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ABSTRACT

" A particle identification system consistiﬁg of a 14° uniform
field sector magnet, a momentum defining slit and a plastic detector
telescope has been used to study the reactions: 6Li(p,p')6Li;-
7Li(p,p')7Li, 6Li(p,d)sLi, 7Li(p,t)SLi, 6Li(p,t)4Li, 4He(p,p')4He*,
4He(p,d)3He and 4He(p,t)2p. The angular distributions for elastic
scattering from 6Li and 7Li were fitted with an optical model analysis.
The ground state transitions for the two-neutron pick~up reactions were
‘compared with a preliminary DWBA analysis. The 6Li(p,t)ALi reaction
provided new, although inconclusive, evidence for an unbound ground
state in 4Li. The results of the pick-up reactioﬁs were discussed within
the framework of the LS coupling shell model and the Cluster Model. A
search for unbound 1evéls in 3He and 4He yielded negative results for
3He and only the broad 22 MeV level in 4He was observed. Investigation

of the 4He(p,t)Zp reaction indicated a strong final state interaction

between the two protons, at small angles.
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ABSTRACT

A particle identification system.consisting of a 14° uniform
field sector magnet, a momentum defining slit and a plastic counter
teleScoﬁé has been used to study several reactions induced by 100 MeV
protons on light nuclei.

Elastic and inelastic scattering from 6Li and 7Li has been
studied over a large angular range and the elastic scattering fitted
witH an Optical Model Analysis. One and two-neutron pick-up reactions
were studied with 6}1 and 7Li. Angular distributions for the ground
state transitions were obtained for the reactions:
7L_i(p,t)SLi, 6Li(p,d)sLi and 6Li(p,t)4Li,and the distributions for the
(p,t) reactions were compared with a preliqinary DWBA analysis. The
6Li(p,t)aLi reaction provided new, although, inconclusive evidence for
the existence of an unbound ground state in 4Li. The strong excitation
of the 16.65 MeV level in 5Li was observed via the 6Li(p,d)SLi
reaction but not via the (p,t) reaction on 7Li. The results were
discussed within the framework of the L-S coupling shell model and
the cluster model.

The existence of unbound levels in 4He and 3He was investig-
ated by a study cf inelastic scattering and the deuteron pick-up
reaction on 4He. Only the broad 22 MeV level in 4He was‘observed and
no evidence was foﬁnd for excited states in 3He. The 4He(p,t)Zp
reaction h;s been studied and a strong final state interaction between

the two protons observed at small angles.
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CHAPTER 1.  INTRODUCTION

1.1 Background: -

A complete understanding‘of the theory of nuclear reac;ions
Would involve the solution of the nuclear many body problem and this
is still far from being achieved (To6l). Two models which have been
particularly successful in describing nuclear reactions are the
compound nucleus model and the direct interaction model. The first
model, due to Bohr (Bo36), assumes the capture of_thé incident particle
by the target nucleus into a metastable state and the subsequent decay
of the compound nucleus through one of many channels into the reaction
products. On the other hand, the direct interaction model, as its
name implies, involves a one step reaction mechanism where no inter-
mediate state occurs. Austern (Au60) has defined a direcé:gtéion
process as one which involves only a few degrees of freedom Gf the
nﬁclear system.

The compound nucleus treatment of nuclear reactions is most
appropriate for low enefgies (say 10 MeV and lower). In the energy
region considered in the experimental work that follows, the direct
interaction description of the reaction mechanism is dominant. One
of the distinctive features of the direct reaction is the strong
angular dependence of the'cross-section, which is usually character-
istic of the specific mechanism involved in the reaction.

. In recent years much experimental and theoretical attention
has been focussed on direct reactions induced by particle (especially

proton)beams of intermediate energies ( in.the region of 100 MeV to



several hundred MeV). These reactions often exhibit very simple

" features and have_provided much valuable information in the study of
nuclear structure. In nqcleon induced'reactions at these energies
the wavelength of the incident nucleon becomes comparable with and
smaller than the average spacing between nucleons in a nucleus (Serber
Se47) and thus the incident nucleon will frequently interact with only
one nucleon in the nucleus at a time.

Probably the most thoroughly investigated, both experiméntally
and theoretically, of these direct reaction processes is elastic and
inelastic scattering from nuclei. Elastic scattering giveé information
on the general properties of the nuclear ground state and in particular
examines the nucleon distribution within the nucleus. Inelastic
scattering provides spectroscopic information about nuclear states and
is particularly useful in the study of collective states. Experimentally,
the techniques for studying elastic and inelastic scattering of protons
have improved considerably from the earlier work done at Harvard by
Strauch and co-workers (St56) using a range telescope which limited
observation to gross structure in the spectra. Present work at Orsay
(Jab4) and Uppsala (Ha65) with high resolution is providing much
information on the excitation of indiﬁidual levels in thelresidual.nuclei,

Another direct reaction which has received a great deal of
attention is the pick-up reaction (and its time reversal: the stripping
reaction) in which the reaction mechanism iﬁvolves the transfer of one

or more nucleons between the incident particle and the target nucleus.



Single neutron pick-up reactions were first observed by Hadley and
York (Ha50) and Selove (Se56). Since the first pick-up experiments,
much spectroscopic information has been obtained from the study and
analysis of these reactions. Much of the early work done at low
energies was analysed successfully using plane wave @®utler) theory
(Bu57) in which distortion of the incoming and outgoing waves was
neglected. At higher energies where'the Butler analysis fails to
correctly predict the experimentél results, the distorted wave Born
approximation (Sa64a) has been succeséfully used to analyse pick-up
and stripping reactions. Two nucleon transfer reactions such as the
(p,t) pick-up reaction, have several additional interesting features.
Nuclei and levels not eaéily studied by other means can be excited
(Gr65). Levels having two nucleons excited can also be formed, a
process which to first order cannot be achieved by either single
nucleon transfer or inelastic scattering. In both one and two-nucleon
transfer reactions, the angular distributions are characterized by the
orbital angular momentum transferred. In single-nucleon tramsfer,

the reaction cross-section is proportional to the probability that the
nucleon transferred has the particular angular momentum in the nucleus.
In the two-nucleon transfer the’angular momentum is carried by the
nucleon pair and in general many different configurations of fhe two
nucleons can contribute, (G165). Finally the two nucleon transfer‘
reactions such as the (p,t) reaction will be enhanced by collectivg S

effects, like nucleon pairing. If a complete two-nucleon transfer



reaction theory were available, including both finite-range two-body
forces and finite-size triton, the cross-sections would provide
information about the short range spatial and momentum correlations of
nucleon pairs (meutron pairs in the case of p,t) in the target ground
state (Bab4). Very little experimental work has been reported for
two nucleon transfer reactions in the 100 MeV energy region, and rn
general very little data exists for these reactions on light nuclei,
{p,t) reactions on several light. nuclel have been studled by -the
Orsay group at 156 MeV (Bab6, Ba65) At lower energles both (p,t)
and (p,BHe) reactions have been’ 1nvest1gated at 44 MeV by Cerny et al
(Ce66).  Single nucleon plck-uplreactlons such as,the (p,d) ‘reaction
have been studled qute exten51vely and summarles of recent. experlments
have been glven by Mark (Ma65) -and Lee (Le65)

Two of the maln experimental 11mitat10ns rn the study of
nuclear reactlons are- the f1n1te energy spread of the partlcle beam
and the-lntrlns1c resolutlon of the detector system. | Reactlon studles
with the MCGlll Synchrocyclotron (and in fact most other synchrocyclotrons)
are generally limited to light nuclei where the level spacing is
sufflcxently great to allow ldentlflcatlon of 1nd1v1dual levels of the
residual nucleus. The work reported here is a natural continuation of -
earlier reaction studles»made.by Lee.(Le65) and in collaboration with
Mark (Ma65). The reactions studied were 6Li(o,p’)6Li, 7Li(p,p')7Li,
i, £)°L1, CLicp, ) i, SLip,r)Li, YHe(p,p') e, “He(p,d)’ue”,

and 4He(p,t)Zp. Light nuclei were chosen because of the resolution



limitation previously mentioned and also in the hope that interpretation
of the results would be simplified by having few nucleon systems.
Elastic scattering from 6Li and 7Li was done primarily to provide
optical model parameters for the DWBA analyses of ﬁhe pick-up data for
the two lithium isotopes. The 6Li(p,t)4Li reaction and the inelastic
scattering from 4He"’were of particular interest because of the continued
investigation bo;h experimental énd theoretical, of the four nucleon
system (Ja67, Mf65). The study of final state interactions. has also
been the subject of a great deal of interest in recent years beqause of
the information on the two-bod§ interaction which can be ‘extracted

(0e67) from reactions such as the 4He(p t)2p reaction investigated here.
” b

1.2 Experimental Method:

The problem of identifying charged particles from a nuclear
reaction is basic to all reaction studies. A number of different
techniques have been used of which the most common are:

a) Magnet analysis using large spectrometers. This
technique has, at least at high energies, provided the best energy
resolutions (Ha65) although its disadvantages inélude: small soliq
angle, complications involved in obtaining an energy spectrum and the
large size and cost.of the installation for beams of energies- of
100 MeV or more.

b) Range telescope techniques, which by measuring both the
energy and rate of ionization of a particle allow idgntifieation within

a .umited range of energies. and,



c) Electronic identification systems which utilizé pulses
from AE and E counters in a counter telescope to ‘generate an.analog
function which is characteristic of ;he pafticle species. Tﬁese
methods use empirical range-energy relaéionsbips; typical examples are
the logarithmic function generator of Gouldlng et al (Gob64, Go66) and
the multipllcatlon method of Mark (Ma65, Mab6a).

Method (a) is impractical for this laboratory, however the
technlque which was used did employ magnetic selectlon. The identifi-
cation system selected for this work consisted of a 14° uniform field
sector magnet which together with a slit preceding thevmagnét defined
a range of particle momenta. The detector was a two elemént pléstic
counter telescope. Final particle identification was achieved by
OE discrimination. The magnet‘analyser has already been describ;& by
Lee (Le65). Modifications made to improve its performance and a
detailed analysis of its properties are given.in a subsequent chapter.
The identification system was chosen over the method (é) described
above (which has been used in this laboratory by Mark (Ma65) ) for two
main reasons: the 1nherent separation.of particle species is superior
to method (c) over a limited (about 20 MeV) energy range, and.even more
important the counter telescopé sees only}the partidles-of interest
(with some small feed-through of other species) and is not, fherefore,
subject to counting rate limitations imposed by high cross-section
competing reactions. Plastic scintillators were chosen for their fast
response since for most of the reactions studied, the resdlution was not

" eritical.



CHAPTER 2. APPARATUS AND EXPERIMENTAIL METHOD

2.1 _General Experimental Set-Up:

‘The experiment was performed using the e#ternal beam facility

of the McGill Syncirocyclotron. A schematic diagram of the beam trans-
port system showing only thosé features pertinent to this.experiment is
provided by fig. 1. The beam energy is 100.3 + 2 MéV with the

cyclotron magnet currént at 640 ampé and the energy 3pread'ié about 0.4
.MeV. The phase space area of the entire extracted beam is éﬂout 2 to

5 em~milli radians both horizontally and vertically, the maximum beam
jcurrent being about 50 nAmps. By collimating the beam to a few nanoamps
with the horizontal and vertical beam defining slits (shown in fig. 1) very
good beam quality in the experimental area is possible; allowing sﬁall spot
size at a target as well as small divergence. The proton duty cycle is
low, the beam having a pulsed structure of approximately 1l0psec bursts

at a repetition rate of 400 secnl, and in addition am R.F. fine structure
of 10 nsec wide pulses_ 46 nsec apart. This factor was an important
consideration leading to the choice of plastic scintiilators for the
detectors in this experiment, as inStantaneous counting rates were more
than two orders of magnitude higher than the average observed rates;. The
beam transport system itself consists of three bending magnets, the firsf
two directing the beam into the experimental bgam hall and the third steer-
ing the beam to the various experiments, and two quadrupole doublets for
beam focussing. Two viewing boxes containing remotely controlled zinc sul-
phide fluorescent screens, and a closed circuit television system facilit-

ated aligning and focussing the beam. A more detailed description of the



system has been given elsewhere. (Pob4)

The experimental system, itself, consisted of: a scattering
chamber mounted on a post, and directly connécted to the external beam
system; an "analyser" magnet and countér telescope which served as the
particle selection and detecting system and was pivoted about the
scattering chamber post; a Faraday cup some two meters downstream from the
targ;t; and a monitor counter te}escope which was also pivoted about the
scattering chamber post. A schemétic diagram of Ehe experimental laygut
‘is shown in fig 2 and a photograph in'fig 3. Each part of the experimental

system is described in some detail in the following sections.,

2.2 Scattering Cﬁamber:

The scattering chamber was basically an aluminum cylinder 40 cm
in diameter and 20 cm deep. A thin window 3.8 cm high extended to a
scattering angle of abouf 110 degrees on each éide of the beam line. In the
early stages of the experiment 0.05 mm thick mylar was used for the windéw.'
However, it.was found that radiation damage produced by the unscattered
beam leaving the chamber made the mylar extremely brittle, the resultant
loss of strength and flexibility necessitating frequent window‘changes
due to failure at the weakened spot. This 6ccurred after doses of the
order of 1015 protons/cm2 {occasionally reached in a single long run).
The solution simply involved changing the wiﬁdow material to H-film, a
polyamide {chemical composition (022 Hld N2 OA)n) made by E. I. Du Pont
de Némours and Co., with.texture and mechanical properties very similar

to those of mylar but considerably more radiation resistant. Tests
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performed with the Harvard cyclotron (Kob65) indicated thatlﬁ-film was at
least 10 times less sensitive to rediation damage than mylar. Over the
course of this experiment 1t was found necessary to change the 0.05 mm
thick H-film window only once and this was for a reason unrelated to
radiation damage. A very rough estimation of the total dose accumulated
by the H-film. during the experiment 1nd1cates that H-fllm is at least a
factor of 50 times less sensitive than mylar to proton 1rrad1at10n.'i

' The proton beam entered the scattering chamber through a 3.8:cm
‘port in the front of the chamber. For measurements at the backward
angles, beyond the extent of the chamber' window, the scattering chamber °
was rotated on its support post through'180o and the entry port (now exit)
and beam pipe were covered with 0.025 mm thick H-film windows to maintain
the vacuum. Relative scattering angles were marked.off on the base
circumference of the scattering chamber in one degree steps with milling
table precision. A target holder was designed which could accomodate
four targets, (insert fig 2) and could be rotated to any angle with respect
to the incident beam. One of the target positions contained a fluorescent
screen which was used in conmjunction with the cloeed circuit television
to align the proton beam at the target centre. Usually the other three.
target positions contained a cafbon (or sometimes CH) target for
calibration purposes and targets of 6Li and 7ﬁi. The entire target
aseembly could be reﬁoved, the ehamber’adapting easily to the use of the
liquid helium cryogenic target, which is described in a later section.

During the experiments with the liquid helium target, the scattering
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chamber was provided with its own independent vacuum system‘and separated
from the external beam system by a 0.025 mm H-film window. This allowed
the realization of pressures in the écattering'cﬁamber of'10-6mm of Hg;
‘at least an order of magnitude lower than those obtained with the main
vacuum system, and of some importance in minimizing helium losses due to

gas conduction.

2.3  Analyser Magnet:

a) Preamble:

The basic analyser magﬁet, used in this experiment, and its
design as a "crude" particle separator has been discussed by Leé (Leb5),
and for the sake of completeness, a suﬁmary of the theory of operation is
presented in Appendix I, A number of modifications and improvements have
been made to the system, extending its performance and reliability, and a
comprehensive analysis made of its particle separation properties. The
following sections describe the physical set up of the analyser magnet sy-
stem, analysis of its design properties, and its alignment and calibration.
b) Physical Set Up:

ﬂ The anal&ser magnet system consisted basically of a wedge magnet
preceded by a momentum defining slit and followed by a counter telescope.
The set up is shown schematically in fig.2. and in more detail, in the
photograph of fig. 3. The C-Frame magnet had special pole tips, designed
for a 14° deflection with normal entry and exit. The pole tip assembly
was fixed relative to the main yoke of the magnet by means of ;n aluminum

table which also served as a support for the counter telescope and lead
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shielding and greatly facilitated alignment. A vacuum chamber in the.3 cm
pole gap extended from a distance of 16 cm from the scattering chamber
window to the counter telescope, minimiziqg the energy degradation and
muitiple scattering of detected particles. This vacuum chamber had entry
and exit windows of 0.013 mm mylar and was maintaingd at a pressure of a
few microns. A new adjustable momentum definingvslit located about 2.5 cem
before the entry pole face and an additional vertical limiting slit were

- incorporated into the magnet vacuum chamber. Both slits were thick.
enough to completely stop the most emergetic particles. The vertical

slit at the chamber entrance had an aperture of 1.3 cm and reduced scat-
tering from the walls of the vacuum chamber. The magnet was supported on
a table which in turn was pivoted on wheels about the scattering chamber
post. A pointer attached to the magnet carriage and an anguls: scale

- marked on the floor allowed sélection of the sc#ttering angle to an accu-
racy of about 0.1°, The power supply for the magnet used a motor
generator set with series regulation.

c) Magnet Separation Properties:

Analysis of the magnet properties followed the general format
described'by Lee and outlined in Appendix I, with one major difference:
Lee's analysis assumed a path from the target to the detector consisting
of a drift space (zero magnetic field) followed by a well defined uniform
field region and then another drift space, and making no allowance for
fringing field effects. A better analysis requires either the use of an

"effective" field region; the usual approximation being to extend the



-12-

uniform field region by a distance equal to one pole gap width on each
side, or; treatment of the fringing field on the same basis as the uniform
field rggion. The second alternative .was chosen although coﬁparison with
the first yielded similar results,

The magnetic field was mapped along the central path from the
target to the detector over the entire range of magnetic excitation, using
a Hall probe. The field shape was found to be constant, within measure-

' .
-ment errors, over the whole useful range, saturation producing distortion
in the shape oﬁly at excitations higher than the maximum'required. The
absolute field, and in fact uniformity of the field, are not important
considerations and nc effort was therefore made to obtain anything but a
relative field shape. The field shape is shown in fig. 4 and the fringing
field is quite evident. The effective‘transfér matrix for the path from
the target, through the magnet and to the detector, was then obtained
by dividing the path into small segments, calculating a ﬁatrix for each
segment and multiplying all these matrices together. The modifications
Lo the derivations of Appendix I introduced by this method are pfesented
in Appendix II, and the resulting momentum selection characteristics for
the analyser magnet system are summarized in the graph of fig 5. - The
curves Smax and Smin represent,.for any particular momentum defined by
Ap/p, the limits at the slit position for particles originating from the
beam spot at the target and reaching the detector. As can be seen from
the diagram, the effect of int?oducing a slit at the slit position is to

define -a rangé of momenta for which particles will be transmitted. Also



illustrated in fig. 5 is the effect of the f1n1te beam spot size on the
transmission characterlstlcs of the system. The necessity of a small
beam spot to ensure the maximum range of total transmission is‘readily
evident. The slit width used throughout most of this experiment was 15 mm.
The momentum "bite" selected in tﬁis way corresponds to a fixed range of
magnetic rigidities and different energy "bites" for different particles.
An example of the particle separation afforded by this momentum selectlon
.is shown in fig. 6 where the transmission is plotted for magnet settings
corresponding to a central path rigidity for 90 MeV protons, 80 MeV
deuwrons and 70 MeV tritons respectively. Similar curves for3He part~
icles and alphas were also obtained but are not shown here. Finally,
since the transmitted momentum range Ap/p is determined by the geometry
and is therefore a constant of the system, the size of the selected energy
range (fully Eransmitted) varies with energy of the particle (and slightly
with particle Epecies). This is shown in fig. 7 for several beam spot
sizes, again illustrating the strohg effect of spot size on transmission.
The beam spot size was a particularly important factor in determining the
transmission in the experiments with the liquid helium target due to its
extended size. The finite width of the lines in fig. 7 are indicative of
the small differences in transm1ss1on for the different particles.
d) Alignment and Calibration:

The magnet ‘was initielly aligned with a theodolite to ensure
that the magnet gap was in the horizontal plane and centered verticaily on
the target centre. Final alignment wae'made with the beam itself, using

fluorescent screens and closed circuit television. Horizontal and verticsl
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alignment were checked, as well as was the normal entry to the pole tip
(with the magnet vacuum chamber removed)..

