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ABSTRACT
Measurements have been made of the differential cross-sections for

Li, 78e, M8, "%

(p,n) reactions at 98.5 MeV on the 1p-shell nuclei
and 16() over an angular range of 0° - 450 (1ab). Angular distributions

for transitions to excited states of the residual nuclei as well as their
ground states were obtained. The energy resolution was ~ 1,2 MeV (f.w.h.m.)
and the angular resolution 3.2° (f.w.h.m.). The angular distributions

are subject to an error which varies systematically with‘angle and could

be up to + 10% at 12.5°, though it is thought likely to be less than

this. The absolute normalization error is + 14%.

The experiments were done using the neutron time of flight facility
on the Harwell 2,79 m synchrocyclotron., Thin targets were bombarded with
the internal proton beam of the synchrocyclotron and the neutron time
of flight spectra determined using a {OO m flight path.

The experimental systems were considerably modified prior to.the
experiment and an investigation was carried out to determine the optimum
energy resolution obtainable, It proved impossible to achieve the hoped
for 0.5 MeV (f.w.h.m.).

An improved value was obtained flor the degree of excitation of the

0.431 level in 7Be in the 7

Li(p,n) reaction and this is compared with an
impulse approximetion prediction (Mahalan&bis, 1964). The twb values
agree withir—experimental error, but the preéiction is somewhat higher
than the experimental value.

A1l the angular distributions established were discussed in termslof
the structures of the states involved. The results are compared with
previous (p,n) work at 100 MeV (Saltmarsh, 1965), 30 MeV and 50 MeV
(Clough, 1969; Clough, 1970). Comparison is also made with resulti from

12 . .
C(p,p') experiments (Hasselgren, 1965; Jacmart, 196L),



Shape fits to the angular distributions were made using a DWBA
computer code (Friedman, 1966). The DWBA formulation is'discussed, and
the methods by which the code could be used to further analyse the
ropiilEA in erder te determine the ef'festive nuaieen—nucleon interastien”
is explained.

It is thought that future developments in the study of (p,n)
reactions at this energy are likely to be towards achieving considerably
improved energy resolution, and a precise absolute normalization of the.

cross-sections,
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CHAPTER 1
INTRODUCTION

There has been considerable interest for many years in >he study of
nuelear reactions At inhermedintsa enorvgies (5O - 300 MeV). A great many
experimental data have accumulated, and the'theéretioal understandipg of
the reactions has steadily improved. In the 1p-shell nuclei, the energy
levels are now largely established, e.g. (Ajzenberg-Selove, 1968;
Lauritsen, 1966), and interest centres round the angular distributions
and magnitudes of the cross-sections.,

Up to the present, (p,n) reactions have beén little studied in this
energy region, mainly because of difficulties in obtaining both good
energy resolution and an adequate counting rate, and in determining the
absolute normalization of the results. Thgse problems have recently been
partially overcome at Harwell, and the experiment which constitutes the
bulk of the research presented in this thesis is a study of (p,n) reactions

9Be, 11B, 120 and j60 at

at about 98,5 MeV on the 1p-shell nuclei 7Li,
laboratory angles in the range O—h5°, using the neutron time of flight
facility on the Harwell 2.79 m synchrocyclotron., This work was an
extension with improved energy resolution of the previous Harwell work at
this energy by Saltmarsh (Saltmarsh, 1965).

The aims.of the experiment are defined in section 1.1 and an account
of the main features of nuclear reactions in general and (p,n) reactions
in particular in the intermediate energy region is given in section 1.2,
An account of recent major modifications to the synchrocyclotron and the
time of flight system is given in section 1.3, and ;ention is made in

section 1.4 of some other work carried out by the author during the period

of this research.



The remaining Chapters of the thesis contain a detailed account of
the experiment and its iﬁterpretation. The apparatus is described in
Chapters 2 and 3 and the experimenta] runs in Chapters 4 and 5. The way
in which the results were saloulatad from the basio,e;gerimental data ia
described in Chapter 6, and the results, together with their interpretation,
~are presented in Chapter 7. Chapter 8 gives an overall assessment of the

experiment, and considers possibilities for future work in this field.

1.1 Aims of the experiment

The major aim of the experiment was to use the (p,n) reaction to
study those states which are readily excited via direct interactions in the
1p-shell, The direct reaction mechanism is essentially simple, since
processes in which the incoming particle interacts with more than one
target nucleon may be ignored (see section 1.2), and so a simple inter-
pretation of the results is hoped for in terms oﬁ the single garticle
structure of the states which are excited.

It was not the primary aim of the experiment to obtain a- detailed
understanding of the reaction mechanism in tgrms?of DWIA, DWBA, or some
other model, though shape fits to the angular diétributions were made using
a DWBA computer code (see Chapter 7, section 7.8). Rather the purpose was
to obtain as comprehensive as possible a set of experimental data which
would Jjustify a subsequent detailed theoretical analysis. ?

An important secondary aim of the experiment was to investigate the
properties of the time of flight system as used with the modified synchro-
cyclotron, and, in particular to determine the optimum energy resolution
obtainable, These investigations, which were much'more difficult and time
consuming than was anticipated, are described fully in Chapter 4, where

it is explained that the attempt to achieve a 0.5 MeV (f.w.h.m.) energy

resolution failed, and that 1.2 MeV was the best that could be achieved,



1,2 (p,n) reactions at intermediate energies

1.2.1 Direct reactions

The main feature of reactions at intermediate energies is their
"direct" character. Since the de Broglie wavelength of the incoming
particle (~2.8 fm for a 100 MeV proton) is comparable with or less
than the nucleon-nucleon spacing within a nucleus, it is expected to
interact with only one target nucleon at a time, and, to first order,
may be assumed to interact with one particle only during the whole
reaction. This is the single scattering approximation.

The angular distributions of the cross-sections of such reactions
exhibit particularly simple featurss., For a given transfer of orbital
angular momentum, A1l, the shape depends much more on the size of the
nucleus than on details of its structure. On the direct interaction
single scattering model, the crouss section is proportional to the

metrix element
IX:‘Y/{ M(q) Vi x 4V

where )ff’iare the free particle wave-functions, W £,4 are the
nuclear wave-functions, and q is the momentum transfer.
Taking X ¢ ito be plane waves yields a term e*2°Z which may be
s
expanded in spherical harmonics;

: i . Y. o~
tg.r _ e BTN \/ 0 -
2 - Z < 224_‘) J/2<‘-Lr) /‘e ( ) »
£=0
By making simple assumptions about the nuclear wave-functions, see
€.8, (Clegg, 1965), the main dependence of the angular distribution

may be shown to be on the Bessel function, jl’ and to first order

the angular distribution is given by

Jpq (aR)



where R is the nuclear radiué. The angle is kinematically determined
by qR. In particular, A1l=0 transitions are forward peaked, A 1=1
transitions peak at ~ 10° for tp-shell nuclei at ~ 100 MeV, and for
higher values of Al, the distribution peaks first at higher and
higher angles, Distortions of the Bessel function shapes occur but
do not alter the gross features of the distributions, so that values
of Al may often be derived without a detailed description of the
reaction. This determines the parity change, (—1)A‘1, of the nucleus,
and the angular momentum selection rules restrict the change in total
spin, &J to be Al or Al i+ 1.

One of the earliest and most successful attempts to describe
nuclear reactions was the optical model for elastic scattering
which describéd the interaction of the incoming particle, not in terms
of its intefactions with individual nucleonpg, but in terms of an
averaged potential due to the whole nucleusi This approach was
successful at both low and intermediate energies, and ig'view of what
has’been said about the direct character of;intermediate energy
reactions, it ought to be possible to establish a relation between the
two approaches. This was successfully achieved by Bethe (Bethe, 1958)
following methods established by Watson et al (Watson, 1953; }Francis,
1953; Riesenfeld, 1958). These ideas were extended by Kermaﬁ,
McManus and Thaler (Kerman, 1959), who showed that both elastic and
inelastic scattering could be formulated in terms of the nucleon-
nucleon interactions within the nucleus., At the higher energies, the
impulse approximation (IA) (Chew, 1950; 1952;A; 1952, B) is valid.
This assumes that the nucleon—nucleon.interaction is the same as that

between free nucleons. This is a satisfying approach since it

describgs the reaction in terms of fundamental experiﬁental quantities



- the free nucleon-nucleon scattering amplitudes - but at energies

<~ 100 MeV the assumption is likely to be invalid and a microscopic
Born approximation (BA) approach is used which represents the
nucleon-nucleon interaction within the nucleus in terms of a potential.
It is assumed that there is no a priori knowledge about the strengths
of the terms in this potential and that they must be determined from
the direct reactions themselves. It is usual nowadays in IA and BA
calculations to take as the wave functions for the incoming particles,
waves which are distorted by a presumed optical potential, leading to

the distorted wave models, DWIA and DWBA.

1.2.2 (p,n) reactions o

In the reaction A(p,n)B, A and B are isobars and B has an atomic
number, Z, which is one greater than that of A. The change in the
third component of the isospin of the nucleus, leB, involved in the
reaction is necessarily equal to -1 (adopting the convention that for
the neutron t3 = + %) but the change in total isospin, AT, depends
on the isobaric quantum numbers of A,

If A is a T=%, T3 =+ 5 nucleus, as was the case in the present

7Li, 9Be and 11B, then A and B are mirror nuclei, and

experiment for
AT = 0 transitions to analogues of the T:% ground and excited states
of A are allowed. Transitions to T - 3/2 states of B may
also occur with consequently greater values of AT,

In the case of the T-0 nuclei 120 and 16O, no analogue can exist
in B of T=0 states of A. Therefore the transitions are necessarily

AT > 1 to T > 1 states in B, The ground state of B will be the

analogue of the first T=1 excited state of A,



1.3

The (p,n) reaction to a level in B clearly has similarities to
the (p,p') transition to the analogous level in A. Consider first
an "analogue transition", i.e. a transition between the analogous
ground pbtates of mirrer nuelei. This 6orrasponds 10 slanstie seatter-
ing, and such reactions have been successfully analysed by extending
the optical model to include an isospin dependent term,as first
proposed by Lane (Lane, 1962). Thurlow has performed such an analysis
(Thurlow, 1968) of the previous Harwell data (Saltmarsh, 1965). |

Similarly the impulse approximation Aﬁy be applied‘to (p,n)
reactions simply by using the appropriate scattering aﬁplitudes, and
the Born approximation by including isospin dependent terms in the
nucleon-nucleon potential, A DWBA computer calculation was used to
fit the angular distributions from the present experiment, and further
details of the formulation of the potential are given in Cha?ter 7,
section 7.8. |

It is also possible to derive some geéneral conclusions about
comparisons between (p,n) and (p,p') cross-sections. This is
discussed further in Chapter 7, section 7.6.

Recent modifications to the Harwell 2,79 m synchrocyclotron and to
the neutron time of flight facility .

The synchrocyclotron was extensively modified during the period

1967 - 8 and improvements were made to the time of flight, system. Many of

the synchrocyclotron modifications were not strictly relevent to the present

experiment, but as reference is made throughout the thesis to the effects

on the experiment_of various aspects of the modifications, it was felt

desirable to present a coherent outline here of the reasons behind them.,

A complete account of the facilities currently available from the

synchrocyclotron has recently been published (Taylor, 1970).



Prior to the modifications, the synchrocyclotron accelerated protons
only, at a repetition rate of 200 Hz., Internal ‘beams up to 1.5 uA were

!
obtainable, but an extremely inefficient extraction method wrs used,

consisting of secattering thE internal HRBam friem o tlnbRhan HRAFEA+ 1@ &

5

magnetic channel, The extraction efficiency was ~10 7.

The main aims of the modifications were to achieve much higher
internal beams of protons, also deuterons, helium-3 particles and alpha
particles; and to achieve a much higher extraction efficiency ~0.71. A
regenerative extractor was designed, and for this to operate effecfively,
it was necessary to achieve good internal beam quality, in particular,
small radial betatron oscillations.

The internal beam intensity is limited by the "space charge",
consisting of particles which fail to accelerate, which exists at the
machine centre during operation. Consequently to increase the beam
intensity, the space charge was reduced by increasing the dee voltage, and
consequently the repetition rate. The repetition rate was also made
variable up to ~1600 Hz. 4

To obtain high beam quality, a Qalutron ion source was used which
injected most of the particles into similar orbits. In addition, since
far fewer particles failed to accelerate, the space charge limit was
reduced even further.

To reduce the r.f. power requirements at the new repetition rate to
withih acceptable limits, it was necessary to reduce the capacitance of the
dee. This was achieved by altering the shape to a non—1800 "cut-back"
form. However it has become apparent, both theorefically and éxperimentally,
that the cut-back at small radius resulted in off-centering forces on the
protons which induced radial oscillation amplitudes up to 100 mm - far

larger than was appreciated at the design stage. As a result, the beam

quality is still relatively poor, and the extraction efficiency far worse

than was hoped.



The study of (p,n) reactions using the synchrocyclotron involved
bombarding a suitable thin target with the internal proton beam, and using
the neutron time of flight spectrometer to measure the energy spectrum of
the resulting neutrons. Since the extracted beam was not used, the major
benefit of the modifications from the point of view of the present
experiment was the increased internal beam current.

During the modification period, additional neutron flight pafhs‘were
constructed, the longest being 100 m, It was not expected that the time
resolution obtainable with the modifiied synchrocyclotron would be improved,
but with intei}al beam properties expected to be much the same as before,
the increased iength of flight path available was expected to improve the
energy resolution for 90 MeV neutrons from 2 MeV (f.w.h.m.) to 0.5 MeV.

1.4 Other research

During the period 1966-7, the author was engaged with others in an
experiment (Wigan, 1967; Wigan, 1968) to measure the differential cross-
section and the polarization in elastic proton-proton scattering at
98 MeV, and he also carried out an experiment (Bell, 1968) which used the
147 MeV extracted proton beam of the syncﬁrocyclotron as a non-destructive

probe to measure very small density fluctuations in a graphite disc, and to

assess this technique for possible further applications.,



CHAPTER 2

OVERALL DESIGN OF THE EXPERIMENT

This chapter gives an account of the overall design and layout of
bhe eHEpBFIHEAT, ARA 8P TR Pursktisenal relatienships between the compen-—
ents of the apparatus. These are the pulsed pr%ton beam, the targets
and target changing mechanism, the collimation and counter q;rangements
whereby a beam of neutrons was defined for a range of neutron production
angles, and the electronic system for determinihg thé neutron times of
flight.

A detéiled account of the apparatus and the experiments appears in
Chapters 3, 4 and 5. | |

2,1 Basic Experimental Requirements

Chapter 1 established that the experimentai method was essentially
one of bombarding a target containing the nuclear species under investi-
gation with a nearly mono-energetic proton beam whose mean energy was
~ 100 MeV, and determining the energy spectra of the neutrons emitted aﬁ
various angles to the proton beam,

Due to the difficulty of wholly absorbing a neutron'§ energy in a
detector in-such a way as to produce a proportional response, the usual
method of measuring neutron energies, and the one chosen for ghis
experiment, is a time of flight technique. The energy of a neutron may
be calculated if the time taken to traverse a given distance be known.

The principles of time of flight spectrometry using the Harwell
Synchrocyclotron have been described elsewhere (Scanlon, 1957), the
experimental requirements being a suitably collim;ted neutron beam, a
detector at some distance from the target (109,17 m in this experiment),

a pulsed beam to enable the time at which a detected neutron left the

target to be known, and a system to measure the time interval between



this "start" time and the time of detection of the neutron.

i
'

The beam of a synchrocyclotron has an intrinsically pulsed structure,
. 8o that the Harwell 2,79 m synchrocyclotron used for this experiment is a

particularly suitable machine for neutron time of flight experiments in
this energy region,

2.2 Layout inside the synchrocyclotron

During the acceleration cycle of the synchrocyclotron, a phased
bunch of protons spirals outwards, their mean radius and energy increasing
monotonically., The full energy of the protons, attained at a radius of
1.39 m, is 150 MeV, but, in this experiment, a lower incident energy was
achieved by Placing the target under investigation inside the synchrocyclo-
tron at a smaller radius, so that the beam was i;teroepted part way
through the acceleration cycle. The targets were placed at a-radius of
927 mm and the incident energy was measuréd, andjfound to be in the range
96 - 99 MeV, the precise value depending critf&aily on the experimental
conditions (see Chapter 6).

To achieve a short pulse of protons on the target such as is
necessary for time of flight spectrometry, it was essential that thé whole
proton bunch should be incident on the target duﬁing a single orbit,

There is no orbit separation on the synchrocyclotron, so that it was not
acceptable to simply place the target in the plane of the beam - the
median plane - and allow the protons to expand onto it., To overcome this
problem, the target was placed below the median plane; and, when the
protons were orbiting directly above the target, they were deflected
downwards by means of an electrical pulse applied to a pair.of plates

placed one above and one below the median plane, so that the subsequent

trajectory of the protons passed through the target,

- 10 =
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To prevent multiple traversals of the target by the beam on subsequent
orbits, a "beam catcher" which completaly absorbed the protons was placed
downstream of the targets The beam catcher was also used in an only
parfially successful attempt to monitor the integrated intensity of the
internal beam by measuring the total charge collected during any one
measurement,

The layout inside the synchrocyclotron used in this experiment is
shown in fig. 2.2.A. The.azimuthal position of the target was variable
over a h5o range to allow observation of neutrons at different production
angles as explained in the following section.

After deflection, the protons made a little over one further orbit
of the synchrocyclotfon before hitting the target. The calculated
(Scanlon, 1957) trajectory of the bunch is illustrated in fig. 2.2.B in
which its vertical extent and position is plotted as a function of the
angular distance travelled after deflection., On the first post-deflection
orbit the bunch passed over the target and the beam catcher; after one
complete orbit it passed under the lower deflection plate; and on the
second orbit it was incident on the target and the beam catcher,

It was necessary to limit the vertical extent of the bunch to 16 mm
to ensure that no part of it was incident on the target or beam catcher
on the first orbit. This was achieved by placing a block of carbon, the
"beam trimmer", with its top 8 mm below the median plane at a smaller |
radius than the plates so that the deflected beam should not hit it. Theh

vertical oscillations of the protons within the bunch ensured that the

block trimmed the beam symmetrically about the median plane.
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2.3 The Overall Layout

The overall layout of the beam line is illustrated in fig. 2.3.A.
The synchrocyclotron is in an undergrcound pit and tunnels have bgen‘
constructed for the neutron flight paths,

To obtain the longest possible flight path and therefore the best
energy resolution, the detector was placed at the end of the 5 m long
tunnel downs%;eam of the 100 m access area as shown in fig. 2.3.A. This

" to prevent back

short length of tunnel was constructed as a "beam stop
scattering from the walls leading to high backgrounds in experiments which
observe scattered neutron beams in the 100 m area. Such backgrounds in
the present experiment were negligible because the counter was in the main
neutron beam, “

The pipes lying along the flight path were evacuated to reduce the
attenuation of the neutron beam,

Orly one defining collimator was used, at a distance of 5.5 m f'rom'7
the target. The neutron beam was defined by this collimator and the
detector,

The usual method of observipgrﬁhe products of a nuclear reaction at

v

different scattering angles is to keep the incidegt beam and the target
fixed, and to swing the detector round so'that the ;;attéred beam line _
pivots about the target. This was clearly impossible in the present
experiment - the size of the beam pipes limited the range of angular
movement to 0.150. Hence the observed scattering angle was changed by
varying the azimuthal position of the target inside the synchrocyclotron
and keeping the detector fixed. This is illusﬁr;ted in figs. 2.3.B and
2,3.C where it can be seen that while the final neutron direction changed

o C '
by at most 0.15 , the incident proton direction changed as the protons

swung further round in their orbit before hitting the target, The beam
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line pivoted about the detector. The size and position of the vacuum
pipes limited the range of observable angles to 0° - 1u5°,

Because of this movement of the beam line, it was necessary for the
defining collimsteP %6 meve laterally te fellew the target as illustrated
in fig. 2.3.C, which is not drawn to scale. Also, as the direction of the
beam line changed by up to 0.150, it was desirable for the 619 mm long
collimator to rotate by up to 0.15o 8o as to remain parallel to'the beam
as illustrated in the figure. The moving collimator is described in

v
detail in Chapter 3.

In addition to the need to move the target:azimuthally';nside the
synchrocyclotron, it was also necessary to have:all the targets under
investigation inside the synchrocyclotron at once, and to position .
automatically a selected target at the required radius. The reason for
this was to avoid the excessive delays involved in opening the schhrocyclo—
tron vacuum tank and the consequent changes in running conditions %hich
would have made relative normalization of the spectra from target to
target very diffiicult, The device used to perform this function and to
effect the azimuthal movement, was called the "target changer" and is
described in Chapter 3.

Both the target changer and the moviﬁg collimator were remotely
controllable from the laboratory.

The time of flight of a detected particle was determ{ned from the
time of application of the deflection pulse and the time at which the

particle ,was detected., The electronic timing and display system used

for this purpose is described in Chapter 3.

2.4  Summary
This chapter has sought to explain the purpose of the apparatus used

in the experiment,



The incident proton energy was fixed at less than the full energy
of the synchrocyclotron by placing the targets in the synchrocyclotron
so that the beam was incident on them part way through the acceleration
nyales The noutiren energy Bpeotra were detormined using a time ef flight
technique, and the necessary short incident pulse of protons was achieved
by deflecting the whole proton bunch downwards onto the target.

