02k

(iii) for the linear change t 0. 2k,
By comparison with the steady current yield (equation A, 10) these.

represent differences of ¥ 0,005, T 0.1 and T 1 percent respectively.

The decay constant for clo (chapter 3) is A= 0,0355 per

sec,, which is not very different from the value for Nel9 1tis

Fl9 19

concluded therefore, that for both the (p,n)Ne™" and the
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10 10 . . . . .
B (p,n)C "~ experiment, quite large amplitude oscillations can be
tolerated provided they have a fairly high frequency. Linear drifts
however, can lead to much greater errors. Under normal operating
conditions, the variations in beam current from the tandem accelerator

can introduce an error of up to T 1 percent into the cross section

measurement,



APPENDIX B

THE ENERGY RESOLUTION OBTAINABLE USING
A GAS TARGET

This appendix describes calculations which were carried '
out to determine the energy resolution of the proton gfoups from
the N14(p,p') reaction,, obtainable with the gas target descfibed
,in, cvhev\pj:evr .6 . .B.ro.at.:le‘ni‘ng Qf .tlr.le.g.ro.ups is inj:roduqqd .botl.'l by the |
geometry of the system and by energy straggling in the filling gas
and containing foils,

Energy straggling in an absorber is produced by statis— | @
tical fluctuations in the average number of collisions a particle
makes per unit length, The derivation of energy straggling
formulae is well documented (Li 37), and only the results will be .
quoted here. Using a quantum mechanical approach, the variance |
in the energy loss by monoenergetic particles in unit length of an

absorber is found to be ' |

I Z, 2mv o Z
P = 4= e4zzN l:Z' + Z kn——r;-:’-z- log ]ergszlcm B.1 .
n

1
where ze is the charge of the incident particle in (erg~cm)?2

1
e is the proton charge in (erg-cm)2? ,

N is the number of absorber atoms per cm3, |

m is the mass of an electron in gms,
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v is the velocity of the incident particle,

the k| are numerical constants of order unity,

Z, is the number of electrons in the nth shell of the
absorber atom,

I, is their average excitation energy,

Z' is the total number of "effective' electrons defined
as the number of electrons in the atom excluding those

in the inner shells for which I_> 2mv>

, and the sum-
mation is over all shells which are not excluded.

The variance of the energy loss of particles passing througfl a thick-

ness A x of absorber, is therefore P. Ax, and the full width at half

maximum of the energy distribution isAE =2.4 [PAX] 2 .

When using equation B. 1, several simplifying assumptions
may be made. The constants k, take the value k = 4/3 for hydrogen-
like electrons, and tifliS value can be used to obtain approximate
results for any atom. Approximate results may be obtained by
using tabulated values (Se 53) of the average ionization potential
over all electron shells involved in the absorption. By using the
average values of I and k, the summation term in equation B, 1

reduces to

41 Z!' 2mv

3mv 1
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In general, Z'is somewhat smaller than the total number of electrons,
Z, in the absorber atom. However an upper limit on the straggling
is obtained if Z' is replaced by Z in equation B. 1. Making this sub-

stitution, and using equation B. 2, the variance equation becomes

2

. 41

P = 4% zz e4ZN [1+ 2 log 2my ] ergszlcm B.3
3mv I

Typical values of the second term in the square brackets, for strag-
gling in 1 mgmlcm2 tlﬁck mylar, range from 0,02 for 10 MeV
protons to 0,2 for 1 MeV protons,

The various contributions to the energy spread of an
inelastic proton group from the N14(p,p') reaction are listed belbw.
The example has been taken of a proton group leaving the reaction
volume of the target at a laboratory angle of 600, with 1 MeV energy.
A target-gas pressure of 180 mm of mercury, and a 10 MeV incident
proton beam are assumed,

The widths at half maximum, A E, for the approximately
gaussian energy distributions resulting from energy straggling,
have been calculated for the following absorbers.

(i) For the 10 MeV incident protons passing through the

0.63 micron Ni entrance foil A E = 16 keV,

(ii) For the incident beam passing through 10.3 cm of gas

(at 180 mm of mercury pressure) to the centre of the
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(iv)
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target A E = 38 keV.,

For the 1 MeV reaction proton group passing through

3.8 cm of gas to the target chamber window AE = 24 keV,
For the reaction proton group passing through the nominal

2

1 mgm/cm® mylar target chamber window AE = 23 keV,

These energy distributions are independent of one another and can

therefore be combined to give a distribution of width

[16% + 387 + 24% + 232]%

53 keV

AE

The finite size of the counter and length of beam visible

to the counter, introduce further spreads into the energy of an

observed proton group., Four factors which contribute to the energy

spread introduced by the geometry are:

(i)

(i1)

The incident beam loses energy in the gas as it progresses
along the section visible to the counter, The maximum
difference in the beam energies viewed by the counter

is 5 kéV.

Reaction protons, originating at opposite ends of the length
of beam visible to the counter, must travel through
different amounts of gas to reach the counfer. The maxi-
mum spread in reaction proton energies due to this effect

is 17 keV,
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The finite angular resolution, and the reaction kinematics
result in an energy distribution with a maximum width of

16 keV.

With the counter at a laboratory angle of 600, a section

of beam 0,35 cm long is visible to the complete area of

the counter defined by the rear collimator slit. A further
section of the beam approximately 0,2 cm long is visible
bnly fo .pér.t of.tlvlev défine(i érea éf th.e.cc‘)unt}er.'.. The detection
efficiency is different for different parts of the beam visible
to the counter, Hence the efficiency distribution, which

is trapezoidal along the visible length of beam‘, must be
folded with each of the above three energy distributions.

The four geometrical contributions are not independent.

However, they can be combined with each other, and with the
straggling distributions. The result is a full width at half maximum

of approximately 58 keV for the energy spread of a 1 MeV proton

group, emerging from the gas target at a laboratory angle of 60°.
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