The absolute calibration of the aﬁalyser magnet w;s achieved in
the following way. The mamentum defining slit was set fo 4+ 1 mm and a
3 mm wide (horizontally defining) slit was placed in front of the counter
telescope (to be described in the following section). Using a target of
Naton 136 sciﬁtillator (composition CH.QQ?), the magnet was adjusted to
select the protons elastically scattered from the hydrogen content of the
target. This was repeated at several.scattering angles, and the scattered
proton energies calculated from the proton-proton kinematics. When setting
the magnet the current was always cycled to minimize variatiomns due to
hysteresis effects. Additional proton calibration points were obtained
from elastic and inelastic scattering off carbon. A deuteron calibration
point was obtained from the 12C(p,d) ;10 reaction, the magnet setting
being adjusted to accept the ground state deuterons. These calibrations
were extended by calculation to tritons, alphas, and 3He's and the final
energy calibration thus obtained is shown in fig. 8. This empirical
calibration was in good agreement with calculations based on the known
trajectory and rough measurements of the magnetic field. Later careful
measurements with tritons from fhe'yLi(p, t)sLi reaction were consistent
with the calculated triton calibration.

Finally the size of the energy "bite" plotted in fig. 7 was
checked experimentally, again using the CH target. The transmissions for

1
elastically scattered protons from the lZ.C(p,p) and "H(p,p) reactions were
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simultaneously measured as é function of the magnet setting. Spectra

were accumulated with the counter telescope and peak areas were extracted
for the two groups of elastic protomns at each magnet setting. vRelative
normalization was obtained by counting for the same unit of incident beam.
This was done at & scattering angle of 30" lae. ~here the two groups of
protons differ in energy by 23.7 4+ .6 MeV (the uncertainty arising from the
angular uncertainty). The reéions of total transmission for the two proton
gr&ups did not quite overlap aﬁd this is consistent with a value of 21 MeV

obtained from fig. 7 for a lmm beam spot and the appropriate magnet setting.

2.4 Counter Telescope:

a) Detector geometry:

The detector was a simple two counter telescope consisting of a
brass collimator followed by a dE/dx (AE) counter and an E counter. The
main function of the collimator which was located 6 cm in front of the AE
counter was to Limit the counting rate in the E counter whose cross-sect-
ional area was several times the éhadow of the AE counter. The éollimator
dimensions (width and.height) Qere 0. 8mm iarger than those of the AE
scintillator.

The AE counter was a scintillator of NE 102, 1.2 cm wide, 1.9 cm
high and of variable thickness mounted in a reflector in the shape of a
trﬁncated cone (see fig. 9), and viewed on edge by a Phillips 56 AVP
photomultiplier. The thickness of the AE scintillator was chosen so that
the detectéd particle would lose about 1.5 MeV in passing through it, this

providing adequate pulse height resolution. Typically, a thickness of 2 mm
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was used for protons and 1 mm for deutrons and tritomns. The AE
scintillator also defined the solid angle, The total energy (E5 counter
was a 3.8 cm diameter, 9 cm long cylinder of NE 102 plastic optically
coupled with an epoxy cement (Epon 812) to an RCA 8575 photomgltiplier.
b) Magnetic Shielding:

Due to the close proximity of the counter telescope to the
Analyser magnet, necessitated both by space limitations and the desired
characteristics of the magnet separatién system, both photomultipliers
were subjected to fields of several tens of gauss, An adequate magnetic
shield was obtained with single concentric layers of netic and conetic
high mu magnetic shielding (Magnetic Shield Division, Perfgction Mica Co)
enclosed in a 6 mm wall iron pipe extending to about 4 cm beyond the
photocathodes. A small variation in pulse héight was observed in the E
counter when rotated about its axis and thewcounter fixed in the orientation
producing maximum pulse height. No such variation was observed for the
AE counter which was parallel to the field. During the course of the
experiment the effect of the fringing field on the pulse height and pulse
height resolution was found to be negligible.

c) Counter Alignment:

Initially the positioﬁ of the counter telescope was determined
with the magnet aligned in the direct incident beam (i.e. at 0° scattering
angle). Thic was accomplished by mapping the trajectory of the beam along
the central (design) path using a fluorescent screen and closed circuit

television. Vertical aligrment was checked with a theodolite to ensure
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that the centres of the target, magnet gap and counter telescope were
aligned to within about 0.5 mm. Alignment of the axis of the teiescope
in the direction of the central path was achieved with the magnet set at
an arbitrary scattering angle of 15°. The slit at the entrance to the
magnet was set at + 1 mm with respect to the central path and a vertical
slit 3 mm wide was placed in front of the E counter which was withdrawn

to a distance of about 12 cm from the AE scintillator. Protons, elasti-
cally scattered from a carbon target (identified by the pulse height
spectrum from the E counter) were swept across the counter telescope by
varying the magnet excitation, and the counting rates of both counters
‘obtained as a function of magnet setting. This provided a simultaneous
profile of the width of the AE scintiliator and the vertical slit centered
in front of the E counter. Correct alignment was then simply obtained by
ensuring that the centroids of these profiles coincided, Vertical
alignment was quite critical due to the limited aperture of the magnet and
the desire to obtain the maximum possible solid angle for the detector
while at the same time minimizing kinematic spread. Consequently, a final,
more stringent test of the vertical alignment was made by accurately
measuring the cross section for elastic scattering with different vertical
slices of the AE scintillator. | This was done by using a scintillatox of
the same widch as the standard AE scintillator, but of one third its height.
The smaller scintillator was successively wounted at different vertical
positions in the reflector, corresponding to the tbp, centre, and bottom,
of the standard AE, and in each position the relative cross

sections accurately measured. The three cross - sections
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obtained in this way and the cross section obtained with the standard
AE were found to be the same within statistical errors.
d) Pulse Height Resolution;

The main limitation in the Pulse height resolution of the AE
counter was due to the Landau spread. The light reflector (fig. 9)
with the free mounting of the AE scintillator was found to give substant-
ially better light collection efficiency than morevconventional light
guides. It was also found that the light output (pulse height) was
slightly higher for a rough, or diffuse surface than for a polished
scintillator. The most probable explanation for this is a reduction in
the number of internal reflections and therefore reduction of light lqsses
due to self absorption.

Some time was spent in optimizing the energy resolution of the
E counter since this is a very important criterion in such a detector.
The best previously reported resolution for the detection of intermediate
energy protons with plastic scintillators was 1.6 MeV at 100 MeV (Mab35,
Mab6), A more typical figure would be of the order of 2%. A very
rough estimate of the possible resolution obtainable with a counter using
a plastic scintillator such as NE 102 gives a value of about O. 6%. This
estimate uses a value of 3 detectable photons per keV energy loss in the
scintillator (Ri61) and a photocathode efficiency of IOA for the photo-
multiplier. The estimate also assumes that the only significant contrib-
ution to the resolution is photoelectron statistics, which is a reasonable

assumption for a scintillator used in a scattering experiment, where the
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variation in light collection is minimized by localization of the
detected particles (Beb6). A systemétic improvement of the energy
resolution resulted in a final resolution of 1.04% in the direct 100 Mev
proton beam. This is omly slightiy inferior to resolutions previously
obtained at this laboratory with the NaI(TL) counters. The main factors
contributing to this improvement were: good light collection efficiency,
selection of the photomultiplier and a fairly strongly tapered dynode
chain. Light collection efficiency was improved quite considerably by
using a truncated-cone;shaped scintillator with a diffuse reflector of
Tio2 paint (NuclearAEnterprises NE560) on the sides. The front face of
the scintillator had a reflector of aluminum foil.

The E counter finally used in the detector telescope had a
cylindrical scintillator, since a truncated cone would ha&e considerably
limited the solid angle, The overall resolution for the entire system,
obtained during the experiment was typically 1.3% for protons, 1.6% for
deutrons and 2.2% for tritons, This includes contributions from the beam
spread (aboutl0.4 MeV - Po64), kinematic broadening due to finite detector
size, energy straggling in the target, windows and AE counter, and the
electronics. The inferior resolution obtained with deu#rons and tritons
is primarily due to the,intrinsiéally lower light output from plastie
scintillators for heavier charged particles (Go60) although the increased
straggle due to greater energy losses in the target, windows and AE
scintillator also contributed. In fact the light output for alphas and

3He particles is of the order of 40% of that for protons and this, together



with their high rate of energy loss, made the present system quite
unsuitable for their detection. Finally, provision was made for electron-
ically adding back the energy lost in the AE scintillator to the E counter,
however, the imp;ovement in resolution was very small and so generally

this was not done.

e) Signals:

Fast timing pulses wefe fed directly into 50 ohm cables from the
anodes of both the E and AE counters and clipéédvto 8vnsea at the anode.
Linear information pulses were obtained from the iOtﬁ dynode for the E
counter (RCA 8575) and the 12th dynode for the AE counter (Phillips 56AVP),
using White cathode followers to drive 50 ohm cables. - The duration of
the information pulses was kept reasonably short (about 60 nsec.) to

minimize pile up at high counting rates.

f) Photomultiplier Supply Voltages:

The supply voltage for the AE photomultiplier was determined
using protons scattered off a carbon target at a small angle (103; high
energy protons producing the smallest AE pulses. The voltage was
increased in steps and the usual plateau of counting rate as a function
of phototube H,T. was obtained, with the AE discriminator at its lowest
setting (100 mv). The supply voltage was then fixed at a value comfort~
ably in the plateau region but’someﬁhat below the noise threshold, ensuring
that all proton pulses were above the minimum discriminator level. The

supply voltage for the E counter photomultiplier was chosen while
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optimizing the pulse height resolution, to provide good pulse height, at

the same time maintaining linearity of the dynode information pulses.

8) Pulse Height Linearity and Calibration:

The pulse height linearity of the E counter was checked for
protons, deuwrons and tritons by using absorbers of various thlcknesses
in front of the telescope. The differential linearity over the energy
region of interest was better than 2% which was adequate. Energy
calibrations obtained during the course of the experiment from the kine-
matic variation of particle energy with scattering angle nrovided an
independent check of the pulse height linearity which was in good agree-

ment with the range method.

h) Angular Resolution:
The contribution to the angular resolution due to the finite
detector size was 0.6 degrees. Other contributions to the angular

¥

resolution will be discussed in another section.

2.5 Beam Monitor:

a) Faraday Cup:

The primary beam monifor was a Faraday Cup located about six
feet downstream of the target (see fig. 2) to avoid interfering with the
magnet ar small scattering angles and to reduce background in the vicinity
of the counters. The cup itself was a 9 em diameter brass cylinder

supported in teflon insulators inside an outer evacuated cylinder which
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served as a grounded shield. The cup was deep to minimize losses due
to back scattering of electrons, and was made with a detachable bottom
containing a plexiglas beam stopper to reduce neutron background. A self
contained independent vacuum system with a diffusiqn pump baéked by a
mechanical pump maintained the pressure in the cup at 10-5mm Hg thereby
ensuring negligible errors due to the lonization of residual gas in the
cup. A bias ring was provided at the cup entrance for électron suppresion,
but tests with voltages up to + 500 volts showed no observable effects.
To avoid collection of electroné ejected from the thin front window
(0.5 mm aluminum), the window was separated from the cup entrance by about
20 cm and permanent bar magnets provided a sufficiently strong magnetic
field to deflect the most energetic electrons. The entire cup was
shielded from the counter telescopes with leadAto reduce gamma backgrounds.
A fluorescent screen on the front window allowed periodic checks of cup
alignment. Initial alignment of the faraday cup on the beam was made with
the back removed. Typically the beam spot at the cup.entrance was about

2.5 em in diameter, the size being due to divergence of the beam and

multiple scattering in the target, chamber window and air path.

b) Calibration Faraday Cup:

A second Faraday Cup (whose back could be withdrawn and inserted
remotely) was designed and installed in the external beam system just
upstream of the second viewbox (see fig..l). This cup possessed all the
features incorporated in the main cup for minimization of possible errors

in charge collection. The function of this cup was to provide an
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accurate calibration of the primary cup and thus allow corrections for
beam loss after the target. This was an especially important considerat-
ion in this experiment partly because of the extended air path to the cup,
but also due to small deflections of the unscattered proton'beam in the
fringing field of the analyser magnet. The calibration procedure
required the use of an intermediate monitor for the comparison of the

two cups. This was achieved by monitoriné the beam intercepted by the
horizontal defining slits which were insulated with teflon from theié
housing. Adequate accuracy could be obtained by taking the mean of
several short measurements. A considerable improvement both in conven-
ience and accuracy would have been possible had a transmission monitor

such as an ionization chamber been available.

¢) Current Integrator:

The current from the Faraday cup was recorded by a commercial
micromicro ammeter (EH model 240), and the integrated current meaéured by
feeding the output of the micromicro ammeter into a Voltage-to4frequency
converter (Hewlett Packard Model 2210) whose output was scaled with a fast
counter.  This p;ovided a very convenient system for current integration,
the main limitation in accuracy. being due to drift and noise pilck-up in
the electrometer. The calibration of this integrator was checked at
various times in each run using a Keithley picoampere source (model 261).
Absolute calibration was obtained at the beginning and end of the experi-
ment by comparing a known current with the picoampere source. The absolute

current was produced by feeding the linear ramp voltage (dv/dt) from a
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Tektronics 547 'scope into a precision capacitor providing a current

Cdv/dt which could be very accurately determined, (Be66).

d)} Monitor Counter Telescope:

At scattering angles smaller than 300, the Faraday cup could
not be used, as the magnet blocked the beam path, making the use of a
secondary beam monitor neéessary in this angular region. A plastic
dE/dx - E counter telescope similar to the main detector telescope and
pivoted on an arm about the chamber support post served this purpose.
The AE scintillator was a 9.5 mm diameter and 1 mm thick disc of NE102
plastic; the brass collimator 11 mm in diameter and the E counter a 9 cm
long truncated cone of NEL02 plastic scintillator optically coupled to an
RCA 6342A photomultiplier. Other physical details and the photomultiplier
supply voltage adjustments were the same as in the main counter telescope.
The monitor coﬁnter was positioned at an angle of 60° on the side of the
incident proton beam opposite the magnet. At this angle the fringing
field of the analyser magnef was found to have a negligible effect on the
monitor counting rate. In this configuration the éeam leaving ﬁhe
scattering chamber was stopped in a plexiglas blqck which was surroundéd
with lead bricks to provide shielding for the counter telescopes. At
angles of 30° and larger both the monitor telescope and the Faraday cup

were used to monitor the beam, providing normalization for the monitor.

2.6 Electronics:

A block diagram of the electronic system is shown in fig. 10.
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The fast coincidence units, discriminators, and the linear gates were
commercial modules manufactured by E., G. & G. Inc. The remainder of the
electronics was built by the author, transistorized circuitry being used
throughout. A brief description of the system is as follows: fast
timing pulses of 8 nsec duration from the anodes of the AE and E counters
triggered fast discriminators whose standard outputs were used to form the
fast coincidence. The coincidence resolving time was determined by
adjusting the pulse lengths of the discriminator outputs and was typically
15 nsec. Cofrect timing of thé coincidence inputs was.achieved with a
standard time delay curve. True and chance coincidences were obtained
simultaneously as shown in the diagram; chance coincidences being detected
by delaying the AE timing pulse by a multiple of the cyclotron RF time
structure (usually one RF cycle). Output pulses from the coincidence
(true) unit were regenerated by the gate driver which opened the two linear
gates allowing the appropriate E and AE information pulses through; The
gate driver which was basicaliy a fast emitter timing monostable was
necessary to provide standard pulses for the linear gates which remained
opén for the duration of the gating pulse. The output pulse duration"
from the coincidence units was determined by the overlap of the input
pulses and was therefore not only variable but also too short. The gate
driver provided a gating pulse for the multichannel analyser. lThis was
required only for two parameter analysis. The amplifier -shapers and
delay amplifiers shaped the E and AE information pulses for the analyser

(TMC 4096 channels). The E and AE spectra could be routed into separate
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quadrants of the analyser memory and accumulated simultaneously; or, as
will be discussed in a later section, stored in the two parameters mode
to aid in particle identificationf

The electronics for the monitor telescope was essentially the
same as that for the main counter telescope, with the exception that only
the timing pulses were used. Fast common base amplifiers of rise time
less than 3 nsec and gain of approximately 8 were constructed for the
timing pulses from the E counters to provide pulses large enough to
trigger the lowest discriminator setting for low energy particles.