The observed neutron production angle was varied by moving the
target azimuthally., This necessitated the movement of the defining
collimator and the construction of a device’to effect the azimuthal move-
ment of the target.

The construction and operation of the apparatus is described in

detail in the next chapter,
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CHAPTER 3

THE APPARATUS

This Chapter describes the apparatus in detail and gives an account
of how it was used. Further details about the experiments are given in
Chapter 5. ‘

The apparatus described consists of the deflection system, the

-’ -

target changer, the targets, the moving collimator, the vacuum pipes,
the detection system, and the electronic time of flight spectrometry
system.

3,1 The Deflection System

This section outlines the system used for deflecting the proton
bunch inside the synchrocyclotron downwards onto the target. The priﬁciples.
of such a system have been described by Scanlon et al (Scanlon, 1957) and
it is anticipated that a full description:of the present system will
appear elsewhere (Bowen, 1970).

The deflection system was completely redesigned prior to the experi-
ment, which was the first to make use of it. The earlier experimental
runs therefore served partly to commission the new system.

The system is illustrated schematically in fig, p11.A. Since the
synchrocyclotron is frequency modulated, the frequency of éhe r.f.

- accelerating voltage could be used to determine the point in the accelera-
tion cycle at which the protons were orbiting at the required radius. To
effect this, the r.f, was fed into a frequenéy discriminator ( ),
as shown, which output a pulse when the frequency of the r.f. became equal
%o that from a reference oscillator., The pulse was then phased to the

r.f. by the synchronizing circuit (Langsford, 1965,A), and after passing
through a controlled delay was used to trigger the puise forming unit

which applied the H.T. pulse to the deflection plates. The oufput of the
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synchronizing circuit was also used as the "start" pulse for the time of
flight electronics.

When suitably triggered, the pulse forming unit, whose main component
was an English Fleetrie €CX1168 Thyratron, applied a negative H.T. pulse
to the lower deflection plate via a 50 fL co-axial transmission line. The
deflection plates formed part of this line, which was terminated in a
504k load reéistor. Information about the time of arrival of tHe pulse
at the plates was derived from a pick-up from this terminating resistor,
and was input to a feed-back system} which controlled the delay in order
to compensate for drif'ts in the operating time of the pulse forming unit,

Protons passing between the plates experienced a downwards force
due to the interaction of the beam current with that flowing in the plates,
in addition to that caused by the electrostatic field between the plates
(Langsford, 1965,B).

To set up the system, the feed back unit was switched off, and the
oscillator frequency set to approximately the correct value (21.75 MHz for
a radius of 927 mm). The phasing delay was then manually varied to give
maximum deflected beam., The frequency of the reference oscillator was then
véried, the phasing delay being optimised after each change, and set at the
value which gave maximum beam. The fleedback system was then switched on to
hold the phase constant.

The optimum value of the voltage supplied by the main H.T. unit was
determined in a similar way to be 4O kV,.

3,2 The Target Changer

The purpose of the target changer was to allow any one of a number
of diffeerent targets to be positioned inside the synchrocyclotron at the -

required radius of 927 mm, and at a range of azimuthal angles covering

60°.
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Power for the device was derived from motors specially constructed to
operate inside the synchrocyclotron where the working conditions were a
high vacuum and a magnetic induction of 1,5 T (15 k gauss). The motors
consisted of bare armatures with no field windings, and utilised‘the
magnetic field of the synchrocyclotron. -

Overéll views of the target changer are shown in fig. 3.2.A., and a
view in the Workihg position inside the synchrocyclotron is shown in
fige 3.2.B. The main assembly positioned the selected target at the
required radius, and its azimuthal position could be varied by moving the
assembly along a curved track clamped to the outer edge of the lower pole

face of the synchrocyclotron.

3.2,1 The Azimuthal Movement

The target changer was driven azimuthally along the track by means

of a rack and pinion., The rack, which can be seen in fig. 3.2.,A running

along the centre of the track, was engaged by a pinion fixed to the
main assembly and driven by one of the motors via a 250:1 reduction
gear box, The assembly was constrained to remain radially oriented as
it moved along the track, and in use the rate of charge of azimuthal
angle}was 4'0.050 3—1.
The "zero-angle" azimuthal position inside the synchrocyclotron was
determined by means of a theodolite situated oﬂ*the beam line in the 1001
access area as shown in fig. 3.2.BB. The image of ‘the screen with a
dark hole in the centre could be clearly seen reflected in the mirror.
The zero-angle azimuth was then found by fotating the arm holding the
mirror about the centre of the synchrocyclotrog until the image of the
hole was superimposed on the mark on the mirror at the required radius
of 927 mm, It was found necessary to use a front silvefed mirror, since

small non-uniformities in the glass of a back silvered mirror caused

considerable distortion and blurring of the image over the 200 m light

- 17 -






TOWYWAKDS
CENTRE OF
SYNCHIOCYCLOTRON

BEAM
RE
R I
REFERENCE T
TARGET l

A

i2th SLOT VACANT

:

(i)

!

nigiuan

PN k]
Tl

T

-~
L
e

-ssre

Wi

(iav)

(vii)

i

!

I

o —[{™TRAY OF

>/_._/

TARGETS

s

ﬁw

(

(ii)

i}

i

'm

)

’1

{

(v)

titiiili)

i

(viii)

i}

1T

U:

(i)

i

I

¢)

f

(vi)

i}

11l

FIG. 3.2.D. TARGET SELECTION

0

(ix)




path, From the estimated error in radial orientation of the mirror,
it was calculated tﬁat the azimuth had been found to 0.02°.

The azimuthal position of _he target changer was determined by
means of 'a series of microswitches set at roughly 2.?0 intervals
along the track and actuated by the passage of the target changer. It
could be stopped at a microswitch position with a reproducibility of

o

O.1 L4

3.2.,2 Target Selection

The method used for inserting the selected target to the required
radius was similar to that used in some semi-automatic slide projectors.
Each target was fixed to a target frame, and the flat bottoms of the
frames were slotted into a tray so that the targets stood upright one
behind the other. The targets were 30 mm high and 100 mm'wide and the
tray could hold up to 12 targets., A single:target (deuterated poly%hene)

is shown in fig. 3.2.C and the tray of targéts is visible in the overall

views shown in 3.2.A, :

In addition to the targets in the tray; a further target known
as the "reference target" was used for normalization purposes. 'Its
position relative to the other targets, and the method of target
selection may be inferred from fig. 3.2.D. (i) shows the reference
target in the beam, and (ii) - (iii) show the insertion of taréet
number 7 into the beam, the refeerence moving out of the beam to a lower
radius. (iv) - (ix) show the subsequent selection of target 3. Fig.
3.2.A (i) and (ii) show views of the target changer with the target
respectively extracted and inserted, the refer;nce target.being respect-
ively in and out of the beam position.” It should be noted that changing
between a target from the tray and the reference target and vice versa

only involved a single extraction or insertion and was much more rapid

than changing between two other targets. This enabled frequent rapid
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investigation of the reference target, which was chosen to be lithium
because the intense narrow peak of neutrons resulting from thé Li7(p,n)7Be
(g.s.) reaction provided a good energy resolution and incident proton
energy check throughout the experiment (see Chapter LY.

It may be seen from fig. 3.2.E (i) that at certain target positions
and neutron production angles, the neutron beam passed through the
targets in the tray. Fig. 3.2.E (ii).- (ix) show how this problem was
overcome by moving the tray laterally. Slot number 12 was left vacant
so that the reference target could be rapidly investigated after this
lateral ‘movement, as shown in the figure,

The lateral movement of the tray, and the insert/extract mechanism
were separately driven by the motors, so that, including the one for
the azimuthal drive, three motors were used in all,

3.2.3 The Target Changer Control Unit

The target changer was operated by remote control from the
laboratory using a purpose built control unit. This unit provided a
visual indication of the state of the target changer, and interlocked
the drives so that it was impossible to carry out any procedure which
would damage the mechanism, e.g. driving the tray laterally when a
target was only half inserted. There was also a facility for
automatically stopping the azimuthal drive at a microswitch position.

The unit could also be switched from manual control to control
by an on line computer via the CAMAC interface system. It was
originally intended to control the target charger using a Honeywell
DDP-516 computer and a considerable amount of goftware was written for
the purpose. However, it became apparent that the operating system of
the computer was not going to be ready in time, and the project was

abandoned.
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NOTES.

L. THZ TARGETS SHOWN WERE USED FOR DATA
TAING. SOME THICKER TARGETS WERE ALSO

USZD FOR COMPARISON PURPOSES.

2. THE kag-atom IS DEFINED ON THE
SCALE ~l2c=i2. .
3. | kg m"2 = O+ g em~2.
?
i AREA AREA DENSITY PROTON
! TARGET DENSITY OF MAIN ENERGY
i MATERIAL (kg m-2) ISOTOPE LOSS
! 9 (kg -atom m™2) (MQV)
i
“ b 0-0710
CD», 0-569 0-393
C O: 0351
OCT./NOV.I969| 0©0-666 0:0878 C- 395
Li
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:
: i
§ Be 0-603 0:0669 0-359
H
i OCT./NOV.1969| O -483 0-0348 0-295
i B
£
% DEC. 1969 0°517 0-0373 O 316
C 0-522 0:0430 0-398
O 0-0284
Li OFH. H2O - 0593 O: 409
Lt O+ 0131

TABLE 3.3 A

TARGETS




However, the facility was modified and Chapter 5.4 explains how

for part of the experiment, the control unit was interfaced to a system

of scalers which automatically operated the insert/extract mecﬁanism,

and gave more reliable monitoring of the experiment than an entiroly

manual system would have provided.
3.3 Targets

The targets used were all fixed to frames of standard construction which
measured internally 100 mm wide and 30 mm high, This size and shape was
chosen to coincide roughly with that of the beam. A target in its frame was
shown in fig. 3.2.C,

The thicknesses of the targets were cﬁosen so that the 0.33 MeV energy
loss of the proton beam in passing through the targets should only very
slightly worsen the energy resolution of 1.2 MeV achieved in .the experiment,
Thicker samples of many of the targets were also used to allow é useful
comparison between thick and thin vgrsions of the same element in energy
resolution investigation.

Excepting deuterium, samples of the natural elements were used as the
neutron spectra from the minority isotopes had a negligible intensity with
respect to the main isotope either overall, or in the energy region of interest.

Lithium, beryllium, boron and carbon were studied in elemental form,
oxygen in the form of lithium hydroxide, and deuterium in the form of deuterated
polythene, The lithium, beryllium and deuterated polythene targets were strong
enough to be bolted to the target frame. The brittle carbon targets were
slotted into an aluminium holder bolted to the target frame., It was almost
impossible to obtain solid samples of lithium hydrokxide and boron of suffic-
iegt size, thickness and strength, and the method of manufacture of these
targets from the powdered substances is described in Appendix A,

It was necessary to have a reasonably high yield of gamma rays to deterniné
both the origin of the time of flight spectrum, and the time resolution functioa

as explained in Chapter 6, To achieve this, all the_targets were backed with
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50 um thick gold foil.,

A list of the targets used, and their thicknesses is given in table 3.5./.,

3.4, The beam catcher/monitor

The beam catcher was situated inside the synehroeyelotron downstream
of the target, as shown in fig. 2.2.A, to prevent multiple praversals of
the target by the beam.

It was also used to monitor the intensity of the incident proton beam,
and consisted of an electrically insulated and shielded block of copper 32 mm
high, 130 mm wide and 65 mm long, A collimator, 70 mm wide and 24 mm high,
was placed in front of it. A cable from the copper block to the laboratory
was connected to earth through a 100 kﬁlreéistor and the voltage developed
across the resistor was a measure of the current deposited on the block. An
integrating digital voltmeter (IDV) was connected across the resistor and
measured the total charge deposited during any one measurement,

The monitor was an extremely useful tool for determining short term
variations in the internal beam intensity, but was found to be deficient
for normalizing the data. This is discussed in section 5.3.

The beam catchen/monitor is henceforth referred to as '"the monitor",.

3.5 The Moving Collimator

Section 2.33exp1ained that as the target was moved inside the synchro-
cyclotron to allow observation of neutrons at different production angles, it
was necessary to move the defining collimator laterally by up to 270 mm to
follow the beam line, and desirable to rotate it by up to 0.15o so that it

remained parallel to the beam line.

An overall view of the moving collimator with the synchrocyclotrom
in the background is shown in fig. 3.5.A in which it may be seen that the
collimator and its associated steel shielding was built up on a trolley
running on rails attached to a steel framework. The collimator aperture,

which may be seen towards the bottom of the shielding, was 20 mm high and
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80 mm wide, Its width could be reduced to 60, 4O, 20 or 10 mm by the
inserticn of suitable steel plugs.

The shielding was 610 mm (2 feet) long and transmitted only 7 x 1072
of a 100 MeV neutron beam.

The lateral extent of the shielding was 1.22 m, and was wide enough
to obscure the slot in the wall of the synchrocyclotron pit downstream
of the collimator from background neutrons for all lateral positions of
the collimator. Such neutrons were emitted, in particular, from the
target, the monitor and the deflector plates,

The lateral movement of the trolley on its rails was driven by a
lead screw fixed to the frame and powered by a mains A.C. electric motor.

The top plate, upon which the shielding was situated, could rqtate
about a vertical axis through its centre, and was driven by a short lead
screw placed tangentially 480 mm from the axis, and powered by a second
mains A.C. motor.

The moving collimator was controlied from the laboratory, and the
control unit was designed for computer as well as manual control. The
facility for computer control was not used.

The lateigl position of the collimator Was~determined in the laboratory
by means of a élosed circuit television system which viewed a pointer
moving over a millimeter scale., The position could be set to 0.2 mm,

The position corresponding to the zero-angle position of the target

changer was determined by viewing the target with a theodolite placed

on the beam line in the 100 m access area, and driving the collimator
until the aperture was in line with the target. éositions correspon&ing

to the other angles were calculated, and the calculations confirmed using

the theodolite.



The angular position was determined by means of a scale fixed to the

)

end of the top plate, but since a second television system was not
available, a given angular position was reached from the laboratory by
driving the motor for an empirically calibrated 1eng£h of time, taking
the point at which an end-stop microswitch shut off the wotor as thg
starting point. The "zero~angle position" was determined using the
theodolite and the other positions calculated. The position could be
set to 0.02°,

3,6 The Vacuum Pipes

The pipes lying along the flight path were evacuated to reduce the
attenuation of neutrons in the air. There is a 26% attenuation for
100 MeV neutrons in 100 m of air and this was reduced to 11% lost in the
remaining 27.46 m of air and the thin aluminium windows. Furthgr’attenua—
tion in the door of the synchrocyclotron led to an overall loss of 17%.
The attenuation increased with decreasing neutron energy, being 25% for
60 MeV neutrons.

Thin, 3 mm thick, aluminium "windows" in the blanking plates at the
ends of the pipes were used in preflerence to plastic film windows to avoid
the danger of an implosion resulting from their comparatively large size.
The size had to be sufficient to completely contain the whole range of
beam lines.

3.7 The Detection System

The detector consisted of a piece of NE 102A plastic scintillator
viewed by a G.E.C. 56 AVP photomultiplier tube.

The output pulse from the photomultiplier was input to a discriminator
to eliminate most of the small pulses resulting from electronic noise, and
the output pulse from the discriminator was used as the "stop" pulse for

the time of'flight electronics. To obtain good time résolution, a

- 23 -



26

T ORI et . * TR DA S A . s 2 T e

2 g

20

P o

»

TR A a7 LR A S

[
S

..
N e sieome e

Ny —PEAK WIDTH
. NEZUTRON PEAK WID"H

VA

3
i

v

WIDTH

(CHANNEL)

|

pa—" ikl

=N
"‘V

23 24 2:5 2:6
F.T. ON PHOTOMULTIPLIER (KV) — g

.. /.A.VARIATION OF RZSOLUTION

WiTH PHOTOMULTIPLIZR HT,



"zero-crossing" type of discriminator, a Harwell unit, type 2125 A, was
used, since it produced an output pulse which was well timed relative
to the input pulse over a very wide range of input pulse amplitudes.,

The detector was placed at the maximum possible distance of 109.17 m
from the target to obtain the best possible energy resolution,

A number of different sizes of scintillator were available, and the
optimum one was determined experimentally, the criterion being that it
should be as large as poséible in order to give a high counting rate, but
should not significantly worsen the elergy resolution. A very large
scintillator can lead to poor energy resolution because, of the differences
between the times taken by light flashes produced in different parts of
‘the scintillator to reach the photomultiplier.,

The widths of the y-ray peak and the main neutron peak in the spectrum
from lithium were used as measures of the resolution. This is discussed
in Chapter L.

A cylindrical piece of scintillator 114 mm in diameter and 203 mm long
was found to be the best of those available. Using a smaller scintillator
did not improve the resolution, whereas using a 1arge; cuboidal piece
457 mm long by 100 mm x 200 mm under similar operating conditi&ns
broadened the neutron peak from 5.3 ns to 4.5 ns ff.w.h.m.) and produced'

a "bump" at one side. :

The effect on the resolution of varying the bias level offthe
discriminator and the potential (H.T.) on.the,anoée of the photomultiplier
was also determined, Variation of the bias level had no detectable effect
and the level was set at a convenient value as descfibed in Appendix B.
However the widths of the y-peak and neutron peak varied with the photo-

I

multiplier H.T. as shown in fig. 3.7.A, and as a result the H.T. was set

at the value of 2.4 kV corresponding to the position of the minimum.
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The experimental determination of the‘variationiwith'energy of the
efficiency of the detector is described in Appendix C.

3,8 Time of Flight Electronics

The information sbout the %Hime er flighti er a detested partisle
(y-ray or neutron) was contained in the times of arrival of the start
pulse,derived from the deflection system triggering electronics, and the
stop pulse, resulting from the detection of the particle and coming from
the output of the zero-crossing discriminator. The time of flight
electronics converted this information into digital form suitable for
addressing the Intertechnique BM96 L4096 channel analyser used to store
and display the time of flight spectrum.

A block schematic diagram of the electronicé is shown in fig. 3.8.A.

and the parts are described in the following subsections.

3.8.1 The Start Delay

The absolute time of flight of a y-ray could be calculated from
the speed of light and the known length of the flight path. This
determined the time origin of the system, making it unnecessaﬁy to
know by how much the start and stop pulses had been delayed iﬂ the
cables etc., and enabling a further arbitrary delay to be introduced
into the start system as shown in fig. 3.8.A. The value of this
delay was adjusted so that the start-stop time interval corresponding
to the detection of a y-ray was small and corresponded to some
convenient channel near the beginning.of the analyser. To compensate
for fluctuations and drifts, the start delay was controlled by a
feed-back unit known as the y-peak stabilizertwhich réacted to

changes in the position of the y-ray "peak" in the analyser,
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3,8.2 The Timing System and the Link Unit

The timing system converted the start-stop time interval into
a proportional 16 bit parallel binary number together with a "read-
aut:" pulae whish was used te strebe the number into fhe analyser.
The link unit was used as an interface between this 16 bit output
and the 12 bit input required to address the 4096 (= 212) channel
analyser as described below.

A block schematic diagram of the timing system electronics is
given in fig., 3.8.B. The start and stop pulses were fed into a time
expander, a Harwell unit, type 95/2119-1/6, causing it to produce
output start and stop pulses whose separation was proportional to
that of the input pulses. The constant of proportionality could
be set to be 25, 50 or 100 and was chosen to be 50 since it was
found that this gave the best resolution. The standard unit was
modified to run at repetition rates up to 1.5 kHz.

The expanded output pulses Wefe fed into a stabilized 300 MHz
gated pulse generator, a Harwell unit, type 95/2187-1/6. Pulses
appeared at the output socket only during the time interval between

receipt of the start and stop pulses by virtue of an internal gate

-’

opened by the start pulse and closed by the stop pulse. The numbers
of pulses output was proportional to the start-stop time interval,
and the datum was converted from serial to parallel binary form by
means of a binary scaler. The stop pulse, as well as closing the
gate, caused the emission of a read-out pulse which strobed the
datum into the analyser, and a reset pulse which cleared the scaiér
in readiness for the next event, In the event of no stop pulse

appearing within the desired analysis time, an end of cycle pulse

was supplied a fixed time after the start pulse as shown in the
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figures., This inhibited data transfer and cleared the scaler.

The longest pre~expansion start-stop time interval of interest
was ~ 1 us, being the difference between the times of flight of a
'~ 30 MeV neutron and that of a y-ray., The time expander increased
this interval to 50 us which led to 15000 pulses accumulating in the
16 bit binary scaler. The link unit was used to drop two bits
from the least significant end, thereby dividing the number by L
and allowing start-stop times up to 1.33 pus to be stored.

3.8.3 The Decoding Unit and the Gamma Peak Stabiliser

The output from the link unit was passed through the decoding
unit before entering the analyser (fig. 3.8.A.). The decoding unit
did not change the number, but simply inspected it and produced
pulses at its output sockets when the number satisfied certain
conditions., It was a complex unit and has been described in
Appendix II of Saltmarsh' thesis (Saltmarsh, 1965). Only those
outputs used in this experiment will be described.