The true coincidence and monitor coincideﬁce,rates were counted
with a fast (100 MHz ) dual scaler which was also useful wﬁen checking -
very high singles rates. The chance coincidence rate was scaled with a

slower scaler.

2.7 Lithium Targets:

The lithium targets were both enriched separated iéotopes
obtained in metallic form from Oak Ridge. The 6Li was 99.37% enriched and
the 7Li 99.99% enriched. The targets were made by rolling the lithium.
immersed in mineral oil to thicknasesof approximately 1 mm, (50 to 60 mg/cmz)
and then cutting the targets with a sharp knife to fit the target holder.
The thickness was measured with a micrometer gauge, the average of a number
of readingsproviding adequate accuracy (+ 0.005 mm). The uniformity of
the target thickness was surprisingly good and found to always be within
the uncertainty of the measured thickness. Several targets were made over

the course of the experiment and were stored in mineral oil between runs.
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Prior to insertion in the target holder the bulk of the oil was removed
with absorbent tissue and the thin film remaining evaporated in the
scattering chamﬁer. Very little deterioration of the targets was
observed over the entire period in which they were used and it is believed

that oxygen and nitrogen contamination was negligible.

2.8 Liquid Helium Target:

a) Description:

Cryogenic targets for liquid gases of varying degrees of
sophistication have'been‘described in the literature. The helium target
built for this experiment was very simple in design and was modeled on a
hydrogen cryostat used at Harvard (Pa58) as was a previous helium target
constructed at this laboratory by Goldstein (Gob67). Several modifications
were incorporated in the design of the present target which resulted in
greatly improved performance over previous liquid helium targets.

A diagram of the helium target is shown in fig.11. The
essential components of this target were: the helium reservoir and target
appendage enclosed within a heat shield which was maintained at liquid
nitrogen temperature to minimize heat transfer by radiation, and an outer
vacuum jacket to provide'thermal‘insulation.

The materials ﬁsed in the construction of the cryostat were
copper and stainless steel, copper being used where good thermal conduct-
ivity was necessary and stainless steel where good insulation was requiréd.

All joints were silver soldered to withstand stresses due to the extreme
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temperatures and to ensure a reliable vacuum tight system. Problems due
to differential contraction were minimized by the use of copper and
stainless steel whose thermal contractions are almost equal, and by
hanging the internal cold structure freely from the outer container which
was  at room temperature. The use of brass in the cryostat was avoided
for several reasons: its thermal contraction is about 20Y% higher than
that of stainless steel; its thermal conductivity at liquid nitrogen
temperature is an order of magnitude lower than that of copper (two orders
of magnitude at liquid helium temperature) and finally, brass has.poor
vacuum properties, having a tendency to outgas..’

The outer container of stainless steel provided a vacuum
environment and support for the target assembly, The lower flange was
designed to fit directly into the top of the scattering chamber, replacing
the regular target assembly, The liquid nitrogen reservoir which served
to cool the radiation shield,'waé partially thermally insulated by a
stainless steel upper section between the reservoir and the copper flange
at the top. The heat shield was divided into an upper section which was
an integral part of the quuid nitrogen reservoir and extended down below
the target flange, and a lower section which could be removed to prévide
access to the target. Both seétions of the heat shield were made of
copper with 1.5 mm walls to ensure good thermal conductivity and a uniform
low temperature. The lower heat shield was attached to the upper section
simply by a tight pressure fit. To present thin windows to the incident

beam and scattered particles, a 2.5 cm diameter hole for the incident beam
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and a 2.5 cm high slot extending 100 degrees to either side of the beam
direction for particles scattered from the target, were cut into the lower
heat shield and covered with thin (2.3 mg/cmz) aluminum foil. A two
layer baffle ét the bottom of the lower heat shield provided a path for
pumping on the interior of the cryostat while at the same time providing
a continuous radiation shield. |

The liquid helium reservoir which had a capacity of 1.6 litres
was suspended from the heat shield assembly by its filling tube. This
tube was thin walled and of stainless steel to minimize heat transfef by
thermal conduction. The tempe?ature gradient and subsequently the thermal
conduction was also reduced quite apprecilably by extending the length of
the filling tube between the points of contact with the liquid helium and
liquid nitrogen reservoirs as shown in the diagram,

The helium target itself was attached to the helium reservoir
flangé, good vacuum being maintained at these low temperatures by the use
of an indium vacuum seal. The helium target finger consisted of a 12.7 mm
cylinder of 0.025 mm thick H-film with an aluminum flange and end cap, and
was assembled with an €poxy using equal parts of Epon 828 resin (Shell
Chemical Co.) and Versamid 125 resin (General Mills Inc.). The use of a
detachable target finger was vefy convenient, greatly facilitating replace-
ment, and represents an improvement over previous targets.

Special care was taken when assembling the cryostat to keep the
helium reservoir, heat shields and outei container concentric, to ensure

correct and reproducible target alignment.
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The entire heat shield assembly and the helium reservoir were
silver plated and highly polished to minimize heat transfer by thermal
radiation. To prevent deterioration due to tarnishing of the polished
silver surfaces, the cryostat was always stored under vacuum in a special

vacuum chamber.

b) Performance:

Apart from an initial vacuum leak in the liquid nitrogen
reservoir which was successfuliy repaired with epoxy (Epon-Versamid), no
problems were encountered with the cryostat. The rate of helium
consumption was determined in eaéh run by periodically monitoring the
liquid level. The liquid level indicator was a simple device consisting
of a long 3 mm o.d. stainless steel tube with a larger o.d. brass reducer
section at the top. Its operation makes use of the fact that when the
cold end of a tube containing an oscillating gas column passes from the.
helium vapour into the liquid, the frequency and the'intensity of oscil-
lation decrease by about 30 and 60 per cent respectively (Ga55). The
liquid level is found by holding the thumb lightly o&er the end of the
tube and recording the point at which an abrupt frequency-intensity change
occurs. With care helium levels could be measured to within + 1 mm.

The helium consumption rate, after correction for evaporation due ;o the
beam itself (typically an average of 2 to 5 cc/hour), was found to be
approximately the same in all three runs in which the target was used.
The rate of evaporation was observed to decrease with time, the average

consumption rate for the first half of the reservoir being about 45 cc/hour;



-31-

dropping by about 30 per cent for the lower half. The decrease in
consumption rate can be understood qualitatively by the following consid-
erations: As the liquid level in the helium reservoir drops, some of the
heat which previously went into evaporation of the liquid, is now absorbed
by the saturated helium vapour above the liquid by slightly raising its
temperature. The immediate consequence of this heat sharing is a

reduced evaporation rate. In fact the specific heat of helium vapour
(per OK) at temperatures near the boiling point is somewhat less than a
quarter the latent heat of vapouriéation (Ke&2). " The overall average
consumption rate was 40 cc/hour. and this represents a significant improve-
ment over other similar cryostats where typical consumptioﬁ rates for
helium of 250 to 300 cc/hour have been reportéd (SeSé, Go67).'- More
sophisticated systems have been reported with consumption raﬁes as low as
200 cc/hour (Mob4).

It is difficult to explain the large difference in performance
quantitatively, but some conclusions of a qualitative nature can be drawn.
Goldstein (Go67) has made a detailed analysis of the various sources of
heat transfer which contributed to the helium evaporation rate of his
cryostat. His analysis was subject to a number of fairly serious arbitrary
assumptions; however it is of iﬁterest to compare the two cryostats. The
sources of heat transfer in the present cryostat, as in Goldstein's, can
be divided into two categories: thermal éonduction down the filling tube
and gas conduction; and thermal radiation both down the filling tube and

from the heat shield to the helium reservoir and target appendage. The
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contributions to the total heat transfer from conduction and from radiat-
ion down the filling tube are small; being of the order of a few cc/hour
and probably not greater than about 10 cc/hour (Go67).  The remainder of
the heat transfer can be attributed to radiative transfer from the heat
shield, althouéh an accurate anélysis is difficult in the absence of a
reliable estimate of the emissivity of‘H-film.

The earlier cryostat used By Goldstein had two additional
features which contributed to heat transfer to the target and reservoir.
The first was the use of nylon centering screws to position the reservoir,
providing a path for thermal conduction from the heat shield. The second
was in the design of the lower heat shield which was constrﬁcted entirely
(except for a silvered brass baffle) of 0.025 mﬁ aluminum foil and was
therefore able to support a relatively large temperature gradient, increas-
ing radiation. Goldstein_attfibuted about 70 percent of his evaporation
rate to the radiation from the lower heat shield. Earlier cryostats have
also used thin aluminum foil heat shields, although the.use of centering
screws has generally been avoided.

In an attempt to try to isolate the various effects contributing
to the heat transfer, and in particular to try to simulate some of the
(undesirable) features of the eaflier cryostats, two additional tests
were performed. The tests were conducted with the cryostat in the same
environment as during the actual experimental runs, but without the proton
beam. In the first test, the .liquid helium consumption rate was measured

with a 25.4 mm diameter target replacing the previous 12.7 mm target. In
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the second test, the lower heat shield was replaced by a.heat shield of
0.025 mm aluminum foil (with a silver plated copper baffle). It was
hoped that the first test would indicate thé target contribution to the
radiative transfer, however, a poor vacuum during this test (about

12 x 10-6 mm Hg) largely obscured the effect being investigated. The
measured consumption rate was 67 cc/hour. The second test yielded a rate
of 77 cc/hour (with the vacuum back.at 10-6 mm Hg). A rough analysis

of these results, assuming an emissivity of 0.9 for H-film leads to the
observations that: radiative transfer to the target is about 20 per cent
of the transfer to the reservoir.( the ratio of the areas is about 3 per
cent); conductive gas transfer increésés the consumption rate by about

1.5 cc/hour per 10-6 mm Hg pressure; and the iﬁferior heat shiéld increased
the radiative transfer of heat by about 50 per cent. It should be noted
that the lower heat shield of Goldstein's cryostat was at least twice the
area of the one used here, and an appropriately greater increase in
radiation transfer would be expected.

To summarize, it may be concluded that the major contributions
to heat transfer in the earlier cryostat were due to the heat shield
construction and to the use of centering screws. The extremely low
consumption rate of the cryostaﬁ constructed for this experimenﬁ may be

largely attributed to the fact that these features were avoided,
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FIGURE 1

EXTERNAL BEAM TRANSPORT SYSTEM



FIGURE 1

This schematic diagram illustrates the main features
of the external beam transport system of the McGill
Synchrocyclotron, as used in the present

experiment.
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FIGURE 2

EXPERTMENTAL LAYOUT



FIGURE 2

This diagram illustrates,.schematically, the exp-
erimental layout (not to scale). The insert
shows the target holder which enabled the inter-
change of up to four targets without breaking the
“vacuum. One target position cbntained a fluores-
cent screen which was viewed by closed circuit
television and facilitated alignment of the beam.
The target assembly was directly interchangeable

with the liquid helium cryogenic'target.
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FIGURE 3

EXPERIMENTAL SYSTEM



FIGURE 3

This photoug.saph shows all the main features of the
experis ~aval set-us. The séattering ciaavver with
iis H-fulm window zud the C-frame Anal.ser Masuet
are seen in the cuiire. with the monitor telescope
pivoted about the chauxbher support post v =i¢ left
and the wmain counter ’ 'lescope behind the magnet

on the right. The F.- da: Cup, surrour ¢ by lead

s:ielding blocks is evideunt in the fore vound.

rey

ome oi the lead shielding aas been removed from

zl.e magnet «:..d the Faraday Cup to shou “iuse

. eature.. more clearly. The vacuum chambur in the
‘ t pole 3 che pole tips, aad the analysing
magnec po.e gap, cne »ole tips, aad the and y g

slits are just visible-
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FIGURE & .

ANALYSER MAGNET FIELD MAP FOR CENTRAL PATH



FIGURE " &4

wuls figure shows graphically the field map of

tne anai rger magnet from the target position to
the detector along the :encral path. It is

arbityr :cily normalized o unity, and the shap;
remains unchanged over the range of magnetic
exXcitation used. The fringing field is quite
evicsnt. The division of the pathh into scctors
for analysis of the magiet (described in the cext)

is showa, the sectors being l-beled M ate.
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FIGURE 5

MAGNET MOMENTUM SELECTION .CHARACTERISTICS



FIGURE 5

The momentum.selection characteristics .of the
analyser magnet showing regions of total and
partial transmission for a 1 mm (and 4 mm) beam
spot and slit settings of + 7.5 mm. Details

are discussed in the text.
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FIGURE 6

ANALYSER MAGNET TRANSMISSION FOR PROTONS » DEUTERONS AND TRITONS



FIGURE 6

The transmission of selected momentun: "bites" by
the analyser magnet, is shown, where the central
ray has the magnetic rigidity appropriate to

a) 90 MeV protons, b) 80 MeV deuterons and

c) 70 MeV tritons. These are representative of

the requirements of the present experiment and have
been calculated for a 1 mm beam spot. Alpha and

3 -
He transmission are not shown.
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FIGURE 7

DEPENDENCE OF ENERGY "BITE" ON PARTICLE ENERGY AND BEAM SPOT SIZE



FIGURE 7

This figure shows graphically the size of the
energy ''bite" (i.e. region of 100% transmission)
as a function of particle energy, for several
beam spot sizes. The finite thickness of the
curves reflects the slight differ..ice between the
various particle species. (Tritons have slightly

larger energy "bites" than protons).
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FIGURE 8

ANALYSER MAGNET ENERGY CALIBRATION



FIGURE 8 , -

The magnet excitation current settings are plotted
as a function of the central path particle energy
for protons, deuterons, tritons, 3He's and alphas..
The proton calibration was obtained empirically as
described in the text, the others being derived by
calculation. The experimental points for the
protons and one point to chéck the deuterons are

also shown.
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FIGURE . 9

COUNTER TELESCOPE GEOMETRY



FIGURE 9

The geometry of the counter telescope is shown
schematically, illustrating in particular the
reflector for the AE scintillator. (The geometry

for the monitor counter telescope was essentially

the same).
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FIGURE 10

ELECTRONICS



FIGURE 10

This figure shows a block diagram of the electron-
ics associated with both the main detector tele-

scope and the monitor counter telescope.
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FIGURE 11

LIQUID HELIUM CRYOGENIC TARGET



FIGURE 1%

This diagram shows Ciie main details of the

liquid helium target and its placement in the
scattering chamber. The diagram is approx-

imately to scale.
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CHAPTER 3. EXPERIMENTAL PROCEDURE

3.1 Proton Beam Alignment:

At the start of each run the proton beam was aligﬁed on the
target centre witﬁ the aid of the two viewing boxes in the beam transport
system and the fluorescent screen in the target positiom. The position
and direction of the beam at the target were easily reproducible by
ensuring that the beam spot was centered at both viewing boxes as well as
at the target. The beam spot size was typically 1 mm to 2 mm in diameter
and centered on the target to better than 0.5 mm. The divergence of the
beam varied with beam intensity, since the intensity was itself determined
by the horizontal size of the beam defining slits. The maximum total
divergence was about 1° and more usually about 0.5°. The beam;pbsition
was checked at both viewing boxes several times during a run fof possible
changes due to magnet power supply drifts. |

In the experiments with the liquid helium target a different -
procedure for alignment was used, due to the absence of a fluorescent séreen
at the target positiom. The monitor counter telescope was set at a
scattering angle of about 60° an& the incident beam was swept across the
helium target finger in small steps by varying the switching magnet field.
For each step the counting rate from the monitor telescope was scaled for
a unit of incident beam collected by the Faraday cup. To first order,
the counting rate is proportional to the thickness of helium traversed by
the beam, the maximum counting rate occurring for a beam centered on the

target. In practice the only difficulty associated with this method was
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the problem of reproducing magnet settings due to hysteresis. This was
solved by cycling the magnet. An example of the target profile obtained
by this method is shown in fig. 12a. The solid curve represents the
variation of the counting rate expected for the 12.7 mm diameter target,
calculated on the basis of the known spot size and target thickness, and
arbitrarily normalized to 1 at the maximum. The experimental points,
similarly normalized, can be seen to be in excellent agreement with the
expected profile. The spatial position of the beam corresponding to the
various magnet settings was obtained with the target screen in place of

the helium target.

3.2 Zero Angle Calibration:

An absolute calibration of the zero angle, or incidénf»beam
direction was made for each run prior to data accumulation. The method
was essentially to compare the éross-section for scattering on either side
of the incident beam, finding left and right scattering angles at which the
cross;sections were equai; the bisector of_these angles theﬁ defining fhé 
zero angle. This calibration was made using a carbon target as a
standard, except in the case of the runs with the helium target whea the
helium target itself was used. ‘An angle at which the cross-section varies
£apidly was chosen; 20° for Carbon (Ma66) and.2'5o for Helium (Gob67).
Initially the zero angle determination was made for both the main detector
telescope and the monitor counﬁer telescope, and this provided an
absolute calibration 6f their.relative zero angles. In subsequent runs

it was found to be more convenient to measure monitor telescope zero angle
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and infer the zero angle correction for the main detector telescope from
the earlier calibrations. Experimentally, the monitor counter was set

at the appropriate angle on one side of the incident beam direction and

the number of counts for a unit of beam recorded. This was then repeated
on the opposite side at the same angle, and at angles sﬁaller and larger
by one degree. The zero angle was then determined graphically by
plotting the counting rate differences 4dgainst angle, as shown in fig. 12b

for a helium run.