The "total events" socket output pulses whenever a number
passead tgrough. The pulses were counted by a scaler and used to
check that information had not been lost from the store of the
analyser before or during its being punched out. )

The "reference neutrons" socket output pulses whenever the
number lay within a certain region chosen to encompass a block of
high energy neutrons. The pulses were counted by a scaler and were
a useful monitor of the neutron counting'rate.'

Another two sockets, A and B, were used to feed information
about the position of the y-peak to thé v-peak stabilizer which

controlled the start delay. The delay was set so that the median

point of the y-peak was mid way between channels 383 and 38, this

~ 27 -



position being chosen so that y-rays originating from protons
incident on the target on the synchrocyclotron orbit before the
mein deflection orbit should appear close to the beginning of the
spectrum. Socket A output pulses when the address was in the range
380-383 and B when it was in the range 384-387, and the y=peak
stabilizer reacted so as to equalize the counting rate from the two
sockets, thereby centering the y-peak.

3.8, Time Calibration

An empirical calibration of the timing system was performed
periodically throughout the experiment in order to detect drifits
and to determine the slight non-linearity of the system.

The‘experimental start and stop pulses were reﬁlaced by pulses
from a purpose built unit known as the time calibration unit
(Langsford, 1967) as shown in fig. 3.8.C. When suitably triggered,
this produced a start and stop pulse whose time separation was
given by

t=-a+nT
where n is an integer, a is constant and T is the period of the
r.f. input., The value of n swept up and down in a saw-tooth way
with a ~ 1s period and the resulting'"spectrum" in the analyser
consisted of a series of sharp spikes, separated %n time by T.
The separation in terms of channels gave the desired calibration.,

Previous experience had shown that the calibration of such
timing systems may be start rate dependent, so, to ensure a start
rate equal to that used in the experiment, thetexperimental start

pulses were used to trigger the time calibration unit as shown in

the figure.
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The widths of the peaks resulted from jitter in the time
calibration unit and in the timing electronics. However the peaks

were at most 2 channels wide and this was small eempared te the

12 channel timing width attributable to other causes,
The positions of the peaks could be determined to 0,02

channels (10 ps).
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CHAPTER L

INVESTIGATIONS OF THE ENERGY RESOLUTION

This Chapter describes the investigations into the energy resolution

obtainable with the new neutron time of flight system, which were carried
out during the middle part of 1969. Details of the:modifications to the
synchrocyclotron which were made prior to the experiment, and of -the
reasons behind them, are given in Chapter 1, and an ﬁnderstanding of’

this is desirable as a background to the present Chépter. The modifica~
tions led to considerably changed operating characteristics, and it proved
impossible to obtain adequate resolution with a technique used successw=
fully prior to the modifications and suggested by a rather superficial?
examination of synchrocyclotron theory, This will be termed the
"traditional technique'", and its failure necessitated an experimental
investigation into the problem, which led to the discovery of a technique
which reduced the f.w.h.m. of the resolution function to ~ 1.2 MeV. It
had been hoped to achieve a width of 0.5 MeV. .

Section L.1 describes the experimental methods used during the
investigations, L.2 discusses the traditional technique and surests
reasons for its failure, and 4.3 describes the partially successfu}'
technique and attempts an explanation of the phenomena observed. Section
Loy suggests bbssible future improvemeﬁts, and the Chapter is summarized

in section 4.5.
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It should be appreciated that, although mﬁch theoretical work has
been carried out in recent years on the behaviour of the internal beams
of synchrocyclotrons, many of the conclusions are difficult to verify
gxpBrimentgliys ORhaBAHRA+I Y, SAME AF tne e¥planatians uiLempted here
require further testing before being regarded és fully established.

!
The importance of this work in relation to the experiment is that it

established the method of obtaining the.optimum resolution,_suggested the
reasons why it was worse than anticipated, and pointed the way to

possible future improvements; however, it stands also in its own fight

as a contribution to the continuing investigation into the characteristics
of thé modified synchrocyclotron. ;
The data on (p,n) reaction for the main experiment were taken during

two subsequent experimental runs which are discussed in Chapter 5.

L.1 Experimental techniques

These studies of the resolution were made during the period March -
September, 1969. Most of the work was done before the target changer was
- fully commissioned, and a simplified methgd of holding the targets was
used. Only two targets were used and they were placed at the working
radius of 927 mm near to the 0° azimuthal position. The gounts pivoted
about a horizontal axis, and either target could be "flipped"‘up and into
the beam, or down and out of the beam by means of a coil attached to the
pivot and energized by an electric current which interacted with the
magnetic field of the synchrocyclotron.

One of the targets was 3 mm thick aluminium, chosen to give a very
high yield of y-rays, and the other was a thin (0233 MeV energy loss)
lithium target backed with gold foil, as was used for the main experiment.

Lithium was chosen since the neutron energy spectrum resulting from its

bombardment with intermediate energy protons is dominated by the

v

transition from the ground state of Li7 to that of Be', and consists



of a very intense narrow peak of neutron energies plusia small smooth
background. There was a further peak near to the beginning of the time

of flight spectrum resulting from the detection of y-rays as explained in
the previeus fhapter, H~hs neutren spestrum was distant from this y-peak,
lying entirély within the second half of the stored spectrum,

Information about the resolution of the system was contained in the
shapes of the y~peak and the Li7(p,n)Be7 neutron peak. Since y-rays of
all energies travel with the same speed, the width of the y-peak,
rY” from either of the two targets, directly gave the time sp?ead of the
initial proton bunch (neglecting detection jitter and electronic Jjitter
which were shown to be small)., This time spreadialso contributed to the
width of the lithium neutron peak, rh, but this'was further %pcreased by
the energy spread of the incident protons, the energy loss in‘the target,
and the natural width of the Be7 ground statef This natural width was
negligibie, and the energy loss in the target was small, constant, and
known. r-n was the parameter which determined the resolution of the
experiment, but useful information about the characteristics of th%
synchrocyclotron could be obtained from a comparison of ,fn and r}:
Furthermore one of the experimental aims was to reduce the energy spread
of the protons to a very small value, so that f'n ~ FY. This would
have simplified the analysis of the data by enabling the resolution
function for the neutrons to be calculated from the shape of the y-peak.
This aim was not achieved. |

The experimental method was to use the aluminium target to set up the
time of flight electronics and then switch to the iithium éargett Counting
was carried on for long enough to determine f.Y and r; (~20s), and the

effect on f- and f’ of varying the parameters controlling the

synchrocyclotron was determlned with a view to minimising f' n? and if

* In fact, {’ was further broadened by the unresolved excitation of the
first ex01ted state of /Be at 0..31 MeV (Chapter 7), but the effect of this
was not large enough to 1nva11d§£? the conclusions of this section.
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possible causing TTY and !—' to become equal.
., n
It will be appreciated from the following sections that the nunber
of variable parameters was large and.it was therefore impossible to

explere the whele of parameter space fully.

L.,2 The traditional technique and reasons for its failure

An outline of synchrocyclotron theory as it effects energy resolution
is given here as a basis for the subsequent discussion. Full details of
the basic theory have been published by Bohm and Foldy (Bohm, 1946;

Bohm, 1947), and in the past five years, work aimed at improving the
performance'of synchrocyclotrons has been carried out at CERN (published
in the form of CERN MSC internal reports) and at Harwell (Scanlon, 1970,4).

The protons inside a synchrocyclotron spiral outwards in a very
roughly monoenergetic bunch, the r,f., accelerating voltage appiied to the
dee being modulated in frequency to compensate fpr the increasing

relativistic mass of the protons and the radial decrease of the magnetic

field.

The phase, ¢ , of a proton relative to the;r.f. may be generally
defined so that the proton experiences the maximum possible energy gain
per turn, AO, when ¢ = Oo, and zero energy gain per turn when ¢ = + 900,
the sense being defined so that a proton falling behind the r.f. igcreases
its relative phase. Fig. 4.2.A shows the sinusoidal variation of’ A, the
energy gain per turn, with ¢>. It should be noted that this phase
convention is different from that used by Béhm and Foldy.

The synchronous phase, ¢’s’ is defined so that a proton remains
synchronous with the r.f., i.e. remains at the poi%t S in fig. L.2.A,
provided that its phase is equal to ¢s and its orbital frequency, f, is

equal to that of the r.f., fs. At a particular radius, ¢>s is determined

by the rate of frequency modulation, the characteristics of the magnetic

field and the maximum possible energy gain per turn, Ao.
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If, however, a proton does not have bvoth the synchronous phase and
the synchronous frequency, then there is the possibility of phase oscill-

!

ations about ﬁs. Suppose that ¢ = ds, but £ > f;, so that th? proton is
paiving Bn the F:fy sha @ 34 A8Geao1qg, 1.6, WOVing Lawaras iRe peint L
in fige. 4e.2.A. In this case, the energy gain per turn becomes greater
than the synchronous value, AS, with a consequent decrease in f and a
slowing of the movement of ¢. There is a converse restoring tendency on
the other side of S, If, however, g decreases beyond the point L, the
energy gain per turn becomes less than As and the decrease in ﬁ accelerates
and continues without 1limit so that the proton is lost from the beam.,
The greatest allowed excursion to low phases is therefore to the point L
in fig. 4.2.A and the corresponding upper limit is to a point M to the
right of S, The region between L and M is termed the '"phase bucket" and
only particles which remain within the bucket can be accelerated.

Phase oscillations may be regarded as both azimuthal oscillations and
energy oscillations. The time length of the proton bunch contributes to
[T and the energy spread constitutes most of the extra broadening which
leads to 'Tn°

The phase bucket may be reduced in size, thereby "spilling out"
protons with the highest phase oscillation amplitudes, either by decreasing
the r.f, voltage or by increasing the repetition rate. Referring to
fig. 4.2.A, the former has the effect of reducing AO keeping AS constant,
and the latter of increasing AS keeping AO constant. Both procedures cause
¢s to move towards 0°, It is therefore expected that either procedure
should improve the resolution at the expense of 1osé of beam intensity as
more and more protons fail to be accelerated.

This was precisely the behaviour observed by Saltmarsh (Saltmarsh,

1965) in previous work using the unmodified synchrocyclotron, However, the
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present investigations failed to yield the expected improvement in a
consistent manner, Fig. 4.2.B (i) shows the best set of data obtained

using this techniques. The counting rate and |—§ exhibited the expected
decrease with increasing repetition rate, though the decrease in r.Y was
not as great as expected. The decrease of counting rate and "Y at low
repetition rates 1s discussed below. The neutron width was not measured
for this set of data, but subsequent experience suggests that '“n corres-
ponding to the lowest value, 9 channels, of f-Y w?uld have been ~ 14
channels giving an energy resolution of 0.9 MeV. 1ii-vever the -zounting
rate was exceedingly low, the synchrocyclotron running conditions were
extremely unstable, and the results were not reproducible - not even
immediately after the data had been taken! The fairly random behaviour
shown in fig. 4.2.B (ii) was much more typical of the investigations.
Similar inconclusive behaviour was observed as the r.f, voltage was:
reduced.

It was clear that the resolution was not exh&biting the expected
strong dependence on repetition rate or r.f. voltage, and that such
variations as were observed depended on synchrocyclotron operating
parameters whose values were not being monitored. This led to an investi-
gation into the effects of these parameters, which is described in the
next section (A.}). The remainder of this section attempts an explanation
for the failure of the traditional technique.

There are two possible reasons for the failure. The {irst is connected
with the pHase space population caused by the ion source, and the second

with details of particle dynamics around a minimum in the curve of %s Ve

radius.
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The ion source used during most of the present work was a "Calutron"
type, whereas that used by Saltmarsh was "open". An open ion source
produces a cloud of very low energy protons at the centre of the synchro-
cyclotron and only a small proportion of these gain energy and acquire
suitable phases to carry on being accele%ated efficiently. By contrast,

a Calutron source has a narrow tube, containing a vert;oal slit, which
protrudes into the median plane. An applied r.f, field extracts protons
from the slit and injects them into the phase bucket so that a very much
higher proportion of the protons are accelerated, leading to increased
beam intensity.

However, at the centre of the synchrocyclotron, ¢szx 800, whereas the
Calutron source injects protons in the range 0° - AOO. The progons,
therefore, neaffy all commence with large phase oscillation amplitudes,
the phase bucket possibly being populated as shown in fig. 4.2.C (i).

This could account for the experimental results, since reducing the size
of the phase bucket so as to remove from the beam all protons with ampli-
tudes greater than, say, agf(max) would leave only a negligible beanm
intensity, as shown by the shaded portion of the figure. -

However, it was expected that the open ion source would populate the
phase bucket more uniformly, perhaps as shqwn in fig. 4.2.C (ii). Removing
protons with amplitudes greater than ad (max) would now leave a much
greater intensity, so that the traditional technique would be expected to
be more successful with the open source.

(It should be stressed that the curves shown in.fig. L.2.0 are intended

v

only to illustrate qualitatively the nature of the differences in the

B
distributions expected to be produced by the two sources. The curves as
drawn do not represent the results of theory or experiment, and details

of the shapes of the actual distributions may be considerably different

from those shown).
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The likelihood that the Calutron source would fail to populate the
centre of the phase bucket was realised at an eafly stage, and, as a

result, a new open ion source was manufactured. However, no improvement

in reselutien was observed using this source, indicating that the above
explanation is incomplete. However, there was insufficient time available
to redesign the open source for the new operating conditions, and the new
source was manufactured to the old specification;. It proved very
unreliable and difficult to work with, and consequently its characteristics
were not investigated as fully as had been hoped. It is therefore possible
that the resolution could be improved by using the traditional technique
with a reliable open ion source.

The second possible reason for the failure of the traditional
technique for improving resolution, which would account for its failure
with both types of source, is connected with the variation of ﬁs with
radius, This variation is shown in-the upper half of fig. 4.2.D and is
typical of synchrocyclotrons., Referring back to fig. 4.2.A, the low phase
limit of the phase bucket was the point L at a phase of - ds, and in the
present figure this is represented by the dotted reflection avout 0°, A
proton which leaves the phase bucket and enters the shaded "forbidden"
region is lost from the beam.

The phase bucket diminishes as the protons accelerate towards the
minimum of ¢; and protons are spilled from it. The traditional method for
improving energy resolution has the effect of lowering the minimum towards
00, and its success depends on the assumption that no proton with a phase
oscillation amplitude greater than 2 ﬁ (min) can pa;s the bottleneck

without entering the forbidden region,.
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However, if the period of phase oscillation is not small compared with
the rate of change of ﬁ;, then a proton's phase can oscillate about ﬁs as
smmﬁ in the figure (4.2.D). It may be seen that the proton, whilst having
5 large oscillation amplitude, is nevertheless accelerated past the bottle-
neck without entering the forbidden region.

The phase oscillation period relative to the period of frequency
nodulation varies as the square root of the repetition rate, so that the
situation would have been worse at 800 Hz than at the repetition rate of
200 Hz used by Saltmarsh,

An attempt was made to investigate low repetition rates, where this
ifttleneck jumpigg effect would be less important, and as was seen from
figs, 4+2.B (i) there was some evidence Tor a slight improvement. However, it
was impossible to usefully use the Calutron source below ~500 Hz, since, in
order to recauce the size of the phase bucket, it would have beén necessary to

reduce the r.f. voltage below the minimum (~ 9 kV) at which the Calutron

source would operate,

It was found to be also very difficult to accelerate any beam below
~ 500 Hz using the open ion source, and in view of this, and its previously
mentioned unreliability, it was considered to be the wisest course of action
to abandon the traditional technique and to’investigate the effects of other
synchrocyclotron operating parameters.

L.3 The Successful liethod

After a considerable amount of investigation using the Calutron source,
the method found to be most effective for improving the resolution consisted
of altering the point near the beginning of the acceleration cycle at which

the firing pulse was applied to the ion source. This is discussed in

sub~section 4.3.1, Further dependence of the resolution on the dzi'lection
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frequency is discussed in sub-section 4.3.2 and on other parameters in 4.3.3.
A résumé of the practically used resolution optimising technique is given

in 1+030L|'0

Lo3.,1 Ion Source Firing Time ~ Phase Oscillation Bunching

The timing of the trigger pulse used to fire the ion source was
derived in the same way as that for the deflection pulse, i.e. by
means of a frequency discriminator coupled to a pick up from the r.f.

Fig. Le3.A shows ,‘Y’ rh, and the counting rate plotted as a
function of the r.f. frequency at which the ion source was fired. The
abscissa is scaled from right to left, so that the time of firing ;nd
the current radius of the synchronous orbit increases from left to
right.

The resolution improved for both early and late firing, but the
improvement was greater, and the situation more stable in the case of
late firing, Widths of f-Y = 2.3 ns and E-n = 3.8 ns could be consist—
ently achieved. However it was not possible to maintain these widths
over long periods of time, and F& =~ 3% nns, f-n = ~ 5 ns was the best
which could be stably used, leading to the energy resolution of 1.2 MeV
achieved in the experiment. Although equally low widths were occasionally
achieved without using this technique, the situation was invariably
erratic and unstable, and a resolution of ~ 1.8 MeV would have been the
best that could have been used over sufficilently long periods,

A possible reason for the success of the techniquc is connected
with a phenomenon which will be termed "phase oscillation bunching",

CO .
With the open ion source, most of the phase bucket is populated, and
the enrrgy and time spread of the bunch éorrespondé %o the djmensions_

of the bucket. The Calutron source, however, injects pariicles into a

- 39 -



limited region of phase space (0° - 40°) initially, with a spread of
amplitudes in the range AOO - 800. Protons leaving the source towards
‘the end of the acceptance period tend to have larger amplitudes, and
vice versa, There is therefore a tendency for a large [raction of the
protons to be concentrated in a limited region of the bucket, and to
oscillate together, so that at any one time the energy, time, and phase
soread of' the bunch will be smaller than that corresponding to the
bucket size., This effect may be mitigated by the fact that phase
oscillation frequency is slightly amplitude dependent, introducing an
overall debunching effect.

Firing Fhe ion source late, so as to only overlap the end of the
acceptance period, may therefore nave lead to further improvement by
reducing the range of phase oscillation amplitudes, thereby reducing
the spread of the bunch, and, in addition, reducing the dgbunching effect,
There would be a theoretical advantage in firing the ion source early
and using the beginning ol the acceptance period, in that smaller phase
amplitudes would be selected. However, in practice, much better control
could be achieved by using late firing since the initial rise of the
ion source arc pulse was much better defined than its extinguishing.

Evidence for phase bunching has beenlobtained by measuring the
time distribution of the particle current deposited on a prooe inserted
into the circulating beam,

The phenomenon could be investigated further by deflecting the
beam at dilferent points in the acceleration cycle and determining the

change in incident proton energy (e.g.-by measuring the shift in B
position of the lithium neutron peak). If the change were in accord

with the cnlculated smooth increase of energy with radius, this would

indicate the ahsence of an arpreciable amount of phase bunchingz, whereas

- L0 -
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an oscillatory variation about this value with a period equal to that

of the phase oscillations would confirm'its presence, The phase oscilla~
tion period is difficult to calculate precisely since it depends on ﬁ;,
but it is at least several hundred microseconds, As a result, the change
in deflection time, and hence in the deflection radius which would have
been required to show up the efféc% was too large for this to be possible
without changing the radius of the deflection plates. Hoﬁever, the
relatively small changes which were attempted did show up another
phenomenon, which is described in the next sub-section.

L.3.2, Variation of the deflection freauency - precessional phase

bunching

It was found that ‘—Y and ’-n depended on the deflection frequency
(i.e. the point in the acceleration cycle at which the beam was deflected
orto the target) in an oscillatory manner as shown in fig. L4.3.B. The
period of the oscillations in terms of change of deflection frequency
was 49 + 5 kHz. The repetition rate was 800 + 10 Hz and at this rate
and at the radius of the targets, the modulation rate is 11.4 + 0.4 GHz

5“1,_1eading to a period flor the oscillations in f_Y and (_n,of

i

Lol + 0.6 ps. This is much less than the period of phase owcillation,
However, there are two other modes of oécillation open vo an accelerating
proton: vertical oscillations about the magneéic median plane, and
radial oscillations., Both are at constant energy. Radial oscillations
in the present synchrocyclotron are the result mainly of off~centering

forces in the cut~back region of the dee which cause the orbit céntre

to shift from the geometrical centre. The orbit centre then precesses

\

round the geometrical centre,
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The periods of vertical oscillation and of the precession of the

orbit centre are given by

.C . . = T orinitnal
vertissal —
yn
T Corbital
recessional
P 1 o 1 - n
where n L éﬂ
' - H dr °?

r is the orbit radius, and H is the magnetic %ield strength,
At the radius of the targets,

T

Evaluation of the formulae yields

orbital = L6,01 +0.02 ns and n = 0.0226 + 0.0002.

T:vertical = 305 ns,

which is much less than the observed period, but
7:precessional = 403 + 0,04 us,

in good agreement with the observed period,

Itbtherefore seems extremely probable that the phenomenon is
connected with the precessional motion of the orbit centres, and such
an oscillatory variation could be caused i either the amplitiu-e or
phase of the precessional motion were vunched., Such bunching couid
well be caused by the established strong coupling between phase
oscillations and radial oscillations., As a result of this bunching,
the orbit centres would be distributed within a‘fairly long sausage~

shaped region of space, and the maxima of the curves woula occur when

the "sausage" was parallel to the tangent at the targets at the point of

-— )‘_2 -
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A« "lection so that the length of the proton bu#ch was increased., Scanlon

]

(Scanlon, 1970, B) estimates that variations in bunch length up to

150 mm - in reasonable agreement with the observations - could occur but

at twice the precessional frequency since the "sausage" would be parallel

to the tangent twice during a complete period. This prediction o% the

frequency of the variations is in conflict with the observations, and

this conflict has so far not been resolvedQ

Le3+.3 Dependence of the resolution on other parameters

No evidence was found for a significant dependence of the resolution

on any of the following:

1)

2)
3)
L)
5)

the amount by which the beam was "trimmed" in the vertical direction
by means of an adjustable carbon absorber placed at 'a low radius,

the opérating voltage of the ion source,

the duration of the firing pulse applied to the ilon source,

the rate of hydrogen supply to the ion source, or

the vertical position of the median plane within the synchrocyclotron.,

It was found that the resolution depended siightly on the position

and orientation of the ion source, probably because the protons were

injected in a way more likely to produce the phase bunching effect

previously described. The optimum position was stable from run to run

and, once found, could simply be set at the beginning of a run.

L.3.4 The technique f~r optimizing the resolution

As a result of the foregoing investigations, the technique finally

adopted for optimization of the resolution was as follows,

»

2)

The position and orientation of the ilon source were set to the

previously determined optimum values.

The repetition rate was set at 800 Hz to give maximum boan,
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3)  The deflection frequency was varied and set to give maximum beam,

L) The ion source firing frequency was varied so as to minimise F;.

5) The deflection frequency was again varied, by small amounts, to
minimise r}f |

L, Possibilities for future improvement

It is intended that the shape of the dee used with the synchroe
cyclotron should undergo further modification so that the dee angle
should be 180° out to a radius of 508 mm, There is nothing in the
foregoing analysis to suggest that this would necessarily improve the
resolution obtainable, but it should be appreciated that any fairly
major change in the operating characteristics might well lead to a
change in the resolution.,

There are two other possible ways of effecting an improvement which
could be attempted, The first is simply to attempt to reproduce as far
as possible the running conditions used by Saltmarsh. If the time spread
of 2 ns which he achieved could be reproduced, the increased length of
the flight path would lead to an energy resolution of 0.5 MeV. This
would involve further work on the open ion source to improve its
reliability, and running the synchrocyclotron at a repetition rate of
200 Hz,

Secondly, the most obvious way of improving the resolution is to
use a redesigned Calutron ion source which would inject protons into
orbit at the_ stable phase angle of 80°, There should then be hardly
any tendency for phase oscillations to occur, with a consequent improve~
ment in resolution, However such a redesign is exceedingly difficult,

since to inject protons at high phase angles would require extra



positively charged electrodes to produce the correct electrostatic

field configuration, and their presence is expected to lead to severe

electrical breakdown problems. This approach has been tried at CERN,

but with 1little success to date.
1.5 Summar

The "traditional" method for improving the time and energy resolution of
;he synchrocyclotron, by either decreasing the dee voltage or increasing the
-epetition rate, failed when attempted with the modified synchrocyclotron.
3ince the failure occurred with both a Calutron and an open ion source, it
128 been suggested that it was due to a "bottleneck jumping" effect whereby
rarticles with large phase oscillations can escape past a minimum in the
3table phase angle without being 1ost,'tﬁis.effect being exacerbated by the
increased repetition rate at which the modified’synchroéybfotrmn was operated,

The method by which an improvement in the resolution was achieved was t;
adjust the timing of the ion source pulse so that particles were captured into
orbit at a late time in the acceleration cycle, It has been argued that the
improvement arose from the increased degree of "phase oscillation bunching"
which reduced the azimuthal extent of the proton bunch,

Further small improvements were made by selectiﬂg the deflection
frequency so as to enhance the effect of "precessional phase bunching" which
it is suggested was induced by the strong coupling between phase oscillations
and radial oscillations resulting from the cuteback dee.

The best reproducible resolution achieved was 1;2 MeV (f.w.th.) for

95 MeV neutrons.
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CHAPTER 5

THE MAIN EXPERIMENT - (p,n) REACTIONS AT ABOUT 98 MeV

The main (p,n) experiment was carried out ddring two major data
taking runs on the synchrocyclotron which took place after the investiga-
tiens into the energy resolution deseribed in Chapter L4, The first, held
during the late part of October and the early part of November, 1969, was
known as the ON69 run, and the second, held during December, 1969, as the
D69 run.

A set of data covering all the targets over the full range of angles
was obtained during the ON69 run, but it was shown that the monitor was
not operating reliably, and that this presented a problem in normalizing
the data., This problem was overcome during the D69 run during which the
detection efficiency measurement described in Appendix C was also carried
out,

Section 5.1 summarizes the preliminary and routine checks and adjust-
ments carried out during the experiment, the ON69 run is described in
section 5.2, the deficiencies of the monitor in section 5.3, and the D69
run in section 5..4.

The analysis of the data is described in Chapter 6.

5«1 Routine checks and adjustments

Methods of setting up and adjusting the apparatus are described mainly
in Chapter 3. This section outlines the routine procedures carried out
before and during the data taking runs,

5.1.1 Optimization of the energy resolution

Before data taking commenced, the energy resolution was optimized
as explained in Chapter L.

5.1.2 Gounter gain

The gain of the main neutron counter and its associated electro-

nics was set at the half height of the Compton recoil edge from the
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y-decay of Cs . The procedure is standard, and is described

briefly in Appendix B. The gain was set immediately before data
teking commenced, and it was checked and maintained constant at
perigdis intervelay

5.1.3 Time calibration

‘The procedure for calibrating the timiﬁg system is described in
sub-section 3.8.5. The calibration was performed frequently, usually
before and af'ter each series of counts. The time calibration
"spectrum" on the analyser was punched on paper tape and kept for

subsequent accurate analysis.

5.2 The ON69 run

During the ON69 run, the taking of data for a particular target at a

particular angle went as follows: ‘

1)  The analyser, the scalers, and the integrating digital voltmeter
(IDV) attached to the monitor were reset to zero.

2) All the above were started simultaneously.

3)  Gounting was stopped automatically aft;r a preset time.

h) The readings of the scalers and the IDV were noted and the contents
of the analyser were punched on paper tape.
The scalers recorded the following information:

1) "Starts" i.e. the number of repetitions of the acceleration cycle. The
repetition rate was ~ 800 Hz.

2) "Events" i.e. the total number of events recorded by the analyser.

3) "Reference neutrons" - i.e. the total number of events recorded in a
particular block of the analyser, this block béing chosen to include

the high energy neutrons.

L)  "Pime" - This scaler recorded the time in milliseconds.
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The order in which data were taken consisted of investigating a
particular target over a range of angles between 0° and AOO, and then
changing to another target and coVeﬁing the same angular range and so on.
The alternative to this procedure, i.e. investigaﬁing*a nymber of targets
at a particular angle before changing the angle, was adopted during the<
D69 run.

Changing to a different angle involved:

1) driving the target changer azimuthally and stopping it semi-
automatically when the appropriate microswitch was actuated.

2) driving the moving collimator laterally to the correct position by
observing the television monitor, and

3) driving the moving collimator angularly for the approprigtely
determined length of time,

During the angular sweep for a given target, the reference lithium
target was periodically investigated so that the’spectrum of ?he target
under investigation could be compared with that from the reférence under
what were assuméd to be similar conditions. ' In particular, the reference
spectrum provided a monitor of the incident energy, and information on the
current energy resolution.

5.3 The deficiencies of the internal beam monitoring system

The internal beam monitor (section 3.4) was potentially an invalua-
ble tool, for providing both absolute normalization of the data, and a
rapid direct measurement of the incident beam intensity. It was, for
example, very useful for determining the optimum phase delay (see section
3.1), since this had to be done frequently, and thé direct determination’
of counting rate was slower than simply reéding the voltmeter attached to
the monitor. (This voltmeter was used in addition to the integrating

¢

voltmeter mentioned in section 3,4). Plots of the monitor reading, M,
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¢nl the counting rate, I, (corrected for the dead-time of the electronics
as explained in Chapter 6) as functions of the phasing delay are shown in
fig. 5.3.A(1), and the fact that the two curves were éccurately in phase
both indicated that the apparatus was well set up, and justified the use
of the monitor for finding the positions of the maxima.

However, the ratio R, where
I
R = 1

was Tairly constant when the phasing delay was close to the opfimum
setting, but c.minished as the degree of mis-phasing increased. A plot
of R ve M is shown in fig. 5.3.A(ii).

Furthermore, when the counting rate varied for reasons other than
mis-phasing, R was found to decrease with increasing M - the reverse of
the trend evident in fig. 5.3.A., The results of a series of consecutive
10s counts are shown in fig. 5.3.B, and it may be seen that the varianon
of R with M was reproducible and linear within experimental error. (It
should be noted that values of R from figure to figure are not directly
comparable as different targets were used;) The data shown in fig. 5.3.B
form part of a set taken during the angular normalization experiment
described in sub-section 5.4.2.

The reproducibility of the variation of R with M was, however, valid
only in the short term. Fig. 5.3.C éﬁows results for the eight spectra
from the reference lithium target taken at 0° duriné the ON69 run.
Observations of the spectra were chronically spaced throughout the run,
and though the general trend of decreasing R with increasing M is again
evident, it may be seen that fluctuations up to ~ 30% occurred. Similar
fluctuations were observed at other angles, and were shown to occur well

within the time taken (~ 6h) for an angular sweep.
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The variation of R with M did not of itself preclude the use of the
monitor for angular normalization (see section 5.#.2), but the random
variations would have led to errors up to 30% if the monitor readings
had been used to normalize the whole of the angular data., (See Chap, 6,
sub-section 6.5.2 for discussion, and solution),

However, the observed variations in R, by up to a fastor of three,
almost entirely precluded the use of the monitor for absolute pérmalization,
since it would clearly have been impossible to accurately calculate the
relationobetween the monitor reading and the absolute intensity of the
effective beam incident on the target.

Tte reasons for these phenomena are imperfectly understood. It is
thought unlikely that there were deficiencies in the apparatus itself,
The most likely defect would have been imperfect electrical insulation,
but the leakage resistance was measured on a number of occasions and

found to be in excess of 20 ML,

The size of the collimator in front of the monitor was chosen to be
equal to the limits of the area of the target "seen" by the collimation.
In particular, its height was 24 mm, coinciding with the limits of the
"penumbra" defined by the collimation. However, the "umbra" was only
14 mm high, so that over 10 mm of the height, the beam contributed fully
to M but only partially to I. The beam trimmer (Chapter 2, section 2.1)
constrainéd the beam to be 16 mm high at a synchrocyclotron radius of
~ 600 mm, but by the time the deflection radius of 927 mm was reached,
this would have spread out so that the beam profile might have been as
shown in fig. 5.3.D (i). An increase in the beam intensity might well
have caused a "filling in" of the wings of the distribution, as shown in
fig. 5.3.D(i1), leading to a greater proportion of the beam being within

the "penumbra" region with a consequent decrease in R, Mis-phasing,
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though reducing the beam intensity and causing the profile to become

more rounded, would also cause the beam incident on the target to rise,
since the beam would have passed between the deflection plates undef
inefficient deflection conditions. The change, therefore, might have
been as shown in fig. 5.3.D (iii) leading again to a greater proportion of
beam in the penumbra region and a reduction in R. -

These considerations are no more than "plausibility arguments" and,
though they account qualitatively for the observations, it is very
difficult to account for the observed magnitudes of the variations in R.

Some impégvement in the situation might have been effected by
choosing dimensions for the collimator in front of the monitor, which
were partway between those of the "umbra" and "penumbra", but the best
solution for the future would almost certainly be to collimate the beam
before it is incident on the target, to a size smaller than the "umbra".
This would have the disadvantage of reducing the counting rate, but in
addition to removing the dependence of R on M would increase the accuracy
of absolute normalization by making possible a direct calculation of
particle flux from the value of M, independently of the shape of the beam
profile., Unfortunately, the desirability of such a solution was not

realised early enough for it to be implemented in the present experiment,

5.4 Data taking during the D69 run - Normalization

If the monitor had worked effectively, it would nge provided

absolute normalization of all the data., Its deficiencies presented three

-distinct normalization problems:

(a) relative normalization between different targets at the same angle,
(b) relative normalization between different angles for the same target,
and

(¢c) avsolute normalization.
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The target to target normalization was determined for all the targets

at a selection of angles during the D69 run and is described in the first

sub-section., Having done this, it was necessary to determine the angular

nnrmalization for only one target, and a partially successful attempt to

do this experimentally is described in the second sub-section, though

an alternative method for angular normalization is discussed in Chapter 6,

sub-section 6.6.2.

Absolute normalization was achieved by normalizing each spectrum

to that from the deuterated polythene target, and using a previous

measurem=nt (Langsford, 1967, B) of the absolute cross-section for the

d(p,n)2p reaction (see Chapter 6).

5.4.1 Target to target normalization, data taking

The relative normalization between two targets could be achieved
simply by comparing the magnitudes of their spectra normalized to a
fixed time, provided that the mean internal beam level was the same
for each target. In practiee, the internal beam fluctuated too much
to allow this for consecutively inves£igated targets, and this
problem was overcome during the D69 run by inter%eaving a series of
alternate counts from the target under investigation and the reference
target.

The system devised to do this is illustrated schematically in
fig. 5.4.A. The scalers used during the ON69 run were duplicgte@,
and a third bit was dropped from the address produced by the timing
system so that the spectrum was stored in 2048 of the 4096‘channels

of the analyser., The scaler system was interfaced to the "computer"

i
-

socket of the target changer control unit via a specially built unit.
When the target changer insert/extract mechanism was in the

"insert" position (target from the tray in the beam, see Section 3.2),
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one bank of scalers only counted and the spectrum stored in the
lower bank of 2048 channels; when it was "extracted" (reference
target in beam), the other bank of scalers counted, and the spectrum
stored.in the upper half. The monitor was retained, and ﬁhe I.D.V.,
counted only in the "insert" position.

The alternate insertions and extractions of the target were
automatically operated by signals from two preset scalers which
counted millisecond pulses from a clock pulse generator. The time
of a single "insert" count was determined by the setting of one of
the scalers and vice versa. All counting was inhibited while the
target changer was driving. The overall counting time was set on a
third preset scaler.

The scalers and the analyser were not reset between individual
counts, and the counts and specira were allowed to build up.

For most of the data taking, 30s "extract" counts were alternated
with ~A0s "insert" counts, these times being a compromise between
achieving the most accurate normalization and not driving the target
changer so of‘ten that the mechanism siezed.

The system was operated so that the first and last counts of a
series were either both "insert" or both "extract" so that the
normalization would be correct for a steady one way drift of beam
intensity. In general, the procedure was adequate provided that
irif4s in “he internal beam intensity were slow compared with a
single "insert" or "extract" time, and £hat more rapid fluctuations
summed to zero for both. This was believed té be the case from
inspection of the behaviour of the beam monitor, and it is shown in
Chapter 6 from self consistency arguments that, though‘a few counts

hal to be rejected, the normalization was good to al(T.
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©, 15°, 20° and 30° since it

Data were taken only at Oo, 50, 10
was possible to interpolate the normalization between angles.

An undesirable feature of the D69 data was the presence of high
Papurieus' vaskgraund not resulting from reéctions taking place in
the target. This was caused by the deflection plates overheating and
buckling so that they bowed downwards and could be "seen" by the
collimation. This effect was zero at the 0° position since the
deflection plates were situated horizonta11§ a little Waj from the 0°

,

béam line, but was appreciable at 50 and became steadily:worse at
higher angles. It also exhibited quite considerable variation over
relatively short periods of time as the amount by which the deflection
plates bowed varied according to the degree of overheating. The
efffect was also present for some of the elements studied towards the
erd o” the ON69 run, though to a much smaller degree. Since the
experiment, the technical problem of avoiding the overheating has
_proved difficult to solve, and experience hés shown that with the
deflection plate design in use during the experiment, it was the
ON69 run, relatively free from spurious background, which was
atypical.

The spurious background did not seriously detract from the main
purpose of the D69 run which was to determine the target to target
normalization of the peak areas, since the spurious background spectrum
was relatively smooth and the peaks could be separated rel;tively
easily. It did, however present problems in spbtracting the spectra

from the gold backings of the targets, and in calculating the angular

normalization. (see following sub-section and Chapter 6).
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5.4.2 Experimental determination of the angular normalization

eIt is explained in detail in Chapter 6 that the angular normal-
ization may be determined by pérforming a theoretical calculation of
the area of the background under the peaks using statistical theory.
It was desirable, however, to perform an experimental determination
of the angular normalization as a check on the validity of the
dssumptions made in the calculations.

This sub-section describes the experiment, but a discussion of
the results is deferred until Chapter 6,

The simplest method of determining the angular normalization
without a monitor is to perform a series of counts at different angles
sufficiently rapidly so that the incident beam intensity does not
change during the angular sweep. The requirement that the data be
taken rapidly precluded the use of the analyser since the time taken
(4 min) to punch a single spectrum would havé slowed the data taking
by an unacceptable amount.

The electronics system was therefore slightly modified so that
counts from sockets in the decoding unit were recorded in four scalers.
The decoding unit was set so that one scaler recorded the counts
corresponding to the first half of the sﬁpre of the analyser, a
second reéorded counts in the third quarter and é third counts in the
fourth quarter. The fourth scaler recorded total events as a check
that counts were not lost from any scaler.

Lithium was chosen as the element to be investigated both because
it had been used as a reference throughout theAexperiment, and because
the ratio of peak area to background was greatest for this element,

Since energy resolution was no longer of any concern, the

synchrocyclotron running conditions were changed so as to increase
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the beam intensity and make it more stable.
It was found, nevertheless, that the beam level s%ill fluctuated

too rapidly to enable a reproducible angular distribution to ve

-~

obtained without the use of the monitor, and it was therefore necessary
to use the monitor in such a way that the variation of R with M could
be accurately determined at each angle,

The scaler system was therefore set so that at each angle a series
of 10 s counts was taken, the scaler contents being automatically
recorded and reset after each count. It was found that R varied
reproducibly and linearly with M at each angle, the results at 0°
having already been presented as fig, 5.3.B. It was therefore possible

to normalize the data to a fixed value of M, and, after making certain

-
-

geometrical corrections, to calculate the angular distributions of the
counting rates in those sections of the spectrum recorded by the
scalers.,

.. .7 7 o . . .

The i<in Li (p,n)Be (g.s.) peak was contained in the third
quarter of the observed spectrum at all observed angles, and its area
was inferred from the counts in the appropriate scaler. However, the
presence of spurious background introduced errors into this calculation

since the ratio

peak area
3rd quarter area

at a particular angle varied during the D69 run.

The results, errors, and the way in which they were calculated

are discussed fully in Chapter 6.
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CHAPTER 6

CALCULATION OF THE RESULTS

Tre data analysis was carried out to obtain values for the cross-
soctions of the transitions observed in the experiment at the observed
range of angles, and, Wﬁere they were not already established, values of
the excitation energies of the corrcsponding levels. The data input to
this analysis were the uncorrected time spectra, and the first task was
to produce fully corrected time spectra from which energy spectra could
be calculated., Such an energy spectrum consisted of a number of peaks
corresponding to the states of the residual nucleus, on a smooth back-
ground resulting from breakup processes.,

Section 6.1 describes how the data were handled, an account of the
corrections made to the time spectra is given in section 6.2, and section
6.3 explains how excitation energies and Q-values were calculated from the
positions of the peaks.

The cross sections were calculated from the areas of the-peaks, and
section 6.4 explains how these areas were deter@ined by a specially
written computer program. It was sometimes possible to determine separate
areas in cases where peaks were too close together to be res5ived by eye,

and in some of these cases, the positions of the peaks were also determined

using this program. The way in which cross sections were calculated from

the peak areas is explained in section 6.5.

6.1 Data Handling

i
Because of the enormous number of data produced in the experiment,

almost the whole of the analysis had to be perfarmed by computer. The
two hundred and twenty seven paper tapes containing the uncorrected time
spectra were transferred to 7-track magnetic tapes using a Honeywell

DIP-516 computer. The program checked the data, and allowed on-line
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correction at a teletype of any paper tape punching errors. The content;
of the 7-track tapes were then transferred to 9-track tapes using the
Harwell I.B.M. 360/75. This computer was used flor the whole of the

subsdguent analysis.

The programs written to perform the analysis were as follows.

i) The main correction program

ii) The background subtraction program

These two programs between them performed all thé corrections described
in section 6.2.

iji) The kinematics program

This predicted the expected positions of the peaks as explained in
section 6.3.

iv) The fitting program

See section 6.4,

Programs were also written to find the centroid of regions of the
spectra, and to calculate ratios of the areas of such regions. Much of
the coding of the kinematics program was also included in some of the
other programs, in particular, the fitting program.