3.3 Beam Monitor Calibrations:

a) Faraday Cup:

The Faraday Cup was used as ﬁhe beam monitor in theigngular
region from 30° to the backward angles. A calibration of thekéﬁp was
made at each angle following data collection, This was necassary gince
differené fringing field conditions caused émail shifts in‘the unscattered
beam position at the cup entrance and subsequgnt changes in the cup
collection efficiency. In.addition, changes in beam intensity involvedfylz
changes in the divergence of the beam at the target which also gave rise |
to differences in the cup efficiency.. The calibration was accomplished
by comparing the main cup with'fhe calibration cup in the external beam -
system (described in a previous section). Normalization of the ﬁwo cups
was achieved by collecting the charge with the same integrator and using,
as an intermediate monitor, the beam current intercepted by the horizontal

defining slits of. the beam transport syétem. The slit current was
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integrated with a Keithley micromicro ammeter modified to measure charge.
To first order, at least over short time intervals, the intercepted beam
should provide a fairly feliable intermediate monitor and this in fact

was found to be the case from the consistency of a number of consecutive
readings.  Several measurements were made each time to minimize the
effects of small variations.  (The advantages of a direct trénsmission
secondary monitor such as an ionization chamber are obvious). Calibration
of the Faraday cup in this way gave corrections uno larger tham 3% and more

typically of the order of 1%.

b} Monitor Telescope:

The monitor counter served as the sole beam monitor at
scattering angles smaller than 300, and was used iﬁ conjunction.with the
Faraday cup at larger angles, Calibratiem of the monitgr countér was
accomplished simply by ensuring that during the course of each run, some
data be accumulated at an angle greater than 300, permitting simultaneous
monitoring of the beam with the Faraday cup., At small angles the
monitor telescope was well‘shielded from the plexiglas beam stopper with
lead blocks. To check for possible counting rate effects due to back-
ground (largely gamma ray) from the beam stopper, the monitor rates with
the plexiglas stopper in and out were compared (ﬁith the magnet at am
angle larger than 300). No noticeable effect was observed. The moniter
counter was also checked by comparison with the Faraday cup, for counting
rate dependence of the counting efficiency, no systematic effects being

observed for counting rates up to 104sec-l.  In the early stages of the
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experiment checks were made for possible effects on the counting rate due
to gain shifts in the photomultipliers (or small angle shifts) caused by
the magnet's fringing field. No systématic differences in counting rate
were observed with the wagnet on or off, again using the beam.slits,as

an intermediate monitor.

c) Current Integrator:

At the start of each run and usually once or twice duiing the
course of a run, the current integrator was calibrated. This was done
using a Keithléy picoampere source (model 261) on each integrator scale

used. Absolute calibration has been described in sectiom 2.5 (e).

3.4 Magnet Settings:

The magnet setting was determined for each reaction éﬁd at each
angle on the basis of the energy calibration described in section 2ﬁ3 and
plotted in fig. 8. The central path energy was obtained from the reaction
kinematics and the required range of excitatiom, allowance being made for
particle energy losses in the target and windows. The settings were
always chosen consérvatively to allow a wide margin for possible’variationégi
especially those due to hysteresis effects in the magnet. Only the
central 80 per cent of the full transmission region was used, and the magnet
was cycled before changing a setting. In some cases it was necessary to
accumulate overlapping spectra at two magnet settings in order to study
a range of excitation which was larger than the full transmission energy

"bite'.
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3.5 AE Discriminator Setting:

Where necessary, the AE discriminator was used in conjunction
with the magnet to improve particle séparation. AE discrimination was
accomplished with the fast discriminator in the AE side of the fast
coincidence circuit. Ideally it would be desirable to use & single
channel analvser for this purpose, setting a window on the AE spectrum and
gating the E spectrum accordingly. It was found, howgver, that the use
of a lower level discriminator alone (which was -alrveady an.integral part'
of the electronics) did not limit the'flexibility of the system. Particle
species with higher specific ionization (i.e. larger AE pulses‘viz.
deuterons or tritonms) were usually well separated in energy from the particle
species being studied. This was due both to the magnet properties and to
the lower (intrinsic) output of fhe plastic E counter for the ﬁére highly
ionizing particles, .

Figures 13a, b, and ¢, show typical spectra from the AE countér
of protons, deutrons, and tritons, from a carbon target at a scatteriné.
angle of 30°. These were accumuigﬁéd with magnet settings_correspondingA‘
to central path vigidities of 90 MeV protons, 75 MeV deuterons and
70 MeV tritons respectively. In each case the AE scintillator was 2mm
thick and the lowest AE discriming?or level was used. Théée spectra
illustrate to some extent‘the effect of magnetic separation alone. The
study of protons did not require AE discrimination. In the c;se'of
deuterons or tritons, the AE discriminator was set to cut the AE spectrum

off below the minimum E pulse height for the ppropriate particle group.

1
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The cut off level was chosen conservatively to ensure no loss of the
particle species being investigated. This meant that there was always
some feedthrough of the heavier particles, which in fact was enhanced
by the effect of the Landau tail. In all cases particle species with
higher ionizing rates (higher AE pulse height) appeared in a part of the
energy (E) épectrum outside the region of inferest.

In cases where it was difficult to decide on the discriminator
setting, it was found useful to determine the best setting while
accumulating data in the two dimensional, AE vs E mode of the two para-
meter analyser, In this mode particles of different species appear as
ridges in the display, following a locus determined by the relationship
between dE/dx and E (i.e. essentially hyperbolae). The width of theée
ridges (or conversely, the separation between the ridges) is dégendent on
the AE resolution. The limiting'factor in the choice of AE resoiu;ion
was the energy loss suffered by the particles in passing through the.AE
counter and consequent deterioration in the E counter resolution. This
technique also provided a very useful indication of the extent to which
. feedthrough was present in the region of interest in a particular spectrum;?
These points are illustrated by the two parameter spectra of fig. 14,
which also show several interéséing features of the particle separétion.

The target used was 6Li and the scattering angle 15°, Fig li4a
shows a spectrum obtained with the magnet and AE discriminator set for
deuterons from the 6Li (p,d)sLi reaction. The two prominent deutefon

peaks correspond to excitation of the SLi ground state and a level at
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16.65 MeV. The deuteron cutoff due to the magnet characteristics is quite
evident as is the lack of protons after AE diserimination. . Tritons
accepted by the magnetic selection appea? as a ridge behind the deuterons
(at a higher AE) and in a lower energy region. In fig. 14b the display
of fig. l4a has been rotated. by 180° in the kicksorter memory to show ﬁhe
tritons more clearly. Fig. l4c shows a spectrum obtained with the magnet:
and AE discriminator now set for tritoms from the 6Li‘(p,t)4Li'reaction.
The gain settings were the saﬁe'as iﬁ figs. 1l4a and b. In this display
the integrated energy (E) spectrum is also shown in the first row of
chaﬁnels. Figs. 15a and b illustrate two additionél examples of the
particle separatidn. Fig. 1l5a shows a spectrum of tritons at 5%ab from
the reaction 7Li (p,t)sLi, the high energy triton peak corresponding to the
ground state of 5Li. Fig. 15b is representatiﬁe of the sepa;étion possible
with protons, and shows a spectrum of protons at 30°Lab. from a CH target.
The three main peaks correspond to protons scattered from the ground state
and from the 4.43 and 9.65 MeV excited states of 120. The lowest energy
proton peak is due to elastic proton proton scattering from the hydrogeﬁ"
content of the target and is only partially transmitted by the magnet, hf‘
illustrating an energy "bite" of somewhat less than 23 MeV. |
Feedthrough of protoﬁs in the deuteron spectra was not a serious
problem, as can be seen in figs. l4a and b, gnd in fact was %Egligible at
the high energy end of the spectrum. Eeedthfough of deutefons in the
triton spectra (Figs. l4c and 15a) was more difficult to avoid and a

correction had to be estimated in most cases.
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3.6 Background Measurements:

The background contribution was checked at each angle by
comparing target in-target out counting rates. | At angles 1arger than 30°
the background counting rate (coincidence rate) was essentially zero. in
the small angle region, the‘large flux of gammas and neutrons produced
by the beam stopper contributed in some cases to an appreciable background
counting rate in the detector, in spite of all efforts at shielding.
However, the background‘appeared only at the low energy end of the spectrum,
well out of the region of interest, and its most serious effect was that
of increasing the éingles counting rate in the E counter, enhancing

chance coincidences and pile-up.

3.7 Chance Coincidence Measurements:

The chance.coincidence rate was continuously monitored'as
described in a previous section. . In some caseé a chance spectrumAWag
also obtained by insertion of an R.F. delay into one side of the true;:
coincidence circuit. The chance rate was generally negligible at angles:
larger than 30° and at smaller angles,:the detector counting rate was |

limited to keep the chance rate below about 2 per cent.

3.8 Liquid Helium Target:

The helium target was installed in the scattering chamber and
remained in the chamber, under vacuum for the .duration of this part of the
experiment. Preparatory to each run, the liquid nitrogen reservoir was

loaded two hours before filling the target with helium, to allow the inmer
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target assembly to cool down. The scattering chamber vacuum system
was isolated from the main external beam transport system and pressures
of 10-6mm Hg were typical with the help of the cryopumping. The liquid
helium transfer was accompliéhed using standard techniques with a helium
transfer tube. A good transfer took about twenty minutes and used 7 to
8 litres to fill the 1.6 litre reservoir. After all the data had been
accumulated with the helium target, background runs with an empty target
(maintaining the beam alignment) were made at each angle to allow
correction for reactions in the target cylinder and heat shield windows.
One transfer of helium was more tham sufficient for a tyéical 20 hour
run, but the liquid nitrogen reservoir was replenished every four to

f£ive hours.
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FIGURE 12

a) BEAM ALIGNMENT ON HELIUM TARGET
AND

b) ZERO ANGLE CALIBRATION



FIGURE 12 a

This diagram showé the profile of the liquid helium
target. The solid curve represents the variation
in monitor counting rate for'the.12.7 mm diameter
target, calculated on the basis of the known beam
spot size and target thickness. The curve and
experimental points (obtained by sweeping the proton
beam across the target) have both been arbitrarily

normalized to 1 at the maximum..

FIGURE 12 b
This figure illustrates a typical zero angle cali-
bration for a helium run. Monitor counter angles
sed were 25°0 left, and 24°, 25°, 26° right. The
error bars reflect the maximum uncertainties due
to statistical errors. 'The zero'angle corresponds

to the intersection of the curve with the line

\ -
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FIGURE 13

AE SPECTRA FOR PROTONS, DEUTERONS AND TRITONS

FROM A CARBON TARGET AT 30°



FIGURE 13

AE spectra are shown for protons, deuterons
and tritons from a carbon target at 30°. The
spectra were accumulated with magnet settings
appropriate to central path rigidities for 90
MeV protons, 75 MeV deuterons and 70 MeV tri-
tons respectively. The lowest AE discrimin-
ator level was used in each case. The scales
(in arbitary units) give an indication of the

relative cross-sections.
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FIGURE 14

TWO PARAMETER (E - AE) DISPLAYS FOR THE (p,d)

6
AND (p,t) REACTIONS ON Li.



FIGURE 14

Two parameter displays are shown of spectra accumulated
for the (p,d) and (p,t) reactions on 6Li at an angle of
15° Lab. (Energy E extends to thé right.and AE extends
backwards).
a) This displays the spectrum obtained with the
magnet and AE discriminator set for deuterons from
| the 6Li(p,d)5Li reaction. The deuteron ridge is
promineni at low AE, a ridge of tritons accepted by
the magnetic selection appearing in the back.
b) This is the spectrum of (a) above, rotated in
the memory through 180° in order to show the tritons
more clearly.
c) In this display the magnet and AE discriminator
settings were appropriate to tritons from the
6Li(p,t)41i reaction. The gain settings were un-
changed from the previous displays. The integrated
energy spectrum is also shown in the first row of

channels.
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FIGURE 15

MORE TWO PARAMETER DISPLAYS



FIGURE 15

Additional two parameter spectra are shown for:
a) The triton spectrum from the reaction i
7Li(p,t)sLi at 5° Lab., illustrating the negli-
" gible deuteron feed-through in the region of
interest.

b) A proton spectrum from carbon at 30° Lab.,
illustrating the excellent separation of protons
from the deuterons accepted by the magnetic

selection.
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CHAPTER 4. DATA REDUCTION AND DISCUSSION OF ERRORS

4.1. Calculation of Cross-Sections:

The differential scattering cross-section is defined by:

do _' N
dQ  n~ N4
where N/NI is the fraction of the incident particlés scattered into the
solid angle dQ by n scattering centres per unit area.
For the determination of the experimental differential cross-
sections presented in the next chapter, this can be rewritten:

d.o Ncos & ,
Ifl a Q dn (%S) (Jé')]

where:
N is the number of scattered particles detected, leaving the
residual nucleus in a particular state.
Q is the integrated charge in coulombs of the incident proton
beam.
e is the proton charge (1.60 x 10_19 Coul.)
fot is the target thickness (in gm/cmz)
No is Avogadro's number (6.023 x 1023 atoms/gm. atomic weight)
A 1s the atomic weight of the target nucleus
© is the angle between the target normal and the incident beam
(not applicable to the helium target)

and dQ is the solid angle subtended at the target centre by the
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defining counter of the detector telescope.
The quantity in brackets is a constant for each target; depending only
on target thickness and detector geometry. The systematic errors
associated with this constant, and the various corrections applied to the
other experimental variables in the calculation. of differential cross-
sections are discussed, together with their associated uncertainties, in

the following sections.

4.2 Corrections to Raw Data and Associated Uncertainties:

a) Determination of N;

The major corrections to the number N of observed particles
were to compensate for counting rate losses and for absorption by the
detectors. v The only significant counting losses were due to the dead
time of the multichannel analyser and the pulsed structure of the proton
beam. The analyser dead time was considerably longer thén the duration
(10 psec) of the cyclotron beam burst, allowing storage of only one
information pulse per burst. Any subsequent pulses within the burst
were lost. The correction for counting losses was determined experiment-
ally by monitoring the coincidence output with a fast (100 MHz) scaler
and comparing the number of coincidences (negligible dead time correction)
with the summed counts in the analyser spectrum. This was checked by
comparison with the calculated correction using the Cormack formula(Co62)

for a long dead time circuit and a pulsed beam:

-t
]kito =|—-e e
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where ?Lz and 11 were the observed anci true counting rates and to the
interval between beam bursts. The beam burst interval was obtained by
continuous monitoring the cyclotron repetition rate. Agreement between
experimental and calculated corrections was very good and the experimental
corrections were used. These ranged from about 15% for counting rates of
150 sec_l in the proton scattering experiments to 1% or 2% in the lower
counting rate pick-up reactions.

Absorption in the detectors also introduced significant losses
in the number of counts observed. Two processes contributed to this loss.
A correction for the first, which was due to scattering of particles by
the AE detector outside the acceptance of the E counter, was estimated
using published carbon and hydrogen scattering cross-sections. For
protons between 100 and 50 MeV (Ma66, Fa67, Br60) the calculated correct-
lon was less than 1% and for deuterons of 95MeV (Ba56, Pobl) the
correction was about 0.7%. Much more serious were losses due to nuclear
interactions in the E counter itself. These inelastic processes produced
substandard pulses, displacing counts to a lower energy in the spectrum.
The correction for this effect is energy dependent and has been calculated
over a wide range of energies by Measday (Me65, Me66) for protonms,
deuterons, and alphas incident on a plastic (CH)n counter. An experiment-
al check of the correction for this effect was made with 100 MeV protons
by piacing the main counter telescope in the direct proton beam (with
greatly reduced intensity). The spectrum thus obtained exhibited a low

energy '"tail" corresponding to losses from the peak due to nuclear inter-
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actions. In estimating the correction from the "tail" or continuum,

a gaussian was fitted to the peak and a value of (14 + .5)% was obtained.
The uncertainty includes estimated errors in extrapolation of the tail at
both ends of the spectrum and the;statistical error. An earlier
measurement using similar techniques, made in collaboration with Mark
(Mab65) yielded a correction of (13.4 + .3)% for a different plastic
counter. This correction is considerably iarger than the 9.8% correction
tabulated by Measday (Me65). The disc?epancyAbetween the values can be
attributed to the approximations uéed in-Measday;svéalculations. ~Loss
by elastic scattering out of the detecfor &olume.was ignored, and this
has been shown (Go67) to contribute as much as 1.5% of the total for

100 MeV protons. Measday's calculations also assumed (sémewhat arbit-
rarily) a cut off at 5 MeV, protons having to lose more than 5 MeV to be
included as "lost", A sixﬁilar demarcation in the experimeﬁtél measure=
ment described above would decrease the measured correction by 2.4%.
Previous experimental measurements of the corréctions for protons in a
plastic scintillator were made at 40 and 68 MeV (Jo58) yielding correct-
ions 7% lower and 14% higher rgspectively than the Measday values. The
corrections ﬁinally used for the proton data were obtained by fitting a
curve to the experimental pointé, while maintaining the same general
shape as Measday's values. A systematié error of + 1% was assigned for
the uncertainty in this correction. No experimental data was available
with which to compare Measday's deuteron corrections (Me66) for deuteron

energies in the region of interest. One measurement at 26.8 MeV (Ei63)
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was about 20% higher than the corresponding calculated Measday value.
Using soﬁewhat less accurate cross-section data Postma and Wilson (Pob6l)
also calculated the correction for nuclear interactions of deuterons in
plastic scintillators and obtainedlcorrections about 25% higher than
those of Measday. The corrections finally used for the deuteron data
were those tabulated by Measday (Me66) and a systematic uncertainty of
+ 2% was assigned to this correction. Experimental data, either in the
form of direct measurements of the absorption correction, or in the form
of reaction cross-sections which would enable céiculations (such as
Measday's) of this cofrection, is not available for tritons of the energy
range covered in this experiment. Consequently no corrections could be
made to the triton counts for losses due to nuclear interactions in the
counters or for outscattering from the AE scintillator. These
corrections, which probably are of the order of 20 to 257 could easily
be applied to the data at some future date, should they become available.