6.2 Corrcction of the time spectra

Before peak positions and areas could be determined, the energy
dependent corrections had to be made to the time spectra. ZEnergy indepen—
dent corrections affected only the overall normalization of a spectrum and
these were made to the cross section values rather than to the éontents
of each channel,

Conversion between position in the time spectfa and neutron energy
hal to be performed frequently throughout the analysis, and the way in
which this was done is described in sub-section 6.2.%. The subsequent

sub-sections describe the energy dependent corrections, which were as

follows:
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(i) the dead-time correction,
(ii) +the counter efficiency correction,

(iii) the beam attenuation correction, and

(iv) subtrastioen of the spectra from the gold foil backings.

6.2.1 Neutron energy calculation i

The time of flight of neutrons recorded at a particular position,
Gn, in a spectrum was calculated using a knowledge of the position
of the y-peak, CY’ and the time calibration of the system. If t' was

the time interval corresponding to the interval (Cn - CY)’ then the

time of flight of the neutrons, t, was simply given by

t =t B,

where p is the length of the flight path and ¢ is the'velocity of
light. The energy of the neutrons was then calculated using the
relativistic formula,

CY was taken to be the poéition of the centroid of the y-peak,
and this was computed for each spectrum by the main correction
program.,

The time calibration was determined by computing the positions
of the centroids of the "spikes" in the time calibration "spectra"
(see Chapter 3, sub-section 3.8.;). One of the "spikes" had been
adjusted to be as close as possible to the position of the y=-peaks,
and the mean time width per channel between this spike and the sixth
was computed. The sixth spike was chosen because its position was
close to that of the neutron peaks resulting from a number of
analogue transitions. When necessary, account was taken of the
sli~ht non-linearity oif the syvstem by plotting the deviations of the

1"

actusl positions of the other "spikes" from the positions calculated

on te assumrtion of a constant channel width. Tris deviation was not
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greater than 0.5 channels over the region of interest, and inter-
polation between "spike" positions could be performed to “'OjOS
channels or ~13 ps, Timing drifts throughout a run necessitated
interpolation between the times at which the time calibration "spectra"
were taken, This introduced an extra error of ~ 20 ps leading to an
overall uncertainty of ~ 25 ps or ~ 6 keV for 90 MeV neutrons. This
was insignificant in comparison with .the precision with which the
position of a neutron peak could be determined.

6.2,2 The deadw-time correction

The dead-time correction arose because the counting glectronics
was capable of recording only one event in any one synchrocyclotron
burét (repetition cycle). The recording of an event therefore
prevented the recording of subsequent events in the same burst, and
created a bias against late events. It may be shown (Saltmarsh, 1965)
that the correction flactor at the Jjunction between the n th and
(n + 1)th channels is given by

B

f' =
n n
B - - yi
i=0

where Vs is the uncorrected contents of channel 1, and B is the

number of bursts. Taking

1 !
fp= 2 (f£—1 * fn>

wes an extremely close approximation to the correction Tactor for the
whole of channel'n,
The ormula is valid provided that the intensity (and spectrum

shape) »© *he neutrons produced in each burst is constant. Zrrors

P

die Lo %his being invalid were usually small, except that it was

known that a number of bursts contained hardly any neutrons owing to
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the proton bunch failing to start acceleration. i In this case, B
should be the number of bursts containing neutrons, or "effective"
bursts. Previous determinations of the ratio, R, of effective
bursts to bursts had shown that it feoll as 16W 88 0.7 whon Eho
machine was running unstably as in this experiment. This could lead
to a possible absolute error of up to 2%,

This would have affected the absolute rormalization obtained
using the monitor had this been possible. However as the m-thod in
fact used (sub-section 6.5.3) depended upon a comparison between

spectra, error arose only from the difference in the corrections to

the two spectra, and from one part of a spec¢trum to another, and
this error was not greater than 0.05%. Conéequently, it was not
necessary to determine the ratio R.

6.2.3 The counter efficiency correction

Tne variation with neutron energy of the detection efficiehcy of
the counter was determined, as described in Appendix C, by comparing
it with a standard counter whose absolute efficiency had been 3
previously determined (Bowen, 1962). |

The fitting program (sub-section 6.4.3) was used to it an

analvtic function to the results, viz:

fo(T) - -3 : -

(1 + 7.245 x 10 7(T - 90))(1 = 6,916 x 10" (T - 90))
where T eV is the kinetic energy of the neutron. Since only the
energy variation was of current concern, the nprm&1izaﬁion was
arbitrarily adjusted for convenience to give fc (90) =1.

The energy corresponding to each channel was calculatéd, and

hence. the number of neutrons recorded in each channel diviacd by

the appropriate value of fc to normalize the spectrum vo that which
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would have been recorded by a detector whose efficiency was energy

independent.

p . .
0.2.4 The beam attenuation correction

The neutiron beam waas attonuated by 1ts passage through the
25.4 mm of aluminium and 27.46 m of air between the target and the
detector.

The transmission as a function of neutron energy was calculated
from published total cross-section data (Hughes, 1955) and an
analytic function fitted to the results using the fitting program.

This fit gave a neutron transmission function
0,8155
-3 -5 2 ‘ -7 3
1-2,172x10 ° (T=90) - 1.044x10" "~ (T=90)° - 9.646x10 ' (T=90)

£ (1) =

where f% (7) is the transmission for neutrons of energy T MeV., The -
normalization was again adjusted to give a correction factor of unity

6.2,5 Subtraction of the spectra from the gold foil backing

In order to determine the background from the gold backings of
the targets, a lone gold target was also investigated, and this was
subtracted before further analysis was carried out. However, pfoblems
were encountered in determining the factors by which the gold spectra
should be multiplied, and a discussion is deferred to section 6.5,
since the method used was based on the same principles as the -
normalization methods descritbed therein.

5.2.6 Conversion to energy spectra ‘

A1l further calculation of the results was performed usirg the

~

™illy corrected time spectra, and conversion of some of the time
spectra to neutron energy spectra was carried out for disnlay purposes
only. It was achieved by calculating a new set of abscissee by

converting each channel number to a neutron energy, and b muidtiplying
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6.3

the contents of each channel by dT/dn wheré T is the neutron energy,
arnd n is the channel number.

Colculation of incident energies, Q-values, and excitation energies

Thie aAection A8BePribes hew the ineident proton energy, ana the

Q-values and excitation energies corresponding to the observed transitions

were determined from the positions of the peaks in the spectra. -Sub-

\

section 6.3.1 discusses how the peak positions were determined, sub-section

6.3.2 describes the relativistic kinematics computer program, and

sub-section 6,3.3 explains how it was used to perform the calculations.

6.3.1 Dot=--ination of peak vosiiions

For purposes of this analysis, the "position" of a peak was
def"ined to be the centroid of the top 40% of the peak in terms of
height, This definition was chosen so that the position was

o

independent of changes in the "wings" o the resolution function.

Also, it often enabled precise direct computation of the position

even when the peak was not completely separated from its neighbours.
In the case of unresolved peaks, determination of the pcsitions

had to be made using the fitting program (section 6.4).

6.3.2 The relativistic kinematics program

The function of the relativistic kinematics program was to
calculate the laboratory energy, Tn’ of’ neutrons emitted at laboratory
angle O resulting from the reaction A(p,n)B(+ Q LeV), ani to predict
the position in a time of flight spectrum of the resulting peak. 'Tn
depended on the incident proton energy, Tp, as well as on Q and 8.
The position of the peak in the spectrum was éalculate& Trom Tn using
a wnowlel e of the y-peak position and the time calil ~atlon,

ke neustran energy threshold for a reaction o7 the Jor.

A\P,ﬁ)B B ..+ leading to a three or more body final state w.s

L D
1, 2’
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similarly calculated by assuming a single residual particle with a

re.t mass equal to the sum of the separate masses of Bﬁ’ B2 coos

6.3.3 The calculations

Sinaec the peAifion of & peak dopénded en LBLN Tp and @, thera
was no way of calculating the separate values of these variables
simply from inspection of a single spectrum, However, Q-values for
all the analogue transitions were already well established, and this
allowed Tp to be calculated by making a series of predictions of peak
positions for stepped values of To’ comparing with the actual
position, and interpolating where necessary.

Having assigned a value of Tp to each spectrum, it was t.en
possible to predict the positions all peaks resulting from transitions
tc known states of the residual nuéleus. The important variavle:

determining the excitation energy (as opposed to the Q—value) ot a

level was the difference, 0, between the position of the corresponding

peak and *hat corresponding to the ground state. The quantity & was
not sensitive to small errors in Tp.

In the case of resolved, narrow, well known levels, the position
invariably agreed with the prediction within the + 0.05 MeV limits of
experimental error. In the case of previously unknown levels, or
levels whose excitation energy was uncertain, the excitation energy
was determined by interpolating between predicted positions. )

One further point remains to be made. The cross-sections were
calculated from the areas of the whole peaks, so that to quote values

of Tp iorived from the position of the top 4O% of the peak as "the

energy of the experimentt would strictly speaking, be incorrect.

' ~~T1

Howevrr, the small difference (~ 0.1 MeV) vebween the "Son Lo

nosition and that of the centroi-i of the whole peak was less than the
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variation (~ 0.5 MeV) of Tp during the relevent runs, and so could be

neglected for this puipose,

6.4 De'ertination of the areas and positions of peaits ani back round

The peaks in the timec 8peetra eorrespondiny te transitiens to states
o’ the residual nucleus ﬁere superimposed on a smooth background resulting
from breakup processes., In nearly all cases the peaks were not well
separated, and in a number of cases were not resolvaylg at all by eye.

The shapes of a single peak and of the background couid be determined
" or predicted in terms of analytic functions, and in order to analyse the
spectra, a computer code was written to fit sums of these functions to the
spectra. The Titting was performed using the Tully corrected time spectra,

The first two sub-sections consider the expected form of the spectra,
the third describes the fitting program, and the .fourth explains the way

in which it was used.

6.4..1 Shane of the background

In the absence of a final state interaction, statistical
theory may be used to calculate the shape of the energy
spectrum of one of the particles of a transition to a final state
consisting of more than two particles. The energy spectfum in the

centre of mass is simply given by the approériate phase space integral.

For example, in the case of three body breakup

p+'A-—->n+B1+B2,

the relativistically invariant phase spate integral is given by

(Xretzsman, 1961),

\

r 1 1
a1 \ Wl L2 2Nk 2 .2 2
- e = T (2 1112+T>(J —-Mz -}-M1 ) - L W l\.n |
W - -
. R - Do s 2
where i, By M2 are the masses of the neutron, B1 and i, in MeV/e ,

T 1oV is the kinetic encrgy of the neutron, and
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2 2 L2 .
W:E'TOT+XV12—2E (? . M

or 7
where ETOT is the relativistic total energy of the system.
The non-relativistic approximation is

T(TMAX—T)J%

aR .. 1 f
ar 7 |
- MAX -

where TMAX is the neutron threshold energy. A comparison was made
between the shapes given by the two formulae, and at the energy of
the experiment they were found to be the same to within “%. The

simpler non~relativistic form was therefore used.

The non-relativistic four-body phase space integral is given

1
Bozp2 (o, -1,
Before these functions could be fitted to the timé of flight

spectrz, they had to undergo a kinematical transformation to the

lavoratory system and a conversion to time of flight co~ordinates.
The proton bombardment of 9Be may be taken as an example to show

how the functions were chosen. As well as the transition to the

9B + n final state, other possible transitions leading to the emission

of a neutron include

( AHe + AHe +D + 1, Q

-1,57 ¥eV ) L-body

9 I (
Be + D > (%e ipa+n , Q = =~1.67 2V )
2 5 | ) 3=body
bte +°Li +n , Q = =3.54 NeV )

Numerous other final states were possible, but with lower Q-values,
(All the Q-values involved in this experiment were negative, out the
terne "lower" and "higher" are used in their strictly correct sense,

e.g. a Q-v-lue of -2 MeV is lower than one of -1 MeV.) The Q-values

-’ -
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were token cither from the nuclear spectroscopy data of rei's.

(“izenberi-Telove, 1968; Lauritsen, 1966) or from *the nuclidic mass

excess datn of r=?, (Kbnig, 1962).
No information was available about the relative magnitudes of

.ne cross-sections of these breakup modes,

6.lbe? Shones of the peaks

The shape of a single peak corresponding to 2 transition to a
statc wnose natural width was negligible was simply givern by the
resclution function of the system. The shape of a peak corresponaing
to & naturally broad state was the resolution function broadened by a
Lorentzian, '

As explained in Chapter L, the shape of a y-pcak directly gave
the time resolution function, but the overall resolution function was”
a cornpound of this time resolution function, the enersy loss of the
protons in the target, and the incident energy distribution of the
protons. It proved impossible to reduce the energy spread of the
inciaent protons to a negligible amount, and since this energy
di stribution was not known, it was impossible to calculate the
resolution function directly from the shape of the y-peak,

It was therefore necessary to use the neutron peaks to define
the resolution function. There was no peak which was known to be
narrow, single and completely sepafated from otner peaks, but "the
recclution function was successfully determined from overlapping

peaks as explained in sub-section 6.4.k,

6.4,3 The "ttine program

— -

The object ol the fitting program was to it a function represent-
ins the expected shape of the spectrum to the experimontal data using

a "chi-sqiired minimization" technique. The exjerimenrtzal data
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consisted of a series of channel numbers, n., Moo+ 1y veeen, . ..n

1 2
and channel contents, Yoo with standard deviation 6n. The function,
F, to be fitted was defined in terms of a series of parameters,

a

a ees.y S0 that

1’ 2’

F - F(n1A),
where

(8) = (2, 2y 8 cenn).

2
X" was defined by

and the fitting procedure consisted of varying (A) so as to

-minimise )(za If the functions accurately
represent the experimental curve, then, subject to statistical error,
the value of )f2 at the minimum should be equal to the number of
fitted points (Guest, 1961), If the function is a poor representation,
the value of )(2 per point will be greater than unity; conversely

if the function has too many variable parameters, it is possible for
it to "follow" the positions of the points more closely than the
experimental curve, leading to values of )12 per point of less than
unity.

The kernel of the fitting program was a sum of squares minimi-
zation routine named VAO2A. This is a member of the Harwell
Subroutine Library and was written by M.J.D. Powell. The method
(Powell, 1965) is iterative, and does not require user-supplied

derivatives, The values of An were computed by the fitting program
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externally to VAO2A, and VAO2A then varied (A) so as to minimise X'z.

F(n,A) was expressed as the sum of a series of basic functions

representing peaks and background shapes.,

P(n,A) - % ZJ: £ (n,, )

where fi is one of the basic functions, and Aij is a series of
parameters defining the jth example of the ith functional form,

Up to ten functional forms were catered for, and up to nine examples
of each form.

The functional forms used’to fit the time of flight spectra are
shown in Table 6.4.A. A set of parameters (a1, 855 ....) represents
a single (Aij)’ the subscripts i and j having been omitted for
clarity., The "reciprocal of a gquartic" (ROQ) (f2 in the Table) was
found to be adequate for fitting almost any shape of peak, usually
giving values of minimum 3(2 per point close to unity in the range
0.9 - 1.3.

It was not usually desirable to vary all the parameters of the
functions, and it was possible to specify precisely which parameters
should be varied during any one fit., The statistical errors were
calculated from the variance-covariance matrix, V, defined to be the

inverse of the matrix, G,

where ag and a. are two of the variable parameters. A close approxi-

J
mation to V was calculated by another Harwell Subroutine, SVO14A,
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according to the formulae given as eqn. (33) of rer. (Powell, 1965).

The standard deviation of a single parameter a_ was simply the square

I
root of the variance, VIIo Far functions of more than one parameter,
more complicated expressions involving the off-diagonal covariance
elements, as well as the diagonal variance elements had to be used
(Guest, 1961).

The program was structured to allow easy alteration of the basic
functional forms, so that it could be applied to other data.

The program contained a module for producing graphs showing the
experimental data, the fitted function, F, and/or the separated basic

functions or any summed combinations.

6.4.4 The way in which the fitting program was used

This sub-section describes the overall way in which the fitting
program was used, and takes as illustrations examples from the fits
to the spectra from the 11B(p,n)”C reaction., The analysis of these
spectra was particularly easy and the conclusions particularly clean
cut., Fits to the other spectra often produced far less conclusive
results, and this is brought out in the overall presentation of the
results given in Chapter 7.

Backgrounds

The first problem was to fit the background, and an attempt was
made to determine in what proportions each of the possible break-up
modes contributed to the whole. A region of the spectrum where there
was no peak was used for the fit, and the fitted function taken as
the sum of a number of three and four body break-up modes with the )

highest Q-values, The general conclusion was that it was possible to

distinguish between three body modes and four body modes since the
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shapes were quite different, but not between different three body modes,
say, since the difference in shape involved only small shifts along the
abscissa resulting from the different Q-values, and were negligible
except in the threshold region. Here the shape was obscured by the
presence of peaks.

The 11B(p,n)HC spectrum shape was found to overwhelmingly
favour a three body breakup mode, the contribution from the four body
mode being indistinguishable from zero. Fig. 6.4.B shows the fit to
the 300 spectrum in which most of the "peak" excitation is absent
because of the relatively high angle. It should be emphasised that
only the comparitively small region indicated was used for the fitting.
The remainder of the curve is an extrapolation of the phase-space
integral, and the fact thét the data were extremely well fitted in
the extrapolated region gave considerable confiidence that a similar
extrapolation at other angles into regions with the considerable "peak"

excitation was valid.

The resolution function

The next problem was to determine the resolution function for
each spectrum. It was hoped to do this using the main neutron peak
in the 7Li(p,n)7Be spectra, but the presence of the unresolved
transition to the first excited state of 7Be at 0.431 MeV changed
the shape too much to allow this. The spectrum which could be used
to provide the most accurate resolution function was the 11B(p,n)“C
spectrum in which the first two peaks, though overlapping, were
sufficiently far apart from each other and from the other peaks to
allow a clear cut fit to be made. In addition, the background in

this region was zero. The sum of two ROQs was used to represent the

peaks, and the position of the second was calculated from the known
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excitation energy (1.995 MeV) of the first excited state of 11C.

The heights of the peaks and the shape parameters of the ROQs were
allowed to vary during the fitting process, excepting that the
program was modified slightly so that the shape parameters of one
ROQ were constrained to remain equal to those of the others, The
positions of the peaks were kept fixed. (A trial fit which allowed
the position of the second peak to vary in addition to the other
parameters produced almost identical ROQ shape parameters, ;nd a
position for the second peak which was negligibly different from
that predicted.). The results of such a fit to the ON69 0° spectrum
are shown in fig. 6.4.C in which the overall function and the two
separate peaks are shown,

Peaks

Having determined the resolution function for the 11B(p,n)“C
spectrum it was then possible to apply it to all the peaks in this
spectrum, First it was confirmed that the positions of the peaks as
predicted by the kinematics program coincided with the positions
estimated visually, and the function to be fitted was defined as the
sum of the previously determined background functions and ROQs with
fixed shape parameters at each of the predicted positions., The only
variable parﬁmeters were the heights of the peaks. The results of
such a fit are shown in fig. 6.4.D. It may be seen that the third
peak is broader than the rest and has been fitted with two close
narrow peaks at the expected positions of transitions to the second
and third excited states of Mo at 4.305 MeV and L4.794 MeV. It was
not possible to establish on purely experimental grounds whether this
peak resulted from & single naturally broad state or two unresolved
states (though it was shown, using randomly scattered manufactured

data, that such a procedure was possible in principle). However the
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positions and small widths of these 116 states are firmly established,
and 1t was felt that evidence of the separate cross sections for
transitions to the two states had been obtained,

Tke other spectra were fitted in a similar way, except that it
was necessary to use as the resolution function, the ROQ shape
parameters obtained from the 11B(p,n)“C spectrum. This did not
usually lead to serious errors., Sometimes it was necessary to use
broadened ROQs, and in a few cases, the position of a peak was also
allowed to vary so as to more accurately determine the excitation
energy.

Modifications o increase sneed

In its original form, the program was very inefficient since all
the separate functions making up the whole were recalculated from the
basic function definitions every time any parameter was changed
during the fitting procedure. In this form it took about five minutes
computing time to completely analyse a single spectrum, so that it
would have been prohibitively expensive to attempt to analyse all
two hundred and twenty seven spectra, Consequently, two important
modifications were made which increased the speed by about a factor
of ten., This made the analysis of all the spectra possible, but,
even so, several hours computing time were used.

The first modification consisted simply of not recalculating a
basic function if none of its parameters had been altered, and the
second of using a rapid recalculation method if only the height of a

function had been changed, as was the case with a large majority of

the fits,
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6.5 Galculation of the differential cros8-sections

Terminology

Before introducing the subject matter of this seétion, some terms

and symbols will be defined, as follows:

Composite spectrum:

gold spectrum:

bare spe srum:

C:B+G’o

spectrum from a target complete with gold foil
backing, symbol "C" used for the area of the
whole or part of the spectrum; )
spectrum from the gold foil backing of a

target or from the lone gold target; symbol "G";

spectrum from the target material without the

gold foil backing, symbol "B",

The term '"background" is used in three different ways as follows:

gold background:

breakup background:

spurious background:

synonymous with "gold spectrum", used when the
gold spectrum is being regarded as a "back§round"
to the composite spectrum;

that part of a spectrum other than the peaks,
which results ﬁainly from nuclear breakup
processes in the target,

that part of an observed spectrum other than

the peaks or the breakup background, which
probabiy resulted mainly from nuclear reactions
takigg place in the deflection ﬁlates, symbol

-

"S", may be subscripted.

The presence of spurious background is indicated by the appropriate symbol

being primed, so that, e.g.

C' =C + S.
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Introduction

This section describes how the differeptial cross-sections were
calculated from the areas of the peaks found by the fitting program. In
the abaence of a reliable monitor, many of the ocaleulations relied on the
target to target comparisons performed during the D69 run. The target to
target normalization and the way in which it was used to subtract the gold
backgrounds from the composite spectra for the D69 data is described in
subsection 6.5.1.

The presence of high spurious backgrounds during the D69 run caused
difficulty in subtracting the gold speatra in particular from the ON69
data, and the way in which this was overcome and the angular normalization
performed by using a theoretical calculation of the angular variation of
the area of tk > breakup backgrounds is explained in 6.5.2,

Absolute nérmalization of the data is discussed in 6.5.3, and the
section is summarized in 6.5..L.

6.5.1 Target to target normalization and subtraction of the gold
background from the D69 composite spectra

During the D69 run, the spectrum from each target was compared
with that from the reference lithium target in such a way that the
internal beam intensity could be assumed equal for each. It was
therefore only necessary to divide by the counting time to obtain the
relative normalization between each target spectrum and the reference
lithium spectrum, and hence the normalization between all the targets.

As the area of the peaks could be determined reasonably accurately
even in the presence of spurioug background, the D69 data therefore
gave the target to target normalization for al}|pgaks, i.e., for all
cross sections of transitions to wellldefined states of the residual

nucleus, for all the elements at each angle. This did not, however,

provide angular normalization.
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The normalization between each composite spectrum and the gold
spectrum from the lone gold target also enabled the gold backgrounds
to be subtracted. The subtraction was valid even in the presence of
high spuriBva HakkgPAlund pPRaAvVided that the spurious backgeaunds were
constant, for

c' G +B + Sc (1)

"

G' = G + Sg (2)

Since the thicknesses of the gold backings %nd of the lone gold

target were equal, we can write

Sc = Sg (3)

v B =C'-G! (4)

However, the normalization factors, essentially the ratios
C'/G', could not be applied to the ON69 data since S in egns. 51) and
(2) was not the same (in fact S was negligible for most of the!ON69
data). Furthermore, for many of the D69 daba, the spurious background
intensity was not constant from target fo target, almost certainly
because the deflection plates moved up and down as they expanded or
contracted. This led to errors in background subtraction from some
of the D69 data, and led to the D69 da%a's not being used for the

angular normalization for reasons which are made clear in the following

subsection.

Although most of the background subtraction factors could not be
applied to the ON69 spectra, it was established, by investigating the
spurious background directly by:observing the épectrum obtained with
no target in the beam, that there was a negligible amount of spurious
background at Oo. It was therefore possible to apply the DA9 0°
factors to the ON69 0° data and this enabled the whole of the ON69

dnta to be corrected as explained in the following subsection,
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6.5.2 Angular normalization and subtraction of the gold backgrounds
from the ON69 composite spectra

Both the angular normalization and the subtraction of the gold
backgrounds from the ON69 comﬁogite spectra relied mainly on a
theoretical calculation of the angular variation of the area of the
breakup background (see 6.4.1).

The statistical theory, used to predict the shape of the breakup
background, also predicts that the angular distribution should be
isotropic in the centre of mass system. On this assumption, and
given the shape of the spectrum, determination of the angular variation
in the laboratory system involved a purely kinematical calculation,

The angular normalization of a peak, and hence the angular
distribution of the corresponding cross-section, was therefore
obtained by comparing the area of a peak with that of a fixed section

of the breakup background in a region where ‘there was no peak, and
f

aésuming that the angular distribution of the latter was given by
the above mentioned theory. It was because iof the dependence of the
angular normalization on the area of the breakup background that it
was important to subtract the gold background accurately, since.in
the breakup background region of the speotrum, the gold background
constituted between 20 and SQ%Aof the composite area.

The choice of exactly which region of the breakup background
spectrum to use in the calculations was govérned by the following
considerations. The predicted isotropic centre of mass distribution
depends essentially on the assumption that the interaction leading
to the breakup has no direct character, i.e. that the incoming
particle'interacts with many target nucleons and that the interaction

time is relatively long., This is most likely to be trie when the

final state neutron energy is low, so that the choice of a low energy
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region of the spectrum was desirable. It was also necessary to choose
a region where thefe was no peak of significant area, and one which
was included in the observed.sp>ctra for all elements at all angles.
These considerations led ta tha 6holge of & Yogion of the apeatrum
corresponding to neutron energies which would result from interactions
leading to two body final states with Q-values in the range -30 to

-50 MeV.

Confidence that the predictions were valid was gained from the
fact that the shape of the experimental breakup background was well
fitted by the phase space integral (see sub-section 6.4.4 and in
particular, fig. 6.4.B) and that this has been confirmed by other
workers (Bonner, 1970). Since the shapes were usually found to be
fitted by three body rather than four or more body phase gpace
integrals, the three body integral correspo?ding to the breakup mode
with the highest Q-value was used, since it 'was shown that that
inclusion of other breakup modes negligibly affected thegéhape of the
spectrum particularly in the low ene;gy.reg{on defined above. The
difference between three and four body integrals in this region'was
also small,

Subtraction of the gold background from the ON69 composité spectra
was performed by first applying the D69 0° factors to the ON69"Oo
data, This enabled the ratio of the area of the gold spectrum to that
of the composite spectrum over the standard breakup background region
to be evaluated for the 0° spectra, The theory was then used to
calculate the way in which this ratio varied with angle and enabled
the subtraction factors to be calculated. The variation of the ratio
with angle was, e.g., 11.8% over 30° for lithium, and was a kinematical

rfTect resulting from the difference in the masses of the gnld nucleus

and '"'hat of the other elements.
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It should be noted that this method depends only on the
assumption that the angular distributions of the breakup backgrounds
in the centre of mass were very similar for both the gold spectra and
the bare spectra, and not upon the correctness of the postulated
isotropic distribution as such. That this assumption was valid at
least to ~ 10% was shown by the target to target normalization of
the peaks determined at all angles during the D69 run. Given the 0°
target to target normalization, and angular distributions independently
calculated for each element, it was possible to obtain target to
target normalization which depended only on the D69 0° data and the
theoretical calculations., Comparison with the D69 non-0° data con-
firmed that the calculations were valid to 10%. It was felt that

’ "
the assumption that this result also applied to the gold spectra was
also valid at least within the above limits of error.

The only direct experimental confirmation of the validity of the
predicted angular distribution as such obtained in the present
experiment was the angular distribution investigation described in
Chapter 5, section 5.4.This established the angular distribution of
the counting rate in the third quarter of the observed lithium
spectrum, but because of the possible presence of spurious background,
there was some difficulty in calculating the area of the neutron peak
from the "3rd quarter area". The amount of spurious background was
fairly low when the "3rd quarter" distribut}on was determined, and-so
the ratios

peak area
>rd quarter area

for the ONA9 data were used in the calculations, This gave an
angular distribution which was slightly more forward peaked than that

obtained using the "background method", being (8 + 10)% low at
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12-50 (lab.), but this difference was within experimental error.
However, the exact amount of spurious background present was not
known, and its presence would make the experimental angular distri-
bution more shvonsly FePWAPA peaked, and the agreement werse. For
example, if the amount of spurious background had been equal to that

present for the main D69 10° 1ithium spectrum,the experimental

result at 10° would have been (17 + 10)% low. This evidence there-
fore suggests that the angular normalization method produces results

'
which may be slightly high at non-zero angles, but the error at

12.,5° (1ab.) (~ 14° C.M.) are probably less than 10%. )

It is very likely that any deviation from the predicted angular
distributions of the breakup background are towards some degrée of’
forward peaking, so that systematic error from this source would
meke the quoted cross-sections too high at non-0° angles - in

agreement with the experimental indications,

6.5.3 Absolute normalization

The absolute cross-section for the d(p,n)2p reaction at 96 MeV
and 0° has been previously measured (Langsford, 1967, B). The cross-
section in the laboratory system for production of neutrons in the
ernergy range Tn (Max) to (Tn(Max) - é MeV) was found to be 34.1 + 3.4
mb sr—1. The D69 0° target to target normalization factors were
used to compare the 0° peak areas with the area of tge d(p;n)Zp peak
from the deuterated polythene target over the above mentioned energy
range to achieve the absolute normalization. The contribution to the
deuterated polythene spectrum from the cafboﬁ was zero over this
range.,

The error on the target to target normalization factors was

estimated to be _i1q% leading to an overall normalization error of

45T,
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6.5.4 Summary

The D69 comparisons between the spectra from the reference
lithium target and that from each other target in turn allowed target
to target normalizetion of all the eross-sectiens over the whele
angular range. It also enabled subtraction of the gold background
from the D69 spectra, excepting that in some cases errors were
introduced by the variation in the amount of spurious background
observed from target to target.

The presence of spurious background p}evented the straightforward
application of the D69 normalizatiqn factors to the suﬂfraction of
the gold background from the ON69 spectra.. This was overcome by
using a theoretical calculation of the angular distribution of a
region of the breakup background. This calculation was also used to
perflorm the angular normalization.

Absolute normalization was achieved by reference to a previous
determination of the absolute cross section at 0° of the d(p,n)2p
reaction,

6.6 Angular resolution

The angular resolution of the experiment was the result of the very
small Aivergence of the neutron beam resuiting from the finite sizes of
the target and the detector, and the very much greater divergence of the
incident proton beam resulting from radial oscillations. ,

The divergence of the proton beam in the Harwell synchrocyclotron at
the radiqs of this experiment has been calculated by Saltmarsh (Saltmarsh,
1965) to be 3.20 (f.w.hem.). The felevant conditions in the present
experiment were probably fairly similar, and as the only important conse-
quence of the finite angular resolution was to cause a small shi'v in the

quoted mean angle for some of the cross-sections, it was considered

acce;table to use Saltmarsh' results.
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CHAPTER 7

THE RESULTS AND THEIR INTERPRETATION

“

All the experimental results are presented in the Chapter, along with
the whole of the interpretation. An overall assessment of the experiment
is given in Chapter 8,

The first five sections of the Chapter discuss the results from each
of the five nuclei studied, and the experimental angular distributions are
presented in the form of.graphs and tables adjacent to the appropriate
section. Diagrams of the known ener_y levels of the nuclei concerned are
also shown, and mention in the text of levels A, B ... refer to the levels
in the residual nucleus which are indicated on these diagrams. A typical
" neutron energy spectrum from each element is also presented, and it should
be emphasized that this is the only occasion where energy spectravare
presented. All other spectra illustrated in this thesis are time of flight,
or channel spectra, and in these, the corresponding neutron energy increases
from right to left.

The errors shown are random errors only, and it should be remembered

that the data are also subject to the following normalization errors

|
| Absolute normalization : + %

! ]

 Angular normalization : i . |
¥

The error is likely to increase systematically with angle.

|
It is thought to be small but could be up to 10% at 12,5° (1lab.)

i
*
 —

Section 7.6 - 7.8 discuss aspects of the resu%ﬁs common to more than
one element. Section 7.6 compares the present data with other experimental
results, section 7.7 briefly discusses the analogue transitions, an?
section 7.8 discusses a DWBA analysis of the results. The angular |

distributions predicted by the analysis are shown along with the appropriate
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experimental data in sections 7.1 - 5,
7.7 Lithium

The energy spectrum from lithium is shown in fig. 7.1.A, and its main
features are the very intense neutron peak at the high energy threshold,
and, apart from the background, the. almost complete absence of evidence for
the excitation of more highly excited levels. From the known Q-value of

7Be (fig. 7.1.C(1)), the main

the reaction and the energy level diagram of
neutron peak consists of unresolved transitions to the ground state (A),
and first excited state (B) at 0.431 MeV of 7Be, and the analysis of the
separate contributions of these two transitions is discussed in subsection
7.1.1. Evidence for a possible further contribution to the peak is
discussed in sub-section 7.1.2,

The summed cross-sections for the two transitions, showing the
expected strong forward peaking of the angular distribution, are given in
fig. 7.1.C,

A possible anomaly on the trailing edge of the composite peak is

discussed in subsection 7.1.2.

7.1.1 Evidence for a transition to the 0.431 MeV level in ZBe

It has in the past been very difficult to measure the degree of

5

excitation of level B in the Li(p,n) reaction in the 100 MeV region,
because of the low excitation energy (0.431 MeV) compared with the

width of the experimental neutron energy resolution function. The

present resolution enabled an improved measurement to be made of the

ratio

do~
o, (transition B)

gg.

A2

(transition A)
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and this is described in subsections 7.1.1.1 and 7.1.1.2. Compérison
of the result with the predictions of theory and with previous results
is made in sub-section 7.71.1.3.

The experimental determination of R in the present experiment
was more difficult than the apparently similar problem of resolving
the two transitions in the 11B(p,n)“C reaction mentioned in
sub-section 6.4.4. In that case, both the resolution function and the
absolute positions of the component peaks were accurately known by
reference to the two resolved peaks (g.s. and 1.995 MeV) in the same
spectrum, Neither of these points held for the 7Li(p,n) spectra, and
it was nececsary to use the D69 11B(p,n) spectra to infer the
resolution function and absolute peak positions for those 7ii(p,n)
spectra with which they were paired. This depended on two assumptions,

Assumption 1 The mean incident proton energy when bombarding

the lithium target was the same as that when bombarding the boron
target.

Assumption 2 The resolution functions for the paired spectra

were the same.
The D69 data taking technique (see section 5.4) was designed to
minimise the failure of these assumptions. Two major effects on the
composite 7Li(p,n)7Be (g.s. + 0,431 MeV) peak of the presence of the
second component may be identified.
(1) The position of the centroid of the peak is shifted. To use
this to determine R depends only on the validity of Assumption 1,
(ii) The shape of the peak is changed; in particular, it is
broadened. To use this to determine R depends only on the

validity of Assumption 2.
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These two approaches are considered separately in sub-sections
7.1.1.1 and 7.1.1.2, where it is shown that the most reliable results
were obtained using the shift of the centroid; and that, although the
results using the change in peak shape had to be rejected, the method
nevertheless confirmed that R was substantially greater than the value
of 0.1 suggested by previous work.

T.1.1.1 Shift of the centroid

R was calculated from the D69 paired spectra from the boron
and lithium targets by first calculating, directly from the'
experimental data, the positions of the centroids of the
11B(p,n)“C (g.s.) single peak and of the 7Li(p,n)7Be (g.s. +
0.431 MeV) composite peak. In each case the centroid was
calculated over that region where the height of the peak was not
less than 0.2 times the maximum height, i.e. the regi;n W in
fig, 7.1.D (i) and the region £1in fig. 7.1.D(iv). The reasons
for this choice of region are given below. Assumption 1 was
then used to infer the position of the 7Li(p,n)7Be (g.s.) peak
from that of the 11B(p,n)HC (g.s.) peak, taking into account
the very small difference in energy loss (0.037 + 0.006 MeV)
suffered by the protons in passing through each target.,” The
separation, 8, of this inferred position of the g.s. peak from
the directly computed position of the composite peak was

determined, and R finally calculated using the relation

where S is the separation corresponding to the excitation

energy of 0.431 MeV.
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The calculations were performed for the OO, 50 and 10° D69
. 11
paired B(p,n)/7Li(p,n) spectra since only these three had
sufficient statistical accuracy to define the regions W and Q2

(fig. 7.1.D) with confidence. The values of R found were

respectively

O0.47 + 0.10, 0,22 + 0.11, 0.88 + 0.17
These errors are solely those derived from the statistical errors
in the number of counts in each channel, according to the follow-

ing formulae. The position, C, of the centroid of a peak is

given by

where n, 18 the number of counts in the ith channel, and the
summation is over the desired region, N is the total number of
counts, or "area" of the region. The standard deviation in C,

8(C) may be shown to be given by
5(C) = %/zi[(i2+02—2i0)varni]

where var n. is the variance (square of the standard deviation)

of n.. For a count obeying Poisson statistics, var n, = n..
i

However, in this case, those corrections detailed in section 6.2

(dead-time correction, etc.), had previously been made to the

channel contents, so that the relation var n, = n, no longer held.
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The remainder of this section:

(i) discusses the magnitudes of errors arising from a possible
failure of Assumption 1, and suggests that this is the
reason why the spread of the above results is larger than
would be expected solely on the basis of the statistical
errors;

(ii) explains the reasons for the choice of peak region over
which the centroid was calculated, considers possible errors,
and shows them to be negligible; and

(1iii) quotes what is considered to be the best value of R which
may be derived in this way from the present data.

Failure of Assumption 1

AN

It is possible to make only a very rough estimate of the
errors resulting from the invalidity of Assumption 1. A single
count lasted either 0.5 or 1.0 min, so that errors arise from the
component in the incident energy fluctuations with a period of
the order of 1 min., Let the magnitude of such fluctuations be A,
Then, since a complete count was made up fr;m 10 individual
counts, the overall error is A/JTG. This error applies to each
of the two associated spectra, so that the error on the energy
difference 1is fa-(A/jqﬁ) = Aﬂgl

To account for the spread in the results requires A to be
of the order of 0.1 MeV - a value of & = 0.13 + 0.05 MeV leads

to R = 0,43j8'§g . Two pieces of evidence suggest the actual

magnitude of A.
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(1) During several hours of data taking, the mean incident
erergy was observed to vary by typically 0.5 MeV. It is not
possible to argue from the magnitude of this drift to a knowledge
of the magnitude of fluctuations, but this at least shows that
relatively large changes could and did occur.

(11) Typically, during a count lasting several minutes, a
neutron peak was observed to broaden by about 2 - 3 channels
(f.w.h.m.), i.e. 0.2 MeV, This was almost certainly caused by
incident energy fluctuations, and since the broadening took place
over a period of minutes rather than seconds, this is good
evidence that fluctuations of about the right magnitude and
periodicity did occur.

Choice of peak region

It is therefore likely that the failure of Assumption 1
wholely accounts for the spread of the results., However, a
possible further source of error, connected with the choice of
region over which the centroids of the peaks were calculated,
will now be considered. It will be shown ig particular that:
(1) the method chosen minimised the errors,

(ii) such errors as remained were unlikely to be systematic,
(1ii) the magnitudes of the errors in this particular case were
negligible,

Ideally, the region chosen for the computation of the
centroids should include the whole of the peaks, and exclude
all excitation resulting from other transitions; no error would
then be introduced. However, in practice, it was impossible to

similtaneously fulfil both these requirements, and it was
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necessary to exclude the outermost wings of the peaks in order

to exclude

(i) +the second peak in the 11B(p,n) spectrum, and

(i1) that region in the 7Li(p,n) spectrum interpreted in
subsection 7.1.2 as a possible anomaly in the background.

Subject to (i) and (ii), the region should be as wide as
possible, and the 0.2 x (maximum height) cut off illustrated in
fig. 7.1.D(1i) was the best compromise.

)110

However, having fixed the region W for the single 11B(p,n
(g.s.) peak, the question arises as to how to treat the composite
7Li(p,n)7Be (g.s. + 0.431 MeV) peak. Since those parts of the
component peaks which should be included overlap parts which
should be excluded, the possibility of error is inevitable, aﬂd
fig., 7.1.D (ii), (iii) and (iv) illustrate three possible
approaches. In (ii), the region W, centred on the first
component is extended by an amount S corresponding to the known
excitation energy of 0.431 MeV, so as to take in the correct
amount of the second component. In (iii) the region W is not
extended at all, and in (iv) the same cut-off criterion is
applied to the composite peak as was applied to the single peak,
to give the region LX (this was the method actually used) .

The shaded areas show those regions which are wrongly

ijncluded or excluded, and it may be shown that the resultant

errors are given by

a, x, - Q X
L.y = 1 ™ 2 2
(11) -
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The E. arc the true position of the centroid minus those
directly computed, A is the total area after changing the

spurious regions and is the same in each case, and the x, y and

z are the distances of the areas from the computed centroids., A
sign convention has been psed so that all quantities are positive,
on the presumption that the centroid lies between the regions on
the left wing and those on the right.

The formulae may be used to infer the general behaviour of
E(ii) and gfiii)’ and plots as a function of R/(R + 1) for a
symmetrical peak shape are shown as the full lines in fig. 7.1.E.
The curve marked (v) is for a region W centred on the second
component peak., The crosses indicate that Ekiv) = 0 for
R =0, 1 andew, and it may also be shown that E(iv) is
constrained to lie within the shaded region. The actual behaviour
of Ekiv) depends on the peak shape (the shape remaining symme-
tric), but it is likely to lie close to the abscissa for all
values of R. Moreover, there is no general reason to expect the
sign of Ekiv) to be either +re T “yer SO %hat the error may
be treated as random rather than systematic. The major effect
of an asymmetry of the type shown in fig. 7.1.D is to cause
Ekii) to shift to the position indicated by the dotted line in
fig. 7.1.E,

The peaks shown in fig., 7.1.D are taken from an actual fit
to a 7Li(p,n) spectrum as described in sub-section 7.1.1.2, and

for this particular case, & may be computed directly to give a

percentage error in 0 as follows
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In this particular case Ekii) /5 is small because the value
of R indicated, 0.75, happens to be close to the point A in

fig. 7.1.E. The final value of R obtained is 0.4k, and for this
probably more realistic value, Ekiv) would stand out even more
clearly as the best choice.