There were several additiomal, but smaller, corrections to the
number of counts N. Chance rate and pile up correétions were always
small and often negligible.  Maximum chance rate, which never excéeded
4%, occurred in the (p,t) reactions at the forward angles, where it was
enhanced by high singles rates in the counters (due to the beam stop
background). In the few cases where the chance rate was high, a chance
spectrum was obtained in addition to the normal energy spectrum, 'Pile-
up corrections were also small, the most serious corrections ( < 4%)

again occurring for the (p,t) reaction at small angles. Pile up -
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corrections were made assuming Poisson statistics, and using information
on the E pulse shape and singles rate which was checked at each angle.
No systematic uncertainty was assumed for these corrections.

In the experiﬁents with the lithium targets, background
(checked by comparing spectra with the target in and the target out) was
non-existent at angles larger than 30°. In the small angle region
where the beam stop was used, background counting rates were sometimes
quite appreciable, but in all cases contributed only to a part of the
spectrum outside the fegion of interest. In tﬁe case of the helium
target, the target cylinder and aluminum heaﬁ shield contfibuted-a back-
ground to the entire spectrum, and it was necessary to repeat each helium
run with an empty target. The correcﬁions obtained for the scattering
from the empty target ranged from about 5% for the inelastic region of
the proton and deuteron sﬁectra to less than 3% in the (p,t) spectra and
1% in the elastic proton scattering peak. Errors introduced by this
correction were negligible.

There were also several sourceé of relative error in the
determination of N. In general the mefhod used to obtain N was to fit
2 gaussian at the peak position (On6l). This was straight forward for
the proton épectra, except in tﬁe case of weakly excited inelastic states,
where error assignments as large as 20% to 30% were sometimes necessary.
The estimation of N for the (often poorly defined) ground state peaks in
the 6Li (p,t) 4Li and 7Li (p,t)SLi reactions and to a much lesser extent

6
in the Li (p,d)SLi reaction was however subject to a large possible



systematic error. The peaks were fitted systematically by requiring
consistency in the peak widths, and relative errors typically + 4%,
were assigned on the basis of this fitting. It is very difficult to
make more than a qualitative stateﬁent about the uncertainty in the
absolute value of the cross-sections introduced by the method uéed to
estimate N. The cross-sections may conceivably be as much as 50% too .
high.

A similar unqertainty exists in the absolute values of the
cross-sections for inelastic scattering from the excited states of 6Li
and 7Li. All the levels analysed in the next chapter were unbound and
therefore above the threshold for three-body breakup. The calculated
cross-sections contain an unknown contribution from this three body
continuum , which was most pronounced at the backward angles.

The statistical errors varied considerably, ffom less than 1%
for elastic proton scattering to a feﬁ pércent for the other reactions
studied. Data was unsually accumulated until a statistical accuracy

of 2% or better was obtained.

b) Determination of Q:

Both the primary and the calibration Faraday cups were designed
to minimize errors in beam current measurement. Error &ue to ionization
of the residual gas was negligible at the pressures used (Ki65) and errors
due to backscattered electrons were estimated to be‘leés than 0.2%. An
r.m.s. error of + 0.5% was assumed for the calibration of the primary

Faraday cup against the calibration cup. This error arose mainly from
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the inadequate intermediate monitor used (described in a previous section).
The systematic error associated with the calibration cup itself was
probably very small and was assumed to be + 0.4%. The current integrator
was calibrated several times during each run with the Keithley picoampere
source, indicating corrections of the order of 1 or 2 percent. uNo

r.m.s. error was associated with this correction.. The pilcoampere

source was itself calibrated absolutely at the beginni@g and at the end
of the experiment, the_corrections being (1.1 + .3)% and (1.4 4+ .3)%
respectively., At small angles the charge Q was determined by the use of
a secondary monitor, the monitor telescope and additional corrections

were necessary. Corrections for monitor telescope backgrouﬁd counts

(due to the beam stop) were usually less than 0.4%. Monitor telescope
variations, due to counting rate effects and the effect of the fringing
magnet field were frequently checked and found to be small. - Shifts of
the zero scattering angle produced a change in monitor céunting rate of
about 1% per degree. A total r.m.s. error of + 0.5% was assumed for

all these effects. A systematic error of + 0.5% was éssigned to the
calibration of the monitor telescope relative to the Faraday cup. At

the smallest scattering angles, monitor counter statistics also contributed

to the relative errors.

¢) Determination of target thickness (pt):

The thickness of the lithium targets was determined to an
accuracy of abéut + 0.4% from the averagé of a number of measurements
using a micrometer gauge. The target uniformity was estimated to be

. . . s 2 .
within this uncertainty. The thickness in gm/cm (f?t) was then obtained
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by using the density given in the Handbook of Chemistry and Physics
(Mo62). A direct measurement of the density would probably have been
less accurate, due to difficulties in correcting for non-uniformities
in thickness over a larger area, eépecially at the target edges and also
to the uncertainty introduced in the weight by a residual oillfilm.
(The targets were stored in mineral oil to minimize oxidation). The
high malleability of lithium and the method of rolling the targets
ensured uniformity and freedom from voids, as verified by imspection.
The effective target thickness also depended on the orientation of the
target, which was chosen so as to minimize the'energy spfead in the
detected particles due to energy degradation in the target. ' The uncert-
ainty in the determination of the target angle with respect to the beam
direction was about + 0.2° and this.iﬁtroduced a vafiable error, depending
on the target angle, of less than-0.4% in the estimation of the target
thickness. The isotopic impurity;(.7%7Li) of the 6Li target introduced
a small and upcertain'error in the determination of the target thickness.
No correction was made for the 7Li impurity and instead a systematic
uncertainty of + 0.4% was assumed. Deterioration of the lithium targets
by oxidation was not serious and oxygen and nitrogen contamination were
believed to be negligible.

Determination of the thickness of the helium target involved
several corrections. The initial thickness (f)t) was calculated using
the internal diameter of the target cylinder (measured with an accuracy

of about’ + .1%) and the density (0.125 gm/cm3) of liquid helium at its
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normal boiling point (Ke42). Two corrections to the cylinder dimensions ,
wére necessary under running conditions: the first to correct for expan-
sion due to the one atmosphere pressure differential and the second to
compensate for thermal contraction due to the low helium temperature.
These corrections were calculated using.the manufacturer's quoﬁed
properties of H-film (Dupont Bulletin H-2), réasonable extrapolations
being necésséry for some properties. The effecﬁé of the aluminum end
sections of the target finger were ignored. The elongation of the
target cylinder circumference due to the preséure differential was
estimated to be 1.8% and the thermal contraction 0.6%. A éystematic
uncertainty of + 0.27 was assumed for these correctionms.

An additional consideration in determining the target thickness
involved the accuracy of alignment of the beam on the target centyevand
the subsequent stability of the beam position. Allowing for small beam
shifts of +0.5 mm and the finite beam size a relative or r.m.s. error of
+0.5% was assigned to the target thickness. The béam spot size was some-
what larger (probably 2 to 3 mm in'diameter) in the helium exferiments |
than in the experiments using the lithium targets, due to the inability to
focus the beam directly.at the target position. The effect of the finite
beam size alone also introduced a systematic uncertainty of about + 0.3%
in the targef thickness due to its small radius of curvature.

Finally, the effective target thickness could have been reduced
by excessive evaporation of helium along the beam path. An accurate

estimate of this effect was difficult because of the assumptions required
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in making the calculations. The energy loss sustained by the proton
beam in traversing the target coﬁtributed an evaporation rate of about
2cc/hour per nanoamp. Assuming that alllevaporation took place within
the beam path, that the gas formed did not contribute to the reaction and
that the clearing time for the bubbles pfoduced Qas 0.1 sec., the
reduction in the effective target thickness was about 0.1% per ﬁanoamp.
The first assumption is most unlikely, since conduction and convection
in the liquid helium would tend to disperse the heating produced by the
beam. The second assumption is esséntially correct since the density

of gaseous helium at liquid temperature is about 10% of the liquid density
(Hoél).' The third assumption ;s difficult to substantiate, but seems
reasonable. More realistic estimates for the first.(and to a much
lesser extent the second) assumption would therefore reduée the effect of
evaporation to a negligible consideration. ‘Nevertheless an additional

systematic uncertainty of + .3% was assumed for this effect.

d) Determination of the Solid Angle dQ:

The solid angle was determined by projecting the area of the
AE (defining counter) sciﬁtillator back through the magnet tb the target,
using the'matrix techniques described in Appendix II. This procedﬁre
was necessary to correct for focussing in the hofizontal plane introduced
by the wedge magnet. - The solid ;ngle obtainéd was (5.3 -+ 0.4)% larger
than that determinéd directly by dividing the detector area by the square

of the target to detector central path distance. The uncertainty in

this correction arises from a possible + 0.5° misalignment of the pole
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tip entry angle. Additional systematic uncertainties include contrib-
utions of + 0.2% for the determination of the AE scintillator area,

+ 0.47% for the measurement of the central path distancé and + 0.3% for
focussing effectsinthe‘vertical plane also due to the possible misalign-
ment of the pole tip. An additional relative error of + 0.5% was
assumed to allow for the different detected particle:path lengths.

The solid angle was also determiﬁed experimentally as a check
on the calculated value above. The differential cross-section for
scattering from carbon was measured very carefully at 30° Lab with both
the méin detector telescope and the monitor detector telescope.
Determination of the scattering angles was critical and consequently the
zero angle was measured to an accuracy of + .1° for each detector.' The .
cross-section for elastic scattering (and excitation of the 4.43 MeV

- -

level) at 30° was then obtained for the main counter telescope and the
procedure repeated for the monitor telescope at angles of 290,_300, and
31° to permit interpolation to compensate for different zero angles. The
solid angle of the monitor Eelescope was detefmined from the geometry to
an accuracy of + 0.4%. The corresponding solid angle for the main
detector was then estimated and found to differ from the geometrical solid

angle by + (6.6 + 2)%, the error being mainly due to.angle uncertainties

of the order of + 0.1°. This is in good agreement with the calculated

t

correction to the solid angle.
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e) Summary of Efrors in Data Reduction:

A summary of the worst case systematic errors for each
reaction studied is presented.in Table I. These uncertainties are the
linear sum of all the individual systematic errors. The relative errors
which were treated as r.m.s. errors and added in quadrature have been
tabulated with the differential cross-sections for each reaction in the

next chapter.

Table I

Summary of Systematic Uncertainties in Differential Cross-Sections

Uncertainty in %
Reaction N . Q t d - Total'
6Li(p,p)6Li 1.0 1.4 0.8 1.3 4.5
7Li(p,p)7Li 1.0 1.4 0.4 1.3 4.1
CLi(p,d)’Li ) 2.0 1.4 0.8 1.3 5.5
6Li(p,t)4Li (b) a 1.4 0.8 1.3 3.5
TiGp, )Ll ()  a 1.4 0.4 1.3 3.1
4He(p,p')4He* 1.0 1.4 0.9 1.3 4.6
4He(p,d)3 He¥* 2.0 1.4 0.9 1.3 5.6
4He(p,t)Zp a 1.4 0.9 1.3 3.6
Note: a) mno corrections were available for triton losses in the

counters due to nuclear interactions, and so no correction

was made.



72~

b) a possible large judgement error in fitting the triton

(and deuteron) gr&ﬁnd state peaks has been discussed in a).

4.3  Angular Uncertainty:

There ﬁere three sources of possible error in the determination
of the scattering angle; the error in reading the angular scale,
uncertainty in the zero anéle and the uncertainty in the position of the
actual trajectory of the detected particle relative.to the central path.-‘
The accuracy with which the angular setting was made (which included
possible errors in the original marking of the angular scale) was
estimated to be + 0.1°. The uncerﬁainty in the zero angle goﬁtained
contributions from the angular uncertainties involved in the zero angle
measurement and from statistics and was estimated to be about + 0.20.

The total angular acceptance of the magnet slits was 0.8° (for full trans-
mission) and the uncertéinty in determining the actual entry position of
the detected particle was estimated to be + 0.1°. The total r.m.s.
error in the angular position was therefore + 0.25°, This uncertainty
could be considered as an equivalent error in the differential cross-
section by translating the angular uncertainty to a cross-section error.
This wés done only in the case of the proton elastic scattering on 6Li
and 7Li for the optical model analysis discussed in a subsequent chapter.
The r.m.s. errors tabulated with the cross-section in the next chapter
do not contain contributions from the angular uncertainty. Finally,

the angular uncertainty was somewhat larger for the measurements made in

the backward angle region, where the scattering chamber had to be
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rotated about its axis by 180°.  The chamber was rotated to an accuracy
of better than + 0.05° by using ; theodolite to check alignment. . In

this angular region (approximately 110° to 1500) experimental difficulties
precluded the determination of the zero angle by the standard method.
Making use of the consistency in zero angle measurements at small angles,
the zero angle in this angular range was estimated from the alignment

. o
procedure to an accuracy of + 0.4 . The total r.m.s. uncertainty in

the angle was then + 0.42° in the backward angle region.

4ol 'Angular Resolution:

The angle subtended at the target by the defining counter (AE
scintillator) was 0.6p and was the main contribution to the angular
resolution. Additional smaller contributions came from the beam
divergence ( < 0.30), from the size of the beam spot at the target (this
was somewhat more serious for the.helium target) and from multiple
scattering ( < .20). Beam drift of a short term nature was found to be
negligible and so did not contribute to the angulér resolution. The
total r.m.s. angular resolution was therefore less than 0.7o for the
experiments using lithium targets and as high as about l.lO with the
helium target. The most serious effect of the finite angular resolution
was kinematic broadening, resulting in inferior energy resolution.
Another consequence of finite angular resolution is the difficulty
introduced in interpreting the differential cross-section in a region of

rapid change. This was not a problem in the present experiment.
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CHAPTER 5. EXPERTMENTAL RESULTS AND DISCUSSION

N

5.1 Elastic and Inelastic Scattering from 6Li:

a) Experimental Results:

Data for the elastic and inelastic scattering from 6Li was
collected over an angular range from 4.5° lab, to 150.1° 1ab. The
measurements up to 120° were made with the analyser magnet and main
counter telescope. At the larger angles, because of_physical limit-
ations in the angular range of the magnet, it was necessary to use the
monitor counter telescope for cross-section measurements. The only
modification was simply the interchange of the functions of the two
counter telescopes, which was accomplished by interchanging the electron-
ics. Measurements were also made with the monitor counter .at smaller
angles to check for possible systematic errors. Differences between
the cross-sections measured with the two counter systems, were within
the estimated uncertainties.

Some typical energy spectra are shown in fig. 16. The
elastic peak was quite well resolved throughout the angular range covered,
the energy resolution being typically 1.3 to 1.4 MeV. Wherever necessary,
gaussian paper (On6l) was used to facilitate separation from the first
excited state. The only peaks in the spectrum other than the elastic
peak, which could be resolved, were those correspondiﬁg to the first
excited 2.184 MeV state and second excited 3.562 MeV state. The 3.56 MeV
state (O+, T=1) was quite strongly excited at small angles, but the

cross-section decreased rapidly with angle and by 15° ~(1ab.) it
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was impossible to resolve the péak'from neighbouring levels. The first
excited state at 2.18 MeV (3+, T=0) was prominent over almost the entire
angular range and was quite easily resolved from both the elastic peak
and the higher energy levels, although, again, gaussian analysis was
necessary in many cases. A broad peak at an excitation of approximately
5 MeV was also observed for angles larger than about 20° 1lab. This
peak most probably corresponds to excitation of the known levels (Lab6)
at 4.57 MeV (2+, T=0) and 5.36 MeV (T=1) although excitation of a broad
level (Aj59) at 5.5 MeV (l+, T=0) is also possible. These levels

could not be resolved in the present éxperiment. No other distinct
peaks were observed in the spectrum above the three body break-up
continuum. In e&aluating the peak areas for the first two excited states,
no correction was made for the background introduced by the three body
break-up 6Li(p,pd)4He (threshold at 1.47 MeV target excitation) since

an estimation of this cofrection would have been difficult and quite
uncertain. It is possible that this may havé introduced an addifional
systematic error of up to +10% at large angles. A correction was
applied, however, for the comtribution of the continuum due to reactions
induced in the detector by the elastically scattered protons. This
correction was estimated from fhe spectrum obtained with the detector
in the direct beam in the earlier determination of absorption losses in
the counter.

The differential cross-sections calculated for the elastic

scattering are tabulated together with the total r m s errors for both
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the lab. and centre of mass systems in Table 2. A similar compilation
of results for the excitation of the 2.18 MeV and 3.56 MeV levels is
presented in Tables 3 and 4 respectively.

The angular distributions in the centre of mass s&stems for
the elastically and inelasticaliy scatte?éd proton groups are shown in

fig.17.

b) Discussion:

Elastic scattering of protons on 6Li has been studied previously
at 31 MeV (De63), at 40 MeV (Ch60) and at 155 MeV (Tab4). The angular
distribution obtained for the present results (at 100 MeV) has the same
general features as the distribution obtained at Orsay with 155 MéV
protons; the lower energy angular distributions héving stronger diffréc-
tion oscillations. The main features of the angular distribution are
the Coulomb interference at about 6° (em); a small diffraction dip at
about 450(cm) and a general decrease in cross-section with increasing
angle, leveling off at about 100° (em). An optical model analysis of
the elastic scattering is presented in a later section.