The error represented by Ekiv)’ even if it were several
times larger in the actual case than in the above example, may
be neglected compared with the ~ LO% error associated with the
failure of Assumption 1,

(1ii) Pinal value of R

It may be concluded, then, that the spread in the previously
quoted results is almost entirely the result of a failure of
Assumption 1, but that it is not possible tg determine the
resultant error accurately. Consequently, the final value of R
was calculated by taking the mean of the three results weighted
by their statistical precision, and assigning an error equal to

the root mean square deviation of the results about the mean,

This calculation yields

R = OQLI-L}- i‘ 0028
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7.1.1.2 Shape of the peak

It was clear, simply from inspection, that the peaks in the
spectra from lithium were broader than peaks in other spectra
known to be single, and that therefore the 7Li(p,n)7Be(O.431 MeV)
transition was contributing significantly. During both runs,
single peaks were typically 1.2 MeV wide, and lithium peaks
1.5 MeV, However, for a quantitative determination of R, it was
necessary to take the detailed peak shape into account, and to
use the fitting program.

For the most useful fits, the D69 paired spectra from boron
and lithium were again used. The resolution function was
determined from the 11B(p,n) spectrum (see sub-section 6.4.L)
and then used to fit the 7Li(p,n) spectrum assuming the validiéy
‘of Assumption 2.

As a check, the 7Li(p,n) peak was first fitted with a single
peak. The fit was very poor, the peak being far too wide, thus
confirming the significant contribution of the second peak,

(The previously determined phase space background was also
included in this fit as in all subsequent ones. Its amplitude
was small over the peak region).

Fits using two peaks were then attempted, a number of
different approaches being considered. The following combinations
of parameters may be varied during the fitting process:

(1) +the positions and heights of both peaks,

(11) as (i) but subject to the constraint that the separation
of the peaks be kept fixed at the amount, S, corres-

ponding to the known excitation energy of 0.431 MeV,
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(iii) the peaks may be kept fixed at the positions indicated
by Assumption 1, and only the heights varied.
(1) ana (ii) depend only on Assumption 2, (iii) depends in
addition on Assumption 1. Method (ii) is theoretically the most
reliable since it imposes- all necessary, but no unnecessary
constraints, but it would have been necessary to alter the
fitting program to permit such fits to be made.

The first conclusion from the two-peak fits was that there
was an anomaly on the trailing edge of the composite peak that
could not be fitted without the inclusion of a small third
peak as shown in fig, 7.1.B. The interpretation of this is
considered in section 7.1.2, The presence of this peak in all
subsequent fits is assumed.

The D69 pairs were fitted using methods (i) and (iii).
Values of }:2 at the minimum varied from 1.2 to 3.0 per point
indicating reasonably good fits and a reasonable validity of
Assumption 2. The method (iii) fits gave similar results to the
method (1) fits, but since they were subject to an unnecessary
constraint, the results were ignored., The method (i) results
gave values for the positions which were consistent with a
separation of S, and the values of R found for the three D69

spectra considered in the previous sub-section were
0.37 + 0.15, 0,38 + 0.27 and 0,96 + 0.38

These are clearly compatible with the shift of the centroid

results, which were

0.47 + 0.10, 0.22 + 0.11 and 0.88 + 0.17,
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but exhibit somewhat larger errors. It should be noted that,
although the program calculated the errors in a purely statistical
way (see sub-section 6.4.3), the above errors necessarily include
a contribution from any failure of Assumption 2,

The ON69 spectra and those D69 spectra not paired with
11B(p,n) spectra were fitted using method (i) only, using the
resolution function obtained from the 0° 11B(p,n) spectra,
Values of ){2 varied between 2.5 and 15.0 per point, indicating,
as expected, rather worse fits, since the resolution function
used was not so realistic, Values of R varied from 0.3 to 1.5
and large errors were indicated. In a number of cases, the
program indicated spuriously enormous errors up to 10%%, and it
was clear that, in this case, with a badly defined minimum of
7(2, the program was operating near the limits of its capability.

In view of this, it was felt that the D69 paired results
also had to be viewed with some suspicion, To improve the
situation, it would have been necessary to make a proper study
of the performance of the program in such limiting cases, and
of the detailed behaviour of )(2 as the parameters were varied.
Had this been done, it might then have been worth altering the
program to allow method (ii) fits to be made.

However, no matter how much the techniques were refined,

the results could only represent an improvement over the shift

of the centroid method if Assumption 2 were significantly
better than Assumption 1. Consequently, since any failure of
Assumption 1 was in fact likely to cause a failure of

Assumption 2, and in view of the considerable difficulties
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involved, the results from the fitting program were rejected,

save for the observation that they confirmed the significant
£ : s . 7

contribution of the ‘Li(p,n) Be (0.431) peak.

7.1.1.3 Comparison of the present result with theoretical
predictions and previous data

The value of R in tﬂe 100 MeV region has been uncertain for
some time. Mahalanabis (Mahalanabis, 1964) used the plane wave
impulse approximation to obtain angular distributions for
transitions to levels A and B at 143 MeV, and Saltmarsh
(Saltmarsh, 1965) used her formulae to calculate the 0° ercss-

sections for 94 MeV. He predicted a value of R of 0.65 and

compared it with his experimental value of O°O9j8'g;. (Saltmarsh
quoted R = O°O8f8'gg, but there was an error in his definition

of R, and he had in fact calculated the ratio R/(R+1)).

The present experimental value of R = O.L4 + 0.28 is
therefore somewhat lower than the value of 0.65 predicted by
Mahalanabis formulation, but agrees within experimental error.
Mahalanabis assumed an extreme L - S coupling model in which

7Li and both states A and

the overlap between the ground state of
B of 7Be was assumed to be complete, This assumption is likely
to be valid for state A whatever model is used since it is the
analogue of the ground state of 731, but not for state B.
Reducing the overlap would therefore lower the predicted value
of R and agree better with the experimental value.

The present result may also be compared with those of
Clough et al (Clough, 1969) for the same reaction at 30 and 50

0.
MeV. They found R = 0.3L 4 0.03 at 30 MeV and R = 0.15j0.?g at

50 MeV,
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The data may also be compared with Mahalansbis' predictions
of the differential cross-section at 0°. Extrapolating the
present experimental graph shown in fig. 7.1.C(ii) to 0° and
taking R = 0.4 + 0.28 yields a cross-section for the ground

“ 4. - +L|-05 "'1 . .
state transition of 19.h;2 5 mb sr , This is lower than
Mahalanabis! prediction, but, again this is just within experi-
mental error., Agreement with experiment would be improved by

taking into account the effects of absorption neglected by

Mahalanabis.
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7.1.2 Evidence for an anomaly in the shape of the background

Examination of fig. 7.1.B shows excitation in the region of
2 MeV excitation energy, which has been fitted with a small third
peak. Its presence was confirmed with most of the other lithium

7 1,

spectra examined. There is no known state of either 'Be or

i near
this excitation energy, but the neutron energy is quite close to the
threshold for breakup of the 7ée nucleus to 3He + a as indicated
by the phase space integral corresponding to this breakup mode shown
in the fig, It is possible that the shape of the background deviates
from the phase space integral and exhibits a peak, or at least an
enhancement, near the threshold. Such peaks have been observed by
other workers and this question is discussed further in section 7.2.
It should be stressed, however, that this apparent enhancement of the
excitation could be simply the result of a low energy "tail" of the
resolution function. Such a tail would be obscured in the other.
spectra because of the preéence of more highly excited stétes. The
experimental evidence for the anomaly must therefore be regarded as

weak,

7.2 Beryllium

The spectrum from beryllium was the most difficult to analyse. The 0°
spectrum is shown in fig. 7.2.A, and the ground state transition, A, is
clearly visible as well as a further strong excitation which peaks at
2,5 + 0.1 MeV. This excitation falls off slowly towards lower energies
suggesting the excitation of further states.

The known energy levels of 9Be and 9B are shown in fig. 7.2.B(i). The
spectra were fitted with a single narrow peak at each of the positions

corresponding to the known states.

The expected forward peaked angular distribution for the ground state

transition is shown in fig. 7.2.B(i1).
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It was not possible to derive conclusions about the separate cross
sections for transitions to levels higher than D, and these have been
summed to give the angular distribution shown in fig. 7.2.E. The broad
forward peaking is consistent with the excitation of both natural and
unnatural parity states.

The existence of level B is uncertain, However, it proved very
difficult to fit the spectra without the presence of a transition to this
level to partially "fill in" the trough between the peaks, and when it was
included in the fit, the angular distribution shown in fig., 7.2.C(i) was
obtained., The forward peaked distribution, suggesting A1=0, is
inconsistent with the identification of this state as the analogue of a
1/2+ level at 1.67 MeV in 9Be since the parity change implies an odd
value of Al, and as the "pesk" could hardly be said to be "resolved",
these results must be viewed with suspicion - but see below.

The second maximum in the spectrum occurs between the position
predicted for levels C and D, indiceting either that some other state is
being excited, or that transitions to both C and D occur strongly. Angular
distributions on the latter assumption are shown in fig. 7.2.C(i1i) and
7.2,D(i) The precise relative magnitudes of the cross-sections are
sensitive to details of the shape of the resolution function and may be
in error, but the forward peaking of both transitions is not in doubt. The
more accurate sum of the cross-sections is shown in fig. 7.2.D(ii).

Until recently, state D was regarded as having positive parity in both
9Be and °B and the 1/2” state predicted by the shell model (Kurath, 1956)
was regarded as "missing". However Macefield (Macefield, 1969) has reported
a 1/2° state in 9Be at 3,0 MeV excitation, i.e. just below, but very close
indeed to state D. One interpretation of the present data is that neither
state C nor state D is strongly excited and that the transition is to the

analogue of this 1/2° state in 9B at an excitation of 2.5 MeV. The spectrum



was equally well fitted on this assumption provided that the excitation

of state B was increased.

9

However, the evidence for the levels of 9Be and “B has recently been
reviewed by Sanada (Sanada, 1970), and he comes to the conclusion that the
assignment of positive parity to state D is in error and that this is in
fact the "missing" 1/2° state. The 1.67 MeV excitation in 9Be observed by
e.g. Nguyen Ngoc et al (Nguyen Ngoc, 1963) is probably associated with the
threshold of the breakup into (8Be + n) (whether or not it is a "state" in
the usual sense - see (Spencer, 1960; Baz, 1958; Inglis, 1962) for
discussion) and Sanada suggests that the previous assignation of positive
parity to level D might have been similarly asscciated with the broad 2t
excited state (Blair, 1961) in 8Be. The excitation of state B found
necessary to fit the spectra may be similarly associated with the thresh-
old of the (5Li + a) breakup. It would also be not surprising to find a
different angular distribution for this than found in 9Be associated with
the quite different (8Be + n) breakup. Evidence for a similar "peak" near
a breakup threshold in the lithium spectra has already been mentioned in
sub-section 7.1.2.

Sanada's interpretation of state D is entirely consistent with the
present data. On an extreme shell model picture of the nuclei, the
transition to the 5/2  state, C, can only proceed via Al=2, but its
excitation may be understood either in terms of a mixing of the 1/27 and
5/27 levels or of the impurity of the ground state in terms of the L-S
coupling description - see section 7.8.

7-3 Boron

The 0° boron energy spectrum is shown in fig. 7.3,A, A number of
peaks are clearly visible, and their positions corresponded well with those
expected on the basis of the energy level diagram shown in 7.3.B(1). Fits

to the boron spectre have already been discussed in Chapter 6, section 6.k,
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Angular distributions for transitions to levels A, B, C and D, and
to groups of levels E and F were obtained and are presented in figs. 7.3.B-
E. Excitation at about 13 MeV (G) and 17 MeV (H) was also observed but it
was not possible to determine angular distributions.

The forward peaking of the transitions to A, B, C and D is to be
expected from the known values of J on the assumptions discussed further
in section 7.8, and so is that to group F on the assumption that it is the
8.11 MeV level (5 5/2—) and 8.42 MeV level (5/2—) which are strongly
excited., However, group E is composed of two positive parity levels,
implying odd values of Al, and a 7/2° level, which can only be reached
via a A 1=2 transition from the 3/2” ground state of Y5, 1t may be
seen from fig. 7.3.A that this neutron group (E) was badly defined, and it
is possible that it was caused simply by the overlapping of groups (C4D)
and F and was spuriously resolved by the fitting program., The angular
distribution shown in fig. 7.3.E(i) is therefore of doubtful validity.

The strong excitation of a number of states in this reaction is in
interesting contrast to the lithium spectrum (section 7.1) where only the
ground and first excited states are strongly excited., This point is

discussed in detail in section 7.8.

This spectrum shows clearly that A1=0 transitions are favoured in
direct reactions at this energy sven at angles corresponding to the maxime
of the expected distributions for Al121.

7.4 Carbon

Fig. 7.4.A shows the 50 energy spectrum from carbon. (This particular
spectrum was chosen for display simply because it had the greatest
statistical accuracy). The known snergy levels of 1 N are shown in fig.
7.4..b(i). Levels C, D and E are from (Clough, 1970) and the rest from

(Ajzenberg—Selove, 1968) . Ajzerberg-Selove et al also show a possible
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level at 6 MeV which has been omitted from the present figure. The
transition to the ground state, A, may be clearly seen in fig. 7.L.A as
well as two broad peaks at excitation energies of L.3 + 0.2 MeV (C) and
7.1 + Ol MeV (probably E). There is also evidence for excitation of at
about 1 MeV. On the assumption of a single narrow peak in this region,
the fitting program found the excitation energy to be 1.18 + 0.05 MeV

but it almost certainly consists in fact of unresolved transitions to the
two levels comprising group B in fig. 7.4.B(i).

The position of the excitation at 4.3 MeV shows a definite shift to
lower energies relative to the othér peaks between 20° and 350 (1ab,).
This strongly suggests the existence of another state, and on the assumption
that the shift is complete by 350, its excitation energy is 4.8 + 0.3 MeV,
This is very probably the 5.3 MeV state (D) found by Clough et al, and, if
so, the discrepancy in the excitation energy suggests the shift from one
to the other is not complete by 350 as assumed,

Levels C, D and E all appear to be naturally broad and were fitted
with broadened resolution functions. The widths were found to be
respectively 1.3 + 0.2 MeV, 2.5 + 0.5 MeV and 5 + 1 MeV,

Tre angular distributions are shown in figs. 7.4 B - D. The section
between 200 and 350 for levels C and D is in some doubt as it is based on
a rough estimate of the separate contributions to the unresolved peak.

The angular distribution for the ground state transition, A, is
strongly forwafd peaked suggesting A 1l=0, consistent with the expected
0t —s 1%, The transitions to B would be expected to have A1=2
(0t — 2%) and A1=1 (0" — 27) and therefore to be not forward peaked.
The rather inconclusive behaviour exhibited in fig. 7.4.C(1) is therefore
not inconsistent with expectations.

The distributions for levels C and E both peak at ~10° and strongly

suggest Al=1, It is very likely that these are the partially resolved
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analogues of the giant dipole resonances in 120, and, if so, will have
J7T =1,

The distribution for level D peaks at ~ 329 and, using a DWBA
calculation (see section 7.8), the data were fitted best with a A 1=3
angular distribution. Such a transition would lead to a 2_, 3 or L
level in 12N. There is a 3 , T=1 level in 126 at 20,64 MeV and it is
possible that D is its analogue, However there are a number of other
nearby states in 120 with unknown J ',

7.5 Oxygen

Fig. 7.5.A shows the 0° lithium hydroxide spectrum. The main peak
is from the lithium in the lithium hydroxide, and most of the remainder of
the excitation is from the oxygen. The contribulion from lithium was
subtracted before fits were attempted.

It is known (Zafiratos, 1965) tiat the ground state and first three
excited states of 16F (A) lie within a few hundred keV of each other and
are 0, 17, 27 and 3~ (though not nccessarily respectively). The first
peak in the oxygen spectrum therefore presumably consists of unresolved
transitions to these levels. There is also evidence for excitation of the
1,30 MeV level, B, but the excitation is weak and its identification
dubious.

No other level was resolved at small angles and it was only possible
to obtain cross-sections for the total excitation of the extensive group
of levels, C. However, at 250, BOO and 350 (1ab.) a sharp peak at
L.2 + 0.1 MeV was clearly seen above the general excitation. This is
clear evidence that its angular distribution peaks at much higher angles
than those of the other levels suggesting Al1l> 2. Values of the cross-

sections for the three spectra in which D was resolved are shown in fig.

7.5.D,
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Distributions for A and C clearly indicate Al=1, That for B is
more inconclusive. It is therefore likely that the transition A proceeds
to the 07, 17 or 27 states rather than to the 3~ state since this would
require Al=2, It is also likely that the analogue in 16F of the giant
dipole resonance in 16O constitutes a large part of C,

7.6 Comparison with other data

This section makes two sorts of comparisons of the present results
with other data., The first two sub-sections contain a comparison with
(p,n) reactions at the same, and different energies, and sub-section 7.6.3
compares the results with a (p,p') reaction whose results have been
normalized to the energy of this experiment,

7.6.1 Comparison with the previous 100 MoV data

Comparison of the present results with those of Saltmarsh
(Saltmarsh, 1965) are shown in table 7.6.A, Saltmersh used the same
absolute normalization technique as was used with the present ‘data and
errors from this source have not been included in the comparison.
However the random errors have been increased to take account of
Saltmarsh' 6% and the presenf 10% monitoring error.

The magnitudes of the cross-sections agree reasonably within
experimental error, and show no evidence for a "one-way" deviation
from each other, However Saltmarsh' angular distributions for 7Li
and 9Be are narrower than those from the present experiment, though
those for 120 and 16O agree quite well, In view of the admitted
possibility of angular normalization error in the present experiment,
it might be thought that Saltmarsh' distributions are to be preferred,
However, there are two pieces of evidence which cournter this. First,
the DWBA angular distribution shown in fig. 7.1.C (see section 7.8
for DWBA) was predicted using the same parameters as had been found

by Clough (Clough, 1969,A) to fit his data for the same reaction at
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50 MeV, and this prediction fits the present data much better than
it fits Saltmarsh'. Secondly, it is expected that as the radius of
the nucleus increases, the width of the angular distribution should
decrease. This prediction is confirmed very well with the present
results, but is in conflict with Saltmarsh' data., It is therefore
possible that the present distributions represent an improvement
over Saltmarsh' distributions.

7.6.2 Comparison with (p,n) reactions at 30 and 50 MeV

Clough et al (Clough, 1969; Clough, 1970) have studied (p,n)
reactions at 50 and 50 MeV on all the nuclei studied in the present
experiments with the exception of oxygen. A comparison of their 0°
differential cross-section with those from the present experiment are
shown in table 7.6.B.

The general expectation is that between 50 MeV and 100 MeV,
the angular distribution for a A1=0 transition should become -
narrower and the 0° cross-section should rise somewhat, the total
cross section remaining approximately constant. The regrettably large
normalization error on the present data makes it difficult to draw
firm conclusions, but one or two points stand out:

1) The 12c(p,r1)121\1(g.s.) is very much higher at 100 MeV - this may
be explained simply in terms of.a reduction of phase space at
50 MeV due to the low Q-value (- 18,124 MeV) of the reaction.

2) The 11B(p,n)“C(g.s.) cross-section is low at 100 MeV, but cross-
sections for transitions to the excited states are quite comparable
in magnitude.

Clough's analysis of his data is discussed further in section

7+8.
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7.6.3  Comparisons with (p,p') reactions

It may be shown, e.g. (Clege, 1945) on the direct interaction
model simply on the assumption that "knock-out" processes may be

ignored, that for an even-even spin zero target nucleus,

dnc. 2,
- ?
do~
Tacn (Ps2")
C 12 )12
where the transitions are to analogous levels. Thus the C(p,p') “C*

reaction to the first T=1 state at 15.1 MeV (the analogue of the

ground state of 12N) should exhibit the same angular distribution at

100 MeV as the (p,n) reaction, but with half the cross-section. No
(p,p') data exist at 100 MeV, but the reaction has been studied at
185 MeV (Hasselgren, 1965) and 155 MeV (Jacmart, 1964). On the
direct interaction model, the cross section is equal to the product
of the square of the nucleon-nucleon scattering amplitudes and the
overlap integral. The overlap integral may be assumed the same for
the two reactions, so that the (p,p') data may be normalized to

10C MeV using the appropriate nucleon-nucleon scattering amplitudes.
This has been done by Langsford (Langsford, 1969) who used the free
nucleon-nucleon scattering amplitudes (impulse approximation)
calculated from the MacGregor phase shifts (MacGregor, 1968). He
compared the results with Saltmarsh' (p,n) data (Saltmarsh, 1965)

and found that the angular distributions were the same within
experimental error, but that the (p,n) cross-section was only 1.4
times the (p,p‘). The present 1ZC(p,n)12N (g.s.) angular distribution
is the same as Saltmarsh' within experimental error, but the absolute

cross-sections are a little lower. This exacerbates the discrepancy

yvielding a ratio 1.3 + 0.2, Langsford suggests that the discrepancy
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1s due to the neglect of absorption effects in normalizing the
high energy data to 100 MeV, but the size of the discrepancy seems
rather great to be accounted for in this way. However, a precise
comparison must await a suitable 1QC(p,p') experiment at 100 MeV,

and preferably a better absolute normalization of the (p,n) Cross

sections,

7.7 The analogue transitions

Analogue transitions were observed in the present experiment for

s 9

i, “Be and 11B. They have already been compared with Saltmarsh'
data in section 7.6.