Inelastic scattering has been investigated in the energy region
from 30 MeV to 185 MeV by a number of groups (De63, Ch58, Cl6l, Jab63,
Jabs, Hab4, Hab5). The results obtained .in this experiment can best
be compared with the data of the Orsay group (Jab4) obtained at 155 MeV,
and of the Uppsala group (Ha65) obtained at 185 MeV. Both groups
observed the excitation of four levels in 6Li. In addition to the 2.18

MeV and 3.56 MeV states observed in the present experiment, levels at
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4.5 MeV and 5.5 MeV were resolved. The angular distributions presented
for this data were very similar to those obtained here at 100 MeV. The
shape of the angular distributions for the 4.5 and 5.5 MeV levels was
the same as that of the 2.2 MeV state being broadly peaked at about 18°
lab. All three levels correspond to an E2 excitation. The cross-sec-
tion for the 2.18 MeV level decreases uniformly with increasing proton
energy, the peak value being (in the lab. system) ~» 8 mb/ster. at 100
MeV, ~ 5.4 mb/ster. at 155 MeV, and ~ 3.6 mb/ster. at 185 MeV. This
is consistent with the theoretical energy dependence ofdifferential
cross-sections (Le58). Jacmart et al (Ja64) compare their angular
distribution for the 2.18 MeV level with the distribution obtained from
electron scattering (Be63) and a theoretical calculation by Jackson (Ja62)
based on the impulse approximation and the shell modgl. The absolute
values predicted by the theory were found to be low and this was inter-
preted by Jacmart as an indication of the cluster structure @ + d) of
6Li. The cluster model which would lead to a similar shaped angular
distribution but with higher cross-sections, would also account for the
zero isospin levels at 4.5 MeV (jﬂ. = 2+) and 5.5 MeV (l+) which together
with the 2.18 MeV (3+, T = 0) state of 6Li constitute a triplet corres-
ponding to an (@ + d) cluster with relative angular momentum { = 2.
The (& + d) cluster model for 6Li hés béen employed successfully to
interpret the 6Li(p,pd)4He reaction (Rub2).

The angular distribution for the 3.56 MeV level which corres-
ponds to an ML excitation was strongly peaked at small angles for ail

three energies. It was fitted theoretically by Jackson and Mahalanabis
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(Jab5) at 155 MeV. The present result§ have a somewhat higher cross-
section, but the same shapeas those at the higher energies. Thomson
and Tang (Th67) using the method of resonating-group structure have
recently predicted several levels in 6Li between 6 and 10 MeV with a
(3He + 3H ) cluster structure. No peaks were observed in this energy
range in the present experiment although Hasselgren (Ha65) reported the

possible observation of levels at 6.5 and 7.5 MeV with a maximum cross-

section of 0.4 mb/ster.
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TABLE 2
DIFFERENTIAL CROSS-SECTIONS FOR THE ELASTIC SCATTERING OF PROTONS ON 6Li
Lab Angle g—;_- lab c.m. Angle ‘g—g— cm
degrees mb /ster. degrees mb / ster.
4.5 195 + 2 4.8 139 + 2
5.5 160 + 2 6.0 115 + 1
6.5 171 + 2 7.7 123 +1
7.9 182 + 2 9.3 131 +1
10.4 183 + 2 12.3 132 +1
13.0 153 + 2 15.4 110 + 1
15.6 111 + 1 18.4 80.2 + .7/
20.6 52.2 + .4 24,3 38.3 + .3
25.6 18.8 + .1 30.1 14.0 + .1
30.6 5.70 + .04 35,9 4.31 + .03
35.6 1.89 + .02 41.7 1.45 + .01
40.6 877 + .008 47.4 690 4 .006
45.4 .548 + .006 52.8 <440 + .005
50.6 .316 + .004 58.7 .261 + .004
60.4 .0840 + .0014. 69.5 .0732 4+ .0012
75.4 .00411 + .00028 85.5 .00392 + .00022
90.6 .00120 4 .00015 101.0 .00126 + .00016
105.6 .00141 4 .00017 115.6 .00162 + .00020
120.6 .000819 + .000108 129.4 .00103 + .00013
135.1 .000922 + .0000.97 142.3 .00124 4+ .00013
150.1 .000980 + .000103 155.2 .00139 4+ .00015
Note: The above errors are r m s errors. There is an additional

systematic error of + 4.5%.
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TABLE 3

DIFFERENTIAL CROSS-SECTIONS FOR THE EXCITATION OF THE 2.184 MeV
6

STATE IN Li.
Lab Angle _ %%L‘ lab ' c.m. Angle fﬁ;— cm
degrees mb / ster. degrees mb / ster.
6.4 3.9 + 1.2 7.6 2.8 + .8
7.8 4.7 + 1.4 9.2 . 3.3+ 1.0
10.3 6.0 + 1.5 | 12.2 4.3 + 1.1
12.9 ©.7.90 + .79 15.3 5.69 + .57
15.5 7.65 + .38 : 18.3 5.53 + .28
20.5 | 7.16 + .36 24.2 5.23 + .26
25.5 5.19 + .15 30.1 3.85 + .12
30.5 3,27 4+ .06 35.9 246 + .05
35.5 2,03 + .02 41.6 1.56 + .02
40.5 1.29 + .05 4.4 1.01 + .04
45.3 .831 + .025 52.8 .666 + .020-
50.5 .560 + .01L 58.7 © .461 + .009
60.3 .265 + .005 69.5 .231 + .005
75.2 .0kkhd + .0009 85.4 L0423 + .0009
90.4 .00826 + 00050 ©100.9 .00869 + .00052
105.4 .00645 + 00032 115.5 .00746 + .00037
120.4 .00449 + .00024 129.6 .00565 + .00031
134.9, .00363 + .00029 142.2 . .00490 .+ .00039
149.9 .00325 + .00026 155.1 .00463 + .00038
Note: a) The errors tabulated above are r m s errors.

b) The total systematic error for these measurements is + 4.5%.
" An additiomal systematic'error introduced by not correcting

for the continuum is discussed in the text.
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TABLE 4

DIFFERENTIAL CROSS-SECTIONS FOR THE EXCITATION OF THE 3.56 MeV STATE

v L.
Lab Angle do " c.m. Angle do

: : dQ 1ab, d@ c.m,

degrees mb/ster. degrees mb/ster.
4.3 13.6 + 1.4 5.1 9.68 + .97
5.3 | 11.1 + 1.1 6.3 7.90 + .79
6.3 9.70 + .97 7.5 6.91 + .69
7.7 | 8.09 + .81 9.1 © 5.77 + .58
10.2 - 6.75 + .78 12.1 4.83 + .54
12.8 6.5 + 1.3 15.2 4.64 + .92
5.4 5.3 4+ 1.1 18.4 3.85 + .77

Note: a)the errors tabulated above are the r m s errors.
b)the total systematic error for these measurements is + 4.5%.
An additional systematic error introduced by not correcting

for the continuum is discussed in the text.
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FIGURE 16

ENERGY SPECTRA OF PROTONS SCATTERED FROM

v6Li



FIGURE 16

Typical proton spectra from the 6Li (p,p')6Li reaction
are shown for several lab angles. The energy level

6
scheme for Li is shown with each spectrum. The error

bars shown are for relative uncertainties.
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FIGURE 17

ANGULAR DISTRIBUTIONS FOR ELASTIC AND IN-

ELASTIC PROTON GROUPS SCATTERED FROM 6Li



FIGURE 17

Angular- distributions fc. the elastic
scattering from ?Li'and for the excitat-
ion of the 2.18 MeV and 3.56 MeV states.
The coordinates are in phe centre-of-mass
system. The error bars shown are for

relative uncertainties.
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5.2. Elastic and Inelastic Scattering from 7Li:

a) Experimental Results:

Data for the elastic and iﬁelastic scattering from 7Li was
obtained concurrently with the 6Li data described in the previous section,
the 7Li and 6Li targets being alternated at each angle. Consequently
the experimental pr;cedurg and'angular range covered were the same.
Typical energy spectra afe shown in fig. 18. The elastic peak was
unresolved from the 0.48 MeV ( %-, T = %) first excited state, but was
well separated from the 4.63 MeV ( %-: T = %) second excited state over
the entire angular range studied. The 4.63 MeV level was the most
prominently excited inelastic state. Excitation of the broad 6.56 MeV
( % , I = %) level was also observed, and there was some structure in
the spectrum at an excitation corresponding to the 7,42 MeV level, which
appeared as a small shoulder on the low energy side of the 6.56 MeV peak
at large angles. Separation of the 4.63 MeV peak from the 6.56 MeV
peak was achieved by the use of gaussian paper. The estimation of the
6.56 MeV peak area was considerably more uncertain and was unusually
accomplished by fitting a gaussian curve at the peak position with the
energy resolution determined from the more prominent elastic and 4.63
MeV pe;ks. As in the case of the 6Li analysis, no correction was made
for the three-body break-up continuum. The threshold for the break-up
(4He + t) is a target nucleus excitation of 2.47 MeV and although the

contribution from the continuum was quite small at small angles it could
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have introduced.an error as large as + 10 percent in the estimation of
the 4.63 MeV peak area and a considerably larger error in Eheldetermin-
ation of the 6.56 MeV peak area. Corrections were made, however, for
the continuum introduced by reactions induced in the detector by the
elastically scattered protons (and in the case of the 6.5 MeV level also -
by protons from the 4.6 MgV state). In theldetermination of the elastic
peak area, no attempt was made to correct for the contribution from the
unresolved 0.48 MeV state, which appeared as a very inght broadening
on the low energy side of the elastic peak.

The differential cross-sections for elastic scattering from
7Li (containing some unknown contribution from the excitation of the 0.48
MeV state) are tabulated with the associated r m s errors in both lab.
and c.m. systemé in Table 5. The differential cross-sections and r m s
errors for the inelastic scattering from the 4.63 MeV state and 6.56 MeV
state are given in Tables 6 and 7 respectively. |

The angular distributions in the centre of méss:system for the
elastic (including the 0.48 MeV level) and inelastic scattering of protons’

by 7Li are shown in fig. 19.

b) Discussion:

The scattering of 100 MeV protoms from 7Li has already been
studied in an earlier collaboration with Mark (Ma65, Ma66), using a
natural lithium target. The investigation of scattering from 7Li was
repeated here with an isotopically enriched target, and over a larger

angular range, primarily to remove the uncertainty introduced in the
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earlier results by the unknown contribution té the elastic and inelastic
cross-sections from the 6Li content. The data for élastic’scattering
from the earlier experiment has been included in the angular distribut-
ion of fig. 19 for-comparison. Elastic scattering from 7Li has also
been investigated at 40 MeV (Ch60), at 155 MeV (Tab4), at 160 MeV (Jo60)
and at 180 MeV (Jobl). The angular distributions oBtained by the
various groups for protons with energies of 100 MeV or greater are in
general very similar. The Uppsala group (Jo60, Jo6l) used natural
lithium targets and only covered a limited angular range. The Orsay
group (Tab4) also covered a liﬁited angular range (<155°) but used an
enriched 7Li target. Their resolution was sufficient to allow a
determination of differential cross-sections for the 0.48 MeV state.

It was observed that the angular distribution for this level, which
peaked at about 20° lab, dropped more slowly than that for elastic
scattering, and that for angles larger than about 40° lab the cross-
sections for elastic scattering and the excitation of the 0.48 MeV level
were of the same order of magnitude. The angular distribution for the
.48 MeV level was in fair agreement with that obtained by Newton et al
(Ne62) in a (p,p'&) experiment. This result leaves the interpretation
of the angular distributién'obtéined for the elastic scattering in this
experiment in some doubt. A careful study of the resolution of the
elastic peak did not reveal any sigﬁificant broadening as might be expec-
ted when contributions to the peak from the two levels were equal.

' o . .
However, at angles larger than 50 the energy calibration tends to favour
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identification of the."elastic" peak with excitation of the 0.48 MeV
level. In view of this conflicting evidence, the angular distribution
was left unchanged and can only be considered as the combined cross-
section for elastié scattering and excitation of the first excited state.
At angles smaller than 400, evidence from previous investigations (Ne62,
Tab4) indicates that the contribution of the 0.48 MeV level to the
elastic cross-section is less than about 3%.. An opticél model analysis
of the elastic 'scattering is fresented in a later section.

Inelastic scattering from 7Li has been investigated quite
extensively with 150 to 180 MeV protons (Ty58, Ne62, Ja63, Jab4, Hab5).
The most prominently excited state reported by all groups was the 4.63
MeV ( %-) level. The angular distribution obtaiﬁed in this experiment
was similar in shape to those obtained at the highér energies, and at
angles larger than about 20° lab, the angular distribution was, within
experimental error, in agreement with the 100 MeV results previously
reported (Ma65, Ma66). At smaller.angles the cross-sgctions obtained
here were somewhat lower than those of the earlier e#perimant. This
difference can be almost exaétly accounted for by the inclusion in the
earlier data, of a contribution from the 3.56 MeV 6Li level arising from
the 6Li content of the natural iithiﬁmtarget. The main effect of
removing the 6Li contribution was to reduce forward péaking in the
angular distribution.

In addition to the 6.56 and 7.48 MeV peaks observed in the

present work, Hasselgren reported excitation of levels at 5.5 MeV
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(which would not have been resolved in the present experiment) and 9.6
MeV. |

Newton et al (Ne62) compared the relative strength of excitat- )
ion of the 0.48 MeV (' ) level from their work with that of the 4.63 MeV

( ) level using the data of Tyrén and Maris (Ty58) and concluded that

these levels together with the ground ( % ) and 7.47 MeV ( 5) states

were members of a K = % rotational band in a deformed 7Li nucleﬁs, based

on the 0.48 MeV ( ) state. Jacmart et al (Jab4) in analysing their
data for inelastic scattering from 7Li, claimed that their results ﬁere
also consistent with a rotational model for 7Li. However, in keeping
with later theoretical predictions (Cl62, Ch63) they replaced the original

% member of the band (i.e. 7.47 MeV level) with the 6.56 MeV ( % ) level.

They report maximum cross-sections of 1.8, 0.8, and 4.7 mb/ster. for

, 1 - -
the excitation of the 3 %, and %, states respectively. (The: three

angular distributions had the same shape and were broadly peaked at about

200). This ratio corresponds very well with the ratio predicted by the

3 18
squares of the Clebsch-Gordon coefficients ( = 5 » 35 » 35 =T, ). In the

present experiment the maximum cross-sections (1ab) for- excitation of

the 6.56 MeV and 4.63 MeV levels were about 3.7 and 13.3 mb/ster.
respectively. This gives a rélative strengfh_of excitation which differs
from that predicted by the rotational model. However, this can probébly
be explained by the fact that the cross-section for the 6.56 MeV level
was overestimated due to a contribution of unknown strength from the

-

continuum. The cross-section for excitation of the 7.5 MeV level was
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found to be considerably lower than that of the 6.56 MeV level. The
results obtained by Hasselgren et al (Hé65) at 185 MeV were similar to
those reported here.

Chesterfield and Spicer (Ch63) analysing the properties of
Li on the basis of a strong coupling rotational model, suggest a
prolate distortion of the 7Li nucleus corresppﬁding to€ = 0.5 and
M = 6.6. They also compare the predictions of this model with those
of the intermediate coupling shell model (Ku56, Me56) and observe the

failure of the.latter to predict a % state at about 5.5 MeV. The
existence of this state is necessary in the level scheme for the
rotational model, being the base state for the first excited rotational
band. Hasselgren et al observed the weak excit#tion of a level at

5.5 MeV, but were unable to extract any detailed information om its
behaviour.

Later cglculations on the 0.48 MeV level using shell model
wave functions (Mh66) predicted a strong spin-flip component in the
scattering for angles below 20° and this discrepancy with the rotational
model results was checked by Johaﬁssbn (Jo67) by including in his
calculations configuration mixing resulting from a quadrupole nuclear
deformation. Finding fairly gbod agreement with the.data, Johansson
concluded that spin-flip scattering was important in inelastic scattering
at smali angles contradicting the predictions of the rotational model
without spin-flip.

' ' 7
Finally, it is interesting to note that Li can also be well-
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described by a cluster model (& + t), the low-lying negative parity states
resulting from the relative motion of the triton and alpha clusters

(Sh60).
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TABLE 5

DIFFERENTIAL CROSS-SECTIONS FOR THE ELASTIC SCATTERING OF PROTONS ON 7Li.

Lab Angle %%; lab c.m. Angle %sl em.
degrees mb / ster. degrees mb / ster.
4.5 283 + 3 5.2 212 + 2
5.5 261 + 3 6.4 196 + 2
6.5 288 + 3 7.5 216 + 2
7.9 326 + 4 - 9.1 244 + 3
10.4 286 + 3 12.0 215 4+ 2
13.0 247 + 3 15.0 186 + 2
15.6 171 + 1 18.0 130 + 1
20.6 79.0 + .6 23.8 60.3 + .4
25.6 28.3 + .2 29.5 21.9 4+ .2
30.6 9.63 + .06 35.2 7.54 + .05
35.6 3.86 + .03 40.8 3.07 + .02
40.6 2,19 + .02 46.4 1.78 + .01
45.4 1.34 + .01 51.8 1.10 + .01
50.6 ".838 + .008 57.5 .707 + .006
60. 4 ©.290 + .003 68.2 .256 + .003
75.0 .0454 + .0013 83.7 .0434 + .0007
90.6 .00413 + .00022 99.5 .00429 + .00023
105.6 .000970 + .000092 114.2 .00109 + .00010
120.6 .000489 + .000062 128.2 .000592 + .000075
135.1 .000830 + .000068 141.3 .00107 4+ .00009
150.1 .000922 + .000059 154.5 .00124 + .00008
Note: The above errors are r m s errors.‘ There is an additional

systematic uncertainty of + 4.1%.
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TABLE 6

DIFFERENTIAL CROSS-SECTIONS FOR THE EXCITATION OF THE 4.63 MeV
STATE IN 7Li.