Saltmarsh studied a very much wider range of analogue transitions
than was observed in the present experiment, and an optical model
analysis has been done by Thurlow (Thurlow, 1968). It is therefore
only worthwhile to note how the points of difference of the present
data may affect her conclusions,

The main difference is that the present angular distributions
are wider than those found by Saltmarsh, and therefore if the present
data are to be preferred as suggested is possible in section 7.6,
this would reduce the rather high radii which Thurlow deduced for the

nuclei concerned.

7.8 D.W.B.A. analysis

The methods by which direct reactions may be analysed were
reviewed briefly in Chapter 1, where it was established that though
DWIA is relatively simple, and directly predicts the cross-sections,
DWBA, which assumes an effective interaction between the nucleons is
likely to produce better fits - certainly below ~100 MeV, Some
evidence was presented in section 7.1 that PWIA predicted too high a

value for the 7Li(p,n)7Be (g.s.) transition, though there is little
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doubt that refinements to the IA approach would improve the situation.

The present data were fitted with a microscopic DWBA computer
code written by E, Friedman (Friedman, 1966). In the present
instance, shape fits only were obtained, but a discussion is presented
about possible approaches to the analysis of the magnitudes of the
cross-sections.

7.8.1 Theoretical framework

In DWBA, the transition amplitude is written as (Madsen, 1966;

Satchler, 1966) |
T = [XT (ke 0) (Ve [V X (B ) d

where }'i and Wk,are distorted waves describing the incoming and
outgoing particles with momenta Ei and kf,'V/i and }Uf are nuclear

wave-functions and Ve is the effective interaction causing vhe

f
transition.
In the microscopic approach used here, Veff is written in

terms of nucleon-nucleon potentials, The general nucleon-nucleon

potential is written as

VN = [Voo + Vo To gy + Vg + ¥y &0 &) E'T:J #lery)

where O anci T are the spin and isospin vectors, and f‘(g—-rI) is
the radial variation. For a (p,n) reaction, necessarily involving
"jsospin flip", only the isospin dependent terms V01 and V,, can
contribute if "knock-out" processes are neglected (see e.g.
(Atkinson, 1968)), so that V pp may be written as

N

Vepr = IZZ—] (Voy +Vyqeey) T-Tpf (zory)

where the free particle is unsubscripted and the summation 1s over



all the target nucleons which can take part in the reaction.

The nuclear wave-function is then separated, to yield

Vo= o Rt by (0, T

and similarly for Y ..

The transition amplitude then also separates:

To= [MiX T & Re(m)RAm) f () dr
X IZE Fe (rz, ) (Vo +Vu0s@) T T G, (90T )AL

= P(r) @ (n)
In the present formulation the shape of the angular distribution
depends only on P, and the magnitude depends in addition on Q. A
preliminary attempt to fit the shape of the angular distributions of
the present data is discussed in sub-section 7.8.2 and the way in
further analysis may be carried out to determine V01 and V11 is
discussed in subsection 7.8.3.

7.8.2 Shape fits

The shape of the angular distribution is determined by the term

Bl = fx;"xg T Re(R) R (R) L (p) A

The distorted waves Xf and Xi were calculated by distorting
the incoming and outgoing plane waves by an averaged optical potential
derived from elastic scattering studies. The potentials given by
Satchler et al (Satchler, 1964) were used for all the nuclei since it
was shown that the dependence of the shape on the optical parameters

was slight.

A Yukawa form is taken for the nucleon-nucleon potential

"O(PI
£
ble) = “Zm
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where PI = IEI - _1:, , and harmonic oscillator wavefunctions for

the nuclear wave-functions. For the 1p-shell (deShalit, 1963)

~(8./2)r"
R" (l” o er :

and similarly for Ro, where 6i and 6f are the oscillator parameters.

Ar?

» ‘ ! -
. 3.; Ry oC T e
where A = % (6f + Si') ,
Therefore, neglecting the slight dependence on the optical

parameters, the shape is determined by a and A . For the present

analysis, a was kept fixed at the value

= 1.414 fm

Q-

given by one pion exchange (though this has been criticized (Mani,
1970) on the grounds that at 100 MeV, two pion exchange and more
complicated processes enter into the nucleon-nucleon interaction),
and only A was varied.

The results of the fits are presented along with the experimental
results in sections 7.1 - 7.5 and the values of‘ A used are indicated,
The value of A used for the 7Li(p,n) ’Be was the same as that used by
Clough (Clough, 1969,A) in a similar analysis at 50 MeV, and it may
be seen that a reasonable fit is obtained. Values of A were kept
constant for a particular element.

It is possible to obtain information about the nuclear radius
from the values of A, but since the shape of the angular distribution
depends also on a, and since the harmonic oscillator wave-functions
do not accurately represent the shape of the nuclei, it was not
thought worthwhile to do this. (The justification for using

oscillator wavefunctions is that it has been shown that (Jaques, 1970),
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provided the appropriate size parameter is suitably adjusted, the

angular distribution shape is not sensitive to details of the nuclear

Wave-function).

7.8.3 Determination of V01 and V11

Having determined the parameters of P(r), the magnitude of the

transition amplitude is determined by
& (-Q—-> = fz ¢){_ (J?.I,gl)(\/ol +\/” g:“ir;)’g Er ¢, ('pgr}.ﬁ)&ka/
I

and a detailed analysis of experimental data can yield values of V01

and V,, and sometimes details of d)f and ¢)i'

In the first instance, d)f and Gbi may be taken as extreme L-S
or j-Jj coupled shell model wavefunctions (Jahn, 1951; Edmonds, 1952)
and V01 and V11 determined accordingly. In a "no spin-flip" transition,

both V01 and V11 can contribute and cannot be separately determined,

but in a "spin-flip" transition, only V,, contributes allowing its

11
value to be determined. The best example from the present data is the
11B(p,n)11C(1.99 MeV) transition, which on a L-S coupled description

is

ZP3/2 — ZP1/2

Using this value of V11, the value of V01 may then, for example be

.o 11 11 . .
determined from the analogue transition B(p,n) c(g.s.) which is

2P3/2 2 ZP1/.2

Such an analysis has been carried out by Clough (Clough, 1969;
Clough, 1970) for a range of 1p-shell nuclei at 30 and 50 MeV and he
found that values of VO1 and V11 were the same throughout the 1p-shell

and that while V,, was fairly constant with energy, VO1 showed a

11

considerable energy dependence. It would, therefore, be particularly
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interesting to extend the analysis to the present 100 MeV data, and
1t is unfortunate that the absolute normalization errors are so
large (14%).
A further aspect of Clough's analysis is worthy of mention in

view of the already mentioned strong excitation of states in the
11 11 . . .

B(p,n) C reaction and the relative absence of excitation in the
7L.< Y/ . .M

i p,n) Be reaction. Both the 4.305 and L4.794 MeV levels in C are
found to be strongly excited, the angular distribution clearly
indicating 4 1=0. However on the pure L-S coupling scheme, the states
are

r)
2D and D

3/2 5/2

and the transition from a pure 2P5/2 ground state could only proceed
via Al=2. Clough takes this as evidence of a considerable admixture

of’ ZD/ in the ground state wave-function, and calculates that,

5/2
taking the excited states of 11C to be pure 2D states, a first

approximation to the ground state wave-function is
- 2 2.
2 2

7

A similar situation exists in ‘Be. Transitions to the 4.55 and

6.51 MeV levels, presumed to be 2F7/2 and 2F5/2 levels cannot proceed

via A1l = O since there can be no F admixture in the J = 3/2 ground

state of 7Li° However if there were an admixture of 2D5/2 in the

ground state of 7Li the levels at 7.2 and 9.9 MeV (presumed to be

2D and 2D ) would be expected to be excited via a A1=0 transition,
5/2 52

and the observed absencc of such excitations may be taken as evidence

of the relative purity of the 2P5/2 ground state of 7Li. The only

A 1-0 transition possible for this state is the

%3/2*—”> 2P1/2
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transition to the first excited state of 7Be, in agreement with the

observations.

7.8.4 Discussion

The shape fits discussed in sub-section 7.8.2 are relatively
easy to produce and only provide some indication of the nuclear size.,
The shape is not sensitive to details of the reaction model, and may
be reproduced quite adequately using PWIA, and reasonably simply by
taking a 8~function for the nuclear wave-function., Fits to the
absolute magnitudes are of much more significance as discussed in

sub-section 7.8.3.
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CHAPTER 8

CONCLUSIONS

This Chapter takes a broad view of the experiment, and an overall
assessment is given in section 8.1. The way in which research into these
reactions could usefully be developed in the future is considered in
section 8.2,

8.1 Assessment of the experiment

Although it is believed that many worthwhile experimental results have
been obtained, the experiment was only partially successful. The investi-~
gations into the performance of the new time of flight spectrometer were
particularly disappointing as it proved impossible to improve the energy
resolution beyond 1.2 MeV (f,w.h.m.) as opposed to the expected 0.5 MeV.
However there is some hope for fulure improvement.

Nevertheless, the resolution of 1.2 MeV obtained was considerably
better than the 2 MeV achieved in previous work (Saltmarsh, 1965) at this
energy, and permitted the determination of the angular distributions of the
cross-sections for a considerably extended range of transitions. However, a
number of problems remain which could probably have béen answered with a
resolution of 0.5 MeV, For example, only a little new evidence of a purely
experimental nature has been obtained with resbect to the excitation of
levels in 98 other than the ground state in the 9Be(p,n)9B reaction, and the
limits of error on the degree of excitation of the 0.431 MeV level in 7Be in
the 7Li(p}n)—/Be reaction are still rather large.

Another unhappy feature of the experiment was the failure of the
absolute monitoring system and this led to the possibility of ecrror in the
angular distributions which varied systematically with angle. Although it
is thought likely that these errors are small, the only direct experimental

conclusion was that they were probably less than 10% out to a laboratory
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angle of 12.500 Furthermore the overall absolute normalization of the
cross-cections was subject to a + 14% error.

The results are, nevertheless, felt to justify further theoretical
analysis. Detailed angular distributions in the range O-—Z+OO (lab.) have
been obtained with a random error for the small angle points typically
+ 5% for a wide range of transitions in the nuclei concerned.

Shape fits to the angular distributions have been successfully made
using a DWBA computer code, and it is felt that the data justify further
analysis along these lines to determine the isospin dependent and spin-
isospin dependent terms in the nucleon-nucleon effective interaction at
100 MeV, and to compare the resulis with similar analyses at 30 and 50 MeV.
In this context, the absolute normalization error is particularly unf'ort-
unate since it limits the accuracy with which the effective interaction can
be found.

It would also be of considerable interest to determine whether the
DWIA would give good fits to the results, and possibly to extend the
analysis to determine the "off the energy shell" term in the nucleon-nucleon
interaction,

8,2 Future developments

A wide range of (p,n) transitions to the ground states of the residual
nucleus have been studied at 100 MeV by Saltmarsh (Saltmarsh, 1965), and
the present experiment has performed a more penetrating study of transitions
to excited states as well as the ground states of a relatively small series
of 1p-shell nuclei. Consequently, there seems little scope for simply

extending the range of nuclei and levels studied without making some major

improvements in the experimental technique.
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Future developments in the experimental study of (p,n) reactions in the

region of 100 MeV may therefore be expected to concentrate on two major

features:

1)
2)

a considerable improvement in energy resolution, and
the precise determination of absolute cross-sections.

8.2.1 Improvement in energy resolution

A significant improvement in energy resolution would considerably
extend the range of transitions which could be studied. In particular
meny of the transitions involving A1l > O which are only weakly
excited in (p,n) reactions at fhis energy, could be adequately
separated from the background only if a considerable improvement in
resolution, say to less than 0.2 MeV, were achieved. For the detailed
study of these reactions, observations at wider scattering angles would
be desirable.

With the present time of flight system on the synchrocyclotron,

the problems which limited the resolution in the present experiment
to 1.2 MeV can probably be overcome, but there seems little prospect
of reducing the resolution beyond 0.5 MeV since Fo do this would involve
either reducing the time 8pread of the internal proton beam to below
2ns which is likely to be impossible, or of considerably lengthening the
flight path beyond the present 100m which is, at least for the present,
impractical, Achieving a resolution of 0.5 MeV would be worthwhile
and would justify some further experiments (in particular study of the
9Be(p,n)9B reaction), but to achieve a resolution of < 0.2 MeV would
require a timing resolution of < 0.8 ns for a 100m flight path. Such
a time spread could probably be achieved using an accelerator with very

high intrinsic phase stability such as the isochronous sector-focussed

cyclotron at Maryland.
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8.2,2 Determination of absolute cross-sections

It was made clear in section 7.8 that there is little further
point in the precise determination of the shapes of the angular
distributions for the A 1=0 transitions easily observed in (p,n)
reactions, but that a precise knowledge of the magnitudes of the
cross-sections can enable a considerable amount of information about
the nucleon~nucleon interaction within the nucleus and the nature of
the wave-functions of the nuclear levels to be obtained.

The experimental difficulty in determining absolute cross-sections
lies in the problem of measuring the intensity of the internal beam of
the synchrocyclotron, and it was seen how an attempt to do this in the
present experiment failed (Chapter 5)., However, there is no reason in
principle why this should be impossible, and it is strongly hoped that
the problems will be overcome-perhaps along the lines suggested in

Chapter 5.
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Appendix A

Construction of the boron and lithium hydroxide targets

This Appendix describes the technique used for the manufacture of the
boron and lithium hydroxide targets. Section A.1 discusses the difficulties
involved, considers some available techniques, and explains why most were

rejected. The technique finally adopted is described in section A.2.

A.1 Some available techniques

Boron

Boron is not readily available in sheet form because of its brittleness
and very high melting point (250000). The high melting point also makes it
impossible to cast in the form of a target using ordinary laboratory
apparatus. Sintering is an alternative technique to casting, and requires
lower temperatures, but, again, special equipment is required.

Vacuum deposition is a routine technique used for making boron targets,
but the maximum thickness which can be achieved is ~ 50 um, to be compared
with the ~ 200 um reguired for this experiment.

None of these techniques was as simple as the slurry method described
in section A.2,

*

Lithium hydroxide

Lithium hydroxide is also brittle and not available in sheet form. It
can, however, be melted (mope = 45OOC) using a bunsen burner, and casting is

a practical technique. This was tried, but problems were encountered as

follows.

1) The low surface tension of the liquid caused it to creep up the sides
of the mould, and the thickness of the resulting casting was very
non-uniform. With the size (30 x 100 mm) and mean thickness (~ 250 pm)

required, there was usually a large hole in the middle!
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2) The casting tended to adhere to the 630 pm thick gold mould used, and
it was usually impossible to remove in one piece. A platinum mould
might have been better, but was not tried. An attempt was made to
use a 50 um thick gold mould as this could have been left adhering to
the lithium hydroxide to form the gold backing mentioned in Chapter 3,
section 3.3, but this mould buckled seriously on being heated.

These problems could almost certainly have been overcome by designing
suitable apparatus, but, again, the slurry method was simpler.

A.2 The slurry method

Essentially this technique consists of mixing the finely powdered
material with a solution of some suitable binding material to form a slurry,
depositing the slurry in a mould, and allowing the solvent to evaporate,

The powder is then held together by the binding material. The technique
is not original, and the author is indebted to M.A. Tuplin for explaining
it to him,

In the present instance, Zapon, an industrial lacquer (78 parts
C12H16O6(ON02)LF + 22 parts C1OH16O)’ was used as the binder. The boron
used was already in very finely powdered form, but the lithium hydroxide
was ground further using a mortar and pestle. A suitébly weighed quantity
(~'2g) of boron or lithium hydroxide was then mixed with a quantity (~ 50 ml)
of acetone,'and 0.30 ml of a 125.6 gl“1 solution of Zapon in acetone was
added to form the slurry mix.

The target frame with gold backing was itsell used as the mould. The
50 um thick gold foil was sandwiched between the frame and a rigid slab of
aluminium, and the three were bolted together to make the assembly leakproof.
The assembly was then clamped in a horizontal position and the slurry added
using a bulb pipette.

It was essential, particularly with the boron target, to deposit the

slurry in thin layers at a time, since if the whole amount were deposited at
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once, a network of wide cracks appeared on drying, and the target tended
to disintegrate. Deposition of a thin layer minimised the cracking, and
any cracks which did appear could be "healed" by the deposition of further
slurry inside them,

When drying was complete, the aluminium slab was carefully removed,
leaving the boron or lithium hydroxide (4 Zapon) in place adhering to the
gold. A thin frame was then bolted to the target frame to hold the gold
firmly in place.

The thickness of the resulting targets was adequately uniform, being
estimated to fluctuate by ~10% on a small scale, but when averaged over
an area 1 cm2 to vary by'f_B% from one part of the target to another.

The targets were fragile, but, provided they were handled carefully,
were sufficiently strong for use in the experiment.

The contamination of the targets with Zapon was not serious as the
Zapon constituted only 2% of the total. In the case of the boron target,
the contamination did not contribute to the spectrum at all over the main
region of interest since the Q-values for the (p,n) reactions on 120, 12‘“N

and 160 were all considerably lower than that on 11B.~
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Appendix 2

Setting the counter gain

Since the light pulses produced in a scintillator by neutrons of a
given energy can vary in height from zero to a certain maximum, it is
necessary to set the gain of the photomultiplier/discriminator system by
reference to a conveniently reproducible standard. This is usually done by
setting the detection threshold to correspond to pulse heights produced by
Compton recoil electrons from a suitable y-decay with energies corresponding
to the high energy "edge".

The ¥y source used in the present experiment for the main caunter was
13703, and the electronics used are showr. in fig, B.A. The Compton recoil
spectrum was displayed on the analyser by replacing the time of flight
electronics by an amplifier, pulse height analyser,and analogue to digital
converter. A typical spectrum is shown in fig, B.B. The high counting rate
at low pulse heights is due to electronic "noise" in the photomultiplier
tube, and the "edge" is considerably roundcd. Howcver the "halfwheight"
position was accurately reproducible, and the counting rate from the source
for pulses above this height was determined by using the decoding unit to
inspect a block of the store of the analyser as indicated in the figure
(B.B.)

The output from the photomultiplier was then switched to the input of

the zero-crossing discriminator, and the bias level adjusted until the

counting rate became the same as that above the half height.
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Appendix C

Measurement of the energy variation of the

detection efficiency

The variation with neutron energy of the detection efficiency of the
main detector was measured during the D69 run by comparing it with that of
a standard detector using a cylindrical scintillator 76 mm in diameter and
178 mm long, whose response had been previously determined (Bowen, 1962).
For a given "gain" setting (see Appendix B), the energy variation of
detection efficiency for a scintillation detector depends only on the
geometry and nature of the scintillator, so that it was possible to use a
different photomultiplier from that used in the original experiment,

The target changer was replaced inside the synchrocyclotron by a
100 mm thick block of aluminium which produced a smooth spectrum of neutron
energies between 0 and 95 MeV. The main detector and the standard detector
were placed side by side on a plinth in front of the beam stop in the 100 m
access area, As there was only one collimator close to the target, the
neutron beam was quite wide enough to encompass both detectors at this

"seen" by each detector were

point and the areas of the aluminium block
displaced by only 0.7 mm, As a check on the uniformity of the beam intensity,
the detectors were interchanged with no measurable effect,

The gain of the standard detector was set to the half height of the
Compton recoil edge from the beta decay of 6000, as had been used in the

137

original experiment, and of the main counter to that from Cs as was
used throughout the present experiment (see Appendix B).

The spectrum from only one detector at once could be stored in the
analyser since the timing electronics could not be duplicated, but the total

counting rates from both detectors were recorded on scalers, and these

scalers constituted a continuous monitor of the beam level whichever counter
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was storing in the analyser.

The experimental procedure consisted simply of storing the spectrum
from first one counter and then the other for suitable lengths of time and
noting the scaler contents after each count. This was repeated a number of
times, and also with the positions of the detectors interchanged, to permit
consistency checks, All the data were self-consistent.

The results were calculated by first applying the dead-time correction
to each spectrum (Chapter 6, section 6,1) normalizing to a fixed number of
"monitor" counts from the scalers, and calculating the ratios of the contents
of each channel,

The fitting program (Chapter 6, section 6.4) was used to fit an
analytic function to the results. The ratio varied very slowly witih energy,
ané, mltiplying by the ratios of the cross-sectional areas of the
scintillators, the ratios of the efficiencies was found to be

main counter 1,385 i

standard counter 1 - 6.916 x 10_4 (T-90)

)
where T MeV is the neutron energy.

A similar function had previously been fitted to the energy variation
of the standard counter by Saltmarsh, viz.

standard =3
1 4+ 7.245 x 10"~ (T-90)

so that the efficiency of the main counter was found to be given by

0,288
(1 - 6.916 x 107% (1-90))(1 + 7.245 x 107> (T-90))

'3 =

main
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