Lab Angle '%gl lab c.m. Angle %gl cm.
degrees mb / ster. degrees mb / ster.
5.3 4.1 + 1.0 6.2 3.0 + .
6.3 4.2 + 1.0 7.3 3.1+ .8
7.7 4.3+ 1.3 8.9 3.2 + .
10.2 7.2 + 1.4 11.8 ‘ 5.4 + 1.1
12.8 8.0 + 1.6 14.8 6.0 + 1.2
15.4 13.3 + 1.3 . 17.8 10.0 + 1.0
20.4 12.0 + .4 23.6 9.07 + .27
25.4 1 9.04 + .18 29.3 6.94 + .14
30.4 4.84 + .04 35.1 3,77 + .03
35.4 2.70 + .02 40.7 2.14 + .02
40. 4 1.52 + .01 46.4 1.22 + .01
45.2 .878 + .007 51.7 .721 + .006
50.4 .612 + .006 57.5 .514 + .005
60.2 .259 + .003 68.2 .228 + .002
75.1 . .0602 + .0008 83.9 .0575 + .0008
90.3 .0109 + .0004 99.4 .0113 + .0005
105.3 .00456 + .00028 114.1 .005L4 + .00031
120.3 .00296 + .00018 128.2 .00361 + .00021
134.8 .00319 + .00013 141.2 .00412 + .00016
149.7 .00348 + .00014 154.3 .00471 + .00019
Note: a) The errors tabulated above are r m s errors.

b) The total systematic error for these measurements is + 4.1%.
An additional systematic error introduced by not correcting

for the continuum is discussed in the text.
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TABLE 7

DIFFERENTIAL CROSS-SECTIONS FOR THE EXCITATION OF THE 6.56 MeV

STATE IN 7Li.

Lab Angle gggl lab c.m. Angle ' 4 %5; cm.
degrees mb / ster. degrees b / ster.
10.1 1.7 + .7 11.7 1.3 + .
12.7 2.9 + .9 14.7 2.2 + .
15.3 ‘ 4.2 + .6 17.8 2.8 + .4
20.3 3.69 + .37 23.5 2.79 + .28
25.3 3.02 + .24 29.3 2.31 + .18
30.3 1.71 + .05 35.0 1.33 + .04
35.3 .942 + .019 40.7 .743 + .015
40.3 592 4 .012 45.3 .476 + .010
45.1 .430 + .013 51,7 .353 4+ .010
50.3 .234 + .007 57.4 .196 + .006
60.1 .120 4+ .004 68.1 .106 + .003
75.0 .0354 + .0018 83.9 .0338 + .0017
90.2 -00959 + .00096 99.4 .00996 + .00100°
105.2 .00365 + .00055 114.1 .00471 + .00070
120.1 .00132 + .00020 128.0 .00161 + .00024
134.6 .00186 + .00037 141.1 .00241 + .00048
149.5 00274 + .00027 . 154.1 .00372 + .00037
Note: a) The errors tabulated above are r m s errors.

b)  The total systematic error for these measurements is + 4.1%.
An additional systematic error introduced by not correcting

for the continuum is discussed in the text.
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FIGURE 18

ENERGY' SPECTRA OF PROTONS SCATTERED FROM

7Li.



FIGURE 18

Typical proton spectra from the 7Li(p,p')7Li
reactions are shown for several lab. angles.
The energy level scheme for 7Li is shown with
each spectrum. The error bars shown are for

relative uncertainties.
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FIGURE 19

ANGULAR DISTRIBUTIONS FOR ELASTIC AND. IN-

7
ELASTIC PROTON GROUPS SCATTERED FROM Li.



FIGURE 19

Angular distributions for the elastic

) 7. .
-scattering from Li and for the excitat-
ion of the 4.63 MeV and 6.54 MeV states.
The coordinates are in the centre-of-mass
system. The error bars shown are for

relative uncertainties.
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5
5. 3. The 7Li(p,t) Li Reaction:

a) Experimental Results:

Data for the 7Likp,t)5Li reaction was collected over the
angular’ range 5° to 750 Lab..v Typical energy spectra for tritons from
this reaction are shown in figs. 20 and 21 for angles of 5.3° lab. and
15.3°% 1ab. respectively. The spectrum‘shown'in fig. 21 for 15.3o 1ab.
is a composite spectrum derived from two spectra obtained with different
magnet settihgs, S0 as to extend the observed triton energy range.
However, the smaller energy "bite" of a.single magnet setting was gener-
ally found to be sufficient. The 5Li ground state was broad and asy-
mmetric, being unbound (by 1.965 MeV) to (4He + p) decay. A very

broad-%~ level (M= 3 to 5 MeV) has been reported at an excitation
energy between 5 and 10 MeV (La66) and this state probably contributes
to the asymmetric tail observed in the 5Li ground state peak. Other
features of the triton spectra were the large confinuum due to three body
break-up (there being mno particle-stable states in 5Li) and the absence’

+ 3+

of any evidence of the:rW =3 level at 16.65 MeV or the 20 MeV ( 7

5+
3 ) level.

The area of the 5Li ground state peak was determined by
fitting a gaussian curve to the high energy side of the triton peak,
after making appropriate corrections for deuteron feed-through. This
method for estimating the areas, although fairly accurate in the forward

angles where the ground state peak was prominent, may have introduced

substantial systematic errors at large angles. The typical width of
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the ground state peak was 2.7 MeV. The intrinsic detector resolution
for tritons was estimated to be approximately 27, by folding together
the contributions from the beam énergy spread, target thickness, kine-
matic broadening, straggling due to the material between the target and
the detector, and the inherent width of the 5Li ground state. ”
The calculated differéntial cross-sections for the 7Li(p,t)s‘Li

reaction leading to the 5Li ground state are tabuiated together with

the total experimental r.m.s. errors in fable 8. The angular distrib-
ution in the centre-of-mass system for the ground state transition is

shown in fig. 22.

b) Discussion:

The 7Li(p,t)SLi reaction has been investigated at proton
energies of 44 MeV (Ce66) and 155MeV (Bab66) and also reported at energies
lower than 20 MeV (Ma57, Ko59). A preliminary report of this work has
been given elsewhere (Po67).

In the simple L-S coupling shell model, the selection rules
for the 7Li(p,t)SLi ground state transition (2P3/2-—“- 2P3/2) allow
values of L = 0 or 2 for the éngular momentum transfer. ‘This assumes
two neutron pick-up from the 1lp shell for which S=0 for the transferred
neutron pair. However transitions to the 16.65 MeV state in 5Li via
the (p,t) reaction on 7Li would require L=1, S=1, for the transferred
neutron pair and this transition is therefore S- forbiddén. There
was no evidence for the excitation of this level in agreement with previous

observations by Cerny et al (Ce66) and Bachelier et al (Ba66) and this
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would seem to confirm the prediction of the L.-S coupliﬁg shell model.
On the ofher hand both 7Li and 5Li are known (Sh60) to have
properties which can be described by a simple cluster model, the 7Li
ground state having a (t + ) cluster structure with the triton and
alpha ﬁgrticle coupled with orbital aﬁgular momentum b = 1 giving rise

3 .
to a spin parity of & . Similarly the 5Li ground state can be

2
described by an alpha coupled to a proton with ( =1 giving.qu = %
The othér possible spin parity for this configuration is L correspond;

2

ing to the broad first excited state of 5Li observed in this experiment
as the asymmetry in the 5Li ground state low energy tail. The 16.65
-+
MeV ( % ) level is slightly unbound to (d + 3He) decay and can be
described by a cluster model consisting of a deuteron coupled to a 3He
. . . . o . Fv_3"
particle with L = 0. This configuration gives rise toJ == . 1If

2
the 7Li(p,t)5Li reaction is now considered in the light of the cluster
model described above, the transitioms to the ground state and first
excited state of 5Li are the result of the pick-up of é neutrbnpair
from the triton cluster. In this case the transferred pair will have
S=0, and L=0 or 2 as in the L-S shell model description. In the case
of the transition to the 16.65 MeV‘level, however, the transferred
neutron pair must havel = 1, S =1 and this restricts the isospin of the

level to T = % or T = 3 The absence of this transition in the

'2--
experimentally observed spectrum does not necessarily invalidate the
cluster model description. The excitation of this level requires the

pick-up of one neutron from each of the alpha and triton clusters.
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Correlations of such neutron pairs are expected to be small and would
consequently substantially decrease the cross-section for this transition
This discussion will be considered further in a comparison with the
Li(p,d)SLi reaction presented in the mext section.

It should be noted that in the LS coupling shell model the
transfer of a neutron pair consisting of one neutron from the p shell
and one neutron from the s shell of 7Li should be allowed by the
selectioﬁ rules, but may ﬁell be inhibited by the additional‘energy
required and the weaker correlation between neutrons in the s and p
shells.

A level at 20 MeV in 5Li has been reported (To65) as a
D wave d - 3He interaction with spin parity tentatively assigned as
( 5 3 ) . No evidence for this state was observed in this and

H

previous experiments (Ce66, Ba66) and this can be explained by similar

-
T

arguments as those used for the 16.65 MeV(% ) state.
The angular distribution obtained for the 5Li ground state
transition is typical of the L=0 distributions observed in this energy

region. A preliminary D. W. B. A. analysis of the angular distribut-

ion is presented in the next chapter.
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TABLE 8

DIFFERENTTAL CROSS-SECTIONS FOR THE REACTION 7Li(p,t)SLi.

Lab Angle %g—- lab c.m. Angle g—g— cm
degrees -‘p.b / ster. degrees pb /ster.
5.3 358 + 13 7.0 208 + 7
7.8 331 + 12 9.6 193 + 7
10.3 219 + 8 13.5 128 + 4
12.8 152 + 6 16.1 89.7 + 3.3
15.3 107 + 4 20.0 63.6 + 2.4
20.3 62.9 + 2.5 26.5 38.1 + 1.5
25.3 47.0 + 1.8 32.9 29.2 + 1.1
30.3 26.9 + 1.0 39.4 17.2 + 0.7
35.3 14.8 + 0.6 45.7 9.80 + 0.38
40.3 9.88 + 0.42 52.0 6.80 + 0.29
50.3 6.79 + 0.31 64.2 5.10 + 0.23
60.3 4.68 + 0.28 76.0 3.89 + 0.23
75.3 1.35 + 0.09 92.8 1.33 + 0.09
Note: a) The errors tabulated above are the r m s errors.
b) The cross-sections are not corrected for nuclear absorption
in the counter material.
c) The total systematic error for these measurements is + 3.1%.

This does not include the uncertainty due to (b) above, or

the possible large systematic error in fitting the peaks.
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FIGURE 20

TRITON ENERGY SPECTRUM FROM

7

Li AT 5.3° 1LAB.



FIGURE 20

_7Li(p,t)5Li triton spectrum at -.3°% 1ab. The
z

5Li energy level scheme and the (p + 4He)

threshold are shown. The error bars shown

are for relative uncertainties.
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FIGURE 21

TRITON ENERGY SPECTRUM FROM 7Li AT 15.3° LAB.



FIGURE 21

7Li(p,t)SLi tritbn spectrum at 15.3° lab. The
spectrum is a composite of two épectra taken with
different magnet settings and therefore extends
to a higher excitation emergy than the previous
spectrum shown at 5.3% 1ab. The error bars

shown are for relative incertainties.
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FIGURE 22

L4

. :
ANGULAR DISTRIBUTION FOR THE Li(p,t)sLi REACTION



FIGURE 22

7. 5. . . .
Li(p,t) " Li ground state angular distribution.
The coordinates are in the centre-of-mass system.

The error bars shown are for relative uncertainties.
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5.4. The 6L'i(p,d)SLi Reaction

a) Experimental Results:

Data for the (p,d) reaction on 6Li were collected over an
angular range of 5° to 90° 1ab. Typical deuteron energy spectra from
this reaction are shown in figs. 23 and 24. In order to investigate
a region of excitation sufficient to include the 16.65 MeV ( %f) and

3t st 5
20 MeV ( 5 03 ) levels of "Li, each spectrum was determined as a
composite of two spectra obtained at different magnet settings. The
magnet settings were typically adjusted to give spectra overlapping
by about 5 to 10 MeV and the correlation in this region was always very
good. The observed deuteron spectra were similar to the triton
spectra in the 7Li(p,t)sLi reaction except for the prominent deuteron
peak in the forward angle region correspondiné_to excitation of the
16.65 MeV ( %%) level in 5Li. There was no evidence for the excitation
of the previously reported 20 MeV ( % , %)+ state, although it could
have been obscured by the large background due to three body break-up.

The area of the 5Li ground state peak and the 16.65 MeV ( %+)
peak were determined in the same way as previously described for the
triton spectra from 7Li. The systematic error in the estimation of
the area of the deuéeron peaks was probably lower than that for the
corresponding triton peaks due to the better deuteron energy resolution.

The differential cross-sections for the 6Li(p,d)SLi reaction

leading to the 5Li ground state are tabulated together with the

associated relative (r m s ) errors in Table 9 for both laboratory and
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centre-of-mass coordinate systems. The differential cross-sections
for the 16.65 MeV state could only be determined for angles smaller
than 150, the deuteron peak being indistinguishable from the three
body break-up continuum at larger angles. The angular distributions
for the 5Li ground state and 16.65 MeV staté deuterons are given in

fig. 25 in the centre-of-mass coordinate system.

b) Discussion:

L b, 5. . . . -

The Li(p,d)"Li reaction has been investigated at proton
energies of 19 MeV (Li55), 37 MeV (Ku67) and 156 MeV (Babb). From
the conservation of isotopic spin, the (p,d) reaction on 6Li should

excite T = % levels in 5Li. The observation that the 16.65 MeV level

is strongly excited in this reaction confirms that it is a

T = % level. In the LS coupling shell model the excitation of the

Li ( % ) ground state and the % state result from the pick-up of a
- +

p shell neutron, and the 16.65 MeV ( % ) state results from the pick-

up of an s shell neutron. .The ground state and the 16.65 MeV state
angular distributions should therefore be characteristic of Ln =1

and Lh = 0 pick-up. .Inspection of the angular distributions of fig.

25 seems to verify this. The 6Li(p;d)SLi reaction can also be described
within the framework of the cluster model, 6Li being represented by an
alpha-deuteron cluster structure with the two clusters coupled with
orbital angular momentﬁm L=0. -1In thié model, excitation of the 5Li

- ground and first excited states resuits from the pick-up of a neutron

from the loosely bound deuteron cluster. The excitation of the 16.65
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‘MeV level corresponds to the pick-up of a neutron from the tightly
bound alpha particle. In fact the difference in excitation energy of
these levels reflects the known difference in binding energies of a 1l p
proton and 1 s proton in 6Li (about 17 MeV) obtained from the 6Li(p,Zp)SHe
reaction (Ti62). .
Inspection of the small angle data (see 5° spectrum) indicates
that the excitation strength of the 16.65 MeV.level at very smail angles
is of the order of twice that of the ground state transition. This
is what might be expected on the basis of a simple impulse approximation,
since there are twice as many s shell as p shell neutronms. This
observation implies that the energy effect does not inhibit the pick up
of neutrons from the s shell. Returning now to the L-S coupling shell
model description of the (p,t) reaction on 7Li in which the transferred
neutron pair consists of an s and p shell neutron; the fact that pick-up
of s shell neutrons is probably as strong as pick-up in the p shell
should tend to enhance the cross-section for this process (statistically
by a factor of four) in spite of the poorer correlation between s and p
neutrons. This may iﬁ fact imply that the transition shquld be
observable, in contrast to the previously established s-forbidden nature
of the two neutron pick-up from the p shell. In the cluster modei
description of the (p,t) reaction on 7Li (as previously described) the
reaction would be inhibited by the poor correlation of two neutrons in
the widely separated‘7Li alpha and triton clusters and the experimental
observations therefore may ténd to favor the cluster model structure over

the L-S shell model‘description;

.
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TABLE 9

» 6
DIFFERENTIAL CROSS-SECTIONS FdR THE REACTION Li(p,d)SLi.

Lab Angle - g—g—- lab c.m. Angle %g—- cm

degrees pb / ster. degrees pb / ster.
5.3 5530 + 100 6.8 3390 + 60
10.3 3060 + 60 13.2 : 1890 + 30
15.3 1420 + 30 | : 19.5 889 + 17
20.4 771 + 19 26.0 491 + 12
25.3 480 + 14 32.1 312 + 9
30.3 282 + 9 38.4 188 + 6
35.4 130 + & 4.7 89.4 + 2.8
40.3 8l.3 + 2.8 50.7 - 57.8 + 2.0
50.3 35.5 + 1.2 62.6 27.2 + 0.9
60.3 17.7 + 0.9 74.2 14.8 + 0.7
75.3 8.58 + 0.39 90.8 8.40 + 0.38
80.3 3.59 + 0.23 106.3 4.04 + 0.25
Note: a) The errors tabulated above are the r m S errors.
b) The total systematic error for these measurements is + 5.5%.

This does not include a -possible systematic error in the

method used for fitting the peaks.
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FIGURE 23

6

DEUTERON ENERGY SPECTRUM FROM ~Li AT 5.3° LAB.



FIGURE 23

éLi(p,d)SLi deuteron spectrum at 5.3° 1lab. The
YL energy level scheme and the (p + 4He) thresh-

old are showa. The ervor bars shown arce for

relative uncertainties.
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FIGURE 24

DEUTERON ENERGY SPECTRA FROM 6Li



FIGURE 24

6Li(p,d)5Li deuteron spectra for several indica-
ted lab angles. The error bars shown are for

relative uncertainties.
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FIGURE 25

6
ANGULAR DISTRIBUTION FOR THE Li(p,d)SLi REACTION



FIGURE 25

6. . 5. . . .
Li(p,d) Li ground state angular distribution.
The coordinates are in the centre-of-mass system.
The error bars shown are for relative

uncertainties.
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5.5 The 6Li(p,t)4Li Reaction:

a) Experimental Results:

Data for the (p,t) reaction on 6Li was collected over an
angular range from 5 to 50 degrees in the lab. system. A typical
triton energy spectrum obtained at 5.3° lab. is shown in fig. 26. The
main features are the broad peak at the high energy end of the spectrum
and the large continuum due to three body break-up. The thresholds for
various three body break-up processes are indicated in the figure. The
high energy peak is denoted here as the "ground state' of éLi, by
analogy with the observations in the 7Li(p,t)SLi reaction although, as
will be discussed later; it may well be due to contributions from several
states. Estimation of the area of the ground state peak was complicated
by the large continuum and separation of the peak was, especially at
large angles, subject to quite considerable systematic errors. The
method used to determine the peak area was to fit a gaussian curve to
the high energy side of the peak, after making the necessary correctiong
to the spectrum for deuterorn feed-through. No attempt.was made to
estimate a background level due to the continuum, and the resulting un-
certainties in the peak area could conceivably be as great as + 50%.
The differential cross-sections fof the (p,t) reaction on 6Li leading
to the 4Li "ground state" are- tabulated together with the associated
relative uncertainties in Table 10 for both the laboratory and centre-of-
mass coordinate systems. The angular distribution for the "ground state"

transition is given in fig. 27.
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b) Diécussion:

The (p,t) reaction on 6Li has been previously investigated by
Cerny et al (Ceb6a) at 44 MeV and by Bachelier et al (Bab6, Bab7) at
156 MeV. Preliminary results of .this work have also appéared elsewhgre
(Po67). The triton spectra obtained by Cerny et al and Bachelier et al
have the same general features as those observed in the present
experiment.

4

The triton energies corresponding to the Li "ground state"
peak positions were obtained from a triton energy calibration which
was determined from the analysis of the 7Li(p,t)SLi kinematics. This
calibration was cheéked by conventional range (absorber) measurements.
The linearity and reproducibility over the energy range from about 40 MeV
to 90 MeV was very good and the errors in calibration were estimated to-
be less than + 1%. Kinematic calculations of the triton energies for
the 6Li(p,t)4Li reaction were then made, varying the'4Li mass so as to
fit the observed angular variation of the 4Li "ground state" energy.
This analysis made over the entire angular range covered by the data,
indicated that the 4Li "ground state" is unbound to (p+3He) decay by
2.7 + 0.7 MeV. This value is in good agreement with the result obtained
by Cerny et al (2.9 + .3 MeV). Preliminary analysis of the Orsay results

(Bab6) gave a somewhat larger value, but with a corresponding larger

uncertainty.

The intrinsic width of the unbound'4Li ground state was

determined from the peak width and a knowledge of the experimental
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resolution which was obtained from a previous study of the 7Li(p,t)SLi
reaction. The width obtained from the data was 4.8 + 0.5 MeV which.
again is in good agreement with the 5.0 + 0.5 MeV value quoted by
Cerny et al.

| On the basis of their results for the 4Li "eround sfate" and
using Coulomb calculations, Cerny et al predicted that the lowest
T = 1 state in the 4He would be at 22.5 + .3 MeV, and that the an#log
H nucleus would also be unbound by about 2 MeV. They then found an
indication of this analog state in 4He in a étudy-of the 6Li(p,3He)4He*
reaction and compared its angular distribution with that of the 4Li
ground state from the 6Li(p,t)4Li reaction. Agreement was found both
in shape and in relative cross-sectioﬁs (after making the necessary
corrections for isospin coupling and phase space) and it was concluded
that (within their large uncertainties of peak separation and backgroun&
correction) this confirmed the assignment of the 4Li and 4He analog
states. They also stated that the angular distributions were consistent
with the L = 1 angular momentum transfer which would be expected for
transitions to 1 or 2  states.

Tombrello (To65b) made a comprehensive phase-shift analysis

of all the available data on p‘+3He écattering and polarization meésure-
ments and concluded that there was strong evidence for at least 3 p wave
levels in 4Li (unbound to p+3He); He found possible triplet states

with jﬂﬁ =2, 1, 07, at centre-of-mass energies of 4.74, 6.15, and

?

- ‘ 3
9.74 MeV above the (p+ He) threshold and also, but with less confidence
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a broad singlet 1 level at 9.8 MeV. He also stated that these reson-
ances have the ordering that would be expected on the basis of a simple
L-S coupling shell model and that the spa;ing and widths (which with the
exception of the éinglet level were comparable with the Wigner limit)‘
are consistent with those of'SLi.

Most experimental searches for 4Li have been inconclusive or
unsuccessful. The existence of a particle stable state is most unlikely
(Im64) and searches for unbound states in 4Li have been mainlf incon- °
clusive or negative. A summary of some of the -experimental work done
on éLi is given in an article by Kerr (Ke66), who also finds no evidence
for states in 4Li. However Kerr states that a level with the width and
low cross-section reported by Cerny et al (and discussed above), would
probably not have been detected in his experiment.

To summarize, although the evidence in this experiment (and
Cerny's) is not conclusive, it seems probable that the unbouna "ground
state' of 4L:L has been observed, but because of its width, the peak
denoted by the L1 ground state may concelvably be due to more than one
state.

A preliminary D.W.B.A, analysis of the angular diétribution

is presented in the following chapter.
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TABLE 10

DIFFERENTIAL CROSS-SECTIONS FOR THE REACTION 6Li(p,t)thi

Lab Angle gg}- lab c.m. Angle s gg- cm
degrees pb / ster. degrees ub / ster.
5.3 518 + 19 7.6 260 + 9
7.8 364 + 13 11.0 184 + 7
10.3 267 + 10 14.6 136 + 5
12.8 174 + 7 18.1 89.2 4+ 3.5
15.3 96.6 + 3.8 21.6 50.0 + 2.0
20.3 71.7 4+ 3.3 28.6 38.2 + 1.7
25.3 46.6 + 2.0 35.6 ' 25.6 + 1.1
30.3 36.0 + 1.7 42.4 20.6 + 1.0
35.3 18.7 + 6.8 49.2 11.2 + 0.5
40.3 14.3 + 0.6 55.9 ' 9.06 + 0.38
50.3 10.8 + 0.4 69.0 7.74 + 0.29
Note: a) The errors tabulated above are the r m s errors.

b)

c)

The cross-sections are not corrected for’nuclear absorption
in the counter material.

The total systematic error for these measurements is + 3.5%.
This does not include the uncertainty due to (b) above, or

the possible large systematic error in fitting the peaks.
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FIGURE 26

TRITON . ENERGY SPECTRUM FROM 6Li'



FIGURE 26

6Li(p,t)4Li triton spectrum at 5.3%Lab. The
p+3He threshold and the excitation energy in
the 4Li c.m. system are shown. The error bars

are for relative uncertainties.
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FIGURE 27

ANGULAR DISTRIBUTION FOR THE 6Li(p,t)4Li_REACTION




FIGURE 27

6_ . & | . . .
Li(p,t) Li "ground state" angular distribution.
The coordinates are in the centre-of-mass system.

The error bars shown are for relative uncertainties.
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4 4 4 3. . .
5.6, The He(p,p') He* and 'He(p,d) He* Reactions:

in an'eiperiment recently completed, Goldstein (Go67)
studied elastic and inelastic scattering and the deuteron pick-up
reaction on 4He.' This section describes a continued study of these
reactions with the improved resolution and particle separation afforded
by the present experimental set-up. In pafticular a search was made
for excited states in 4He and 3He through the investigation of the
4He(p,p')4He* and LFHe(p,d)sHe."c reactions.

Inelastic scattering from 4He was studied at several angles
with good statistics and a typical spectrum obtained is shown in fig.28
for an angle of 45° 1ab. This spectrum is a composite of two 'spectra
obtained with different magnet settings, the elastic and inelastic data
being collected separately because of the high excitatioﬁ energy of the
inelastic levels and the finite energy '"bite" of the magnet analyser
system. The spectrum has been corrected for background originaéing
from the helium target container. This was accomplished by subtracting
from the spectrum, a background spectrum obtained with the target empty.
The main features of this spectrum are similar to those observed by
Goldsgein and other previous proton scattering experiments on 4He. The
energy resolution obtained for the elastic peak was typically 1.4 MeV.
The calculated differential cross-section for elastic scattering at 45.5°
was 2.87 + 0.03 mb/ster. which is in good agreement with the value of
2.95 + 0.09 mb/ster. obtained at this angle by Goldstein. The spectrum

' 4
illustrates the lack of bound excited states in He below the proton
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and neutron separation energies. The continuum due to the three body break-up
modes (p + 3H) and (n + 3He) is readily evident from the figure and the
peak at the high energy end of the continuum corresponds to the excita-
tion of the well known 22 MeV level (Pa 65). The excitation energy of
this state was determined (from a rough energy calibration) to be about
21.4 Mev. This level was observed at all scattering angles studied,
however, no evidence was found for the excitation of other unbound
levels.

There is considerable experimental evidence for a 0 resonant
state in 4He at an excitation energy of about 20.1 MeV (M£65). A
search for this level, which has been observed in a (high resolution)
scattering experiment at 40 MeV (Wi66), was unsuccessful.

A more detailed discussion of the experimehtal and theoretical
evidence for known unbound levels in 4He has been presented by

Goldstein (Go57).

{

b) The AHe(p,d)3He* Reaction:.

The deuteron pick-up reaction on 4He was investigated over an
angular range from 5° to 70° 1ab and deuteron energy spectra with good
statistics obtained at several angles. A typical deuteron spectrum,
corrected for background and taken at 45.5° 1ab. is showa in fig. 29.
The spectrum consists of a peak corresponding to the groundstate of BHe
and a continuum resulting from three body break-up of the residual

nucleus. There is no evidence of structure indicating the excitation
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of unbound states in 3He.

Baldin: (Bd66), on the basis of scattering theory, predicted
aftT-s= % level in 3He at an excitation energy of 2.5 MeV in the (p - D)
centre-of-mass system. Subsequently, Kim et al (Ki66) in a study of
inelastic, scattering of protons on 3He at 30 MeV, reported the
excitation of levels in 3He at 8.2, 10.2, and 12.6 MeV, the 10.2 level
being the most strongly excited with an estimated cross section of
2 mb/ster. at an angle of 15o lab. Kim et al suggest that the level
observed at 8.2 MeV might be.the analog state of 3n supporting the
existence of a trineutron bound by about 1 MeV.

The positions of the three levels observed by Kim et al are
shown in fig. 29 and it is eviaent that no confirmation of their results
can be made. The differential cross-section for exéitation of any of
these levels at this angle was less than A-yb/ster.

A number of other experiments which also contradict the
results of Kim et al have been reported and much of this work has been
discussed by Goldstein (Go57) who also found no evidence for these levels

3
in (p,p') scattering on "He.
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FIGURE 28

ENERGY SPECTRUM OF PROTONS SCATTERED FROM 4He



FIGURE 28

4He(p,p)%—le proton spectrum at 45°1ab. showing,
in particular, positions of expected unbound
levels inIAHe. Backgrbund due to the target
cylinder has been subtracted. The error bars

shown are for relative uncertainties.
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FIGURE 29

AT, - o = T T e 4--—
GNTEGY SPECTRUM OF DEUTERONS FrOM He



FIGURE 29

&4 3 _0 .
He(p,d) He deuteron spectrum at 45 Lab. Posit-
. . 3 .

ions of proposed He excited stataes (see text)
are shown. Background due to the target
cy-inder has been subtracted.  The error bars

shown are for statistical uncertainties.
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5.7 The (p,t) Reaction on 4He:

a) Experimental Results:

Data for the (p,t) reaction on 4He was collected over an
angular range from 5° to 35° 1lab. At larger angles the low energy of
the tritons emitted resulted in excessive energy losses in the material
between the target and the detectorx. Triton energy spectra from this
reaction are presented in figs. 30 and 31. The spectrum in fig. 30 is
a composite of two spectra obtained with different magﬁet settings, and
was obtained to indicate the shape of the continuous triton distribution
over a larger range of excitation energy. Shown together with this
triton spectrum, which was collected at 5.69 lab. is a spectrum obtained
with the helium target empty, indicating the background contribution
to the helium spectrum from the target cylinder. Fig. 31 shows addit-
ional triton spectra which have been corrected for background. All the
spectra in figs, 30 and 31 have been corrected for deuteron feed-through.
The main feature of the continuous.triton spectrum is the asymmetric
high energy peak which is most prominent at small angles. The change
in the character of the spectrum between 100 and 20° is quite spectac-
ular as can bekseen in fig. 31.

The triton energy scale was obtained from the energy calibrat-
ion previously determined from the kinematics of the 7Li(p,t)SLi
reaction. The energies determined for the peak positions were found
to correspond to a constant Q value of about - 20 MeV which is consistent

. with the peaking being due to a final state interaction between the two
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protons left in the residual nucleus:

The differential éross—section dzd'/deE'was calculated for
the peak height of the continuous distribution and is taﬂuLated together
with the associated r.m.s. uncertainties in Table 11 for the 1lab.
coordinate s;stem. The anguiar distribution for the peak height is given
in fig. 32 in the lab. system. It should be noted that these values of

the differential cross-section have no absolute meaning since they are

dependant on the experimental energy resolution.

b) Discussion:

The only other reported investigation of the 4He(p,t)Zp
reaction was performed at Orsay by Bernas et al (Be67) at an incident
proton energy of 156 MeV. Their éxperimental observations were
essentially the same as those reported here, although their study covered
a more limited‘angular region, measurements being presented for 20; 50,
10° and 15°. The shape of the triton spectrum was similar to that
observed here, except that Bernas ét al had better resolution, achieved
primarily by the use ofia low temperature gaseous helium target. By
15° lab the prominent high energy peak §bserved'by Bernas et al was
almost completely indi§finguishabie.

Two reaction mechanisms can be considered for the production
of tritons from the 4He(p,t)Zp reaction. In the first, the reaction
can be thought of as direct two neutron pick-up resulting in immediate

three body break-up, in which the continuous triton spectrum observed

is associated with a variable energy in the 2p system. The high
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triton yield at the maximum energy of the spectrum (at small angles)
can be attributed to an enhancemeﬁt due to the final state interaction
(FSI) between the recoiling protons‘and wiil be discussed in. more
detail later. in a 3He(d,t)zl{e experiment, Bilaniuk and Slobodrian
(B1i63) interpreted a similar peaking in their spectrum as the decay of
a very short lived diproton. Another possible mechanism for the
4He(p,t)Zp reaction is the sequential process:

P+ 4He — .4He* +p

"t +p

where the continuous distribution of tritons could be due to excitation
of the alpha particle. At large angles (not considered in the present
expériment} a charge exchange mechanism would also be possible.

The experimentally observed spectra strongly suggest the direct
interaction pick-up mechanism with FSI enhancement at small angles. The
rapid'changé with increasing angle in the character of the observed
spectrum most probably implies a change in the dominant regction
me chanism. A similar’pheﬁomenon has been observed by Tombrello and
Bacher (To65a) for a number of reactions with three bodies in the final.
state.

Final state interactions have been studied quite extensively
in the low energy region ( < 50 MeV) in recent yéars. Most investig-

ations have involved single nucleon transfer reactions on mass 2 and 3




-126-

nuclei (see for e.g. Slobodrian et al (S167) and contained references)
and the analysis of these reactions has usually employed the Watson-
Migdal formalism (Wa52, Mi55). In these three-body final-state
experiments, the detected particle'typically has a high energy and the
two remaining particles recoil with low relative momentum q and can
therefore interact strongly. The Watson;Migdal theory allows the
differential cross-section to be factored (within several limiting
assumptions) into independent contributions due to: phase space, the
primary reaction mechanism (usually pick-up of one or two nucleons)

and an FSI which corresponds to the low energy s-wave scattering between
the remaining particles. The contribution from the primary reaction
mechanism is generally assumed to be constant over the limited region
of the spectrum being analysed and the Watson-Migdal formalism neglects
the additional final-state interaction between the detected particle
and one of the remaining particles. Bernas et al (Beb67) have pointed
out that these las*< two approximations have more validity at higher
energies, making their results at 156 MeV more appropriate to the FSI
analysis than the lower energy experiments. This would also apﬁly to
the present results at 100 MeV. Bernas et al obtained a good fit to
their data using the Watson-Migdal tréatment and folding in their’
experimental resolution. The singlet p-~p scatte;ing length ap and
effective range'rO used in their analysis were consistent with values
:determined from low energy scattering experiments. A similar analysis

of the present experimental data should yield the same results.
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~

The observed angular distribution follows a pronounced
diffraction pattern. A similar distribution was obtained in the
3He(SHe,a)pr reaction studied at 53 MeV by Slgbodrian et al (8167).
They fitted their angular distribution using a diffraction calculation
due to Dar (Dab4) and found evidence for a peripheral picture of the

reaction mechanism consisting of an L = 0 nucleon transfer.
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.~ TABLE 11

DIFFERENTIAL CROSS-SECTIONS FOR THE 4He(p,t)Zp REACTION:

Lab. Angle dzd’

d@ dE 1.1,
degrees ’ nb/ster. MeV
5.6 37.7 + .5
8.0 . - 29.1 4+ .3
10.6 15.7 + .2
13.0 8.91 + .13
15.6 3.97 + .07
18.0 2.01 + .05
20.6 _ 1.43 4+ .04
25.6 : 2.16 + .05
3076 2,52 + .05
35.5 1.88 + .04

Note: a) The errors tabulated above are the r m S errors.

b) The cross-sections are not corrected for nuclear
absorption losses in the detector.
c) The overall systematic error for these measure-

ments (not including b) above) is + 3.6%.
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FIGURE 30

TRIION ENERGY SPECTRUM FROM 4He



FIGURE 30

4He(p,t)2p triton spectrum at 5.6O lab. This

continuous spectrum is a composite of two spectra
taken with differeat magnet settings to extend

the observed region of excitation. The background
spectrum, obtained with an empty target, is also

shown. The error bars are for relative uncertainties.
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FIGURE 31

MORE TRITON SPECTRA FROM 4He



FIGURE 31

le(p,t)2p triton spectra at angles from 7.5° to 20°

lab. The error bars are for statistical errors.
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FIGURE 32

ANGULAR DISTRIBUTION FOR THE FSI PEAK IN

THE 4He (p,t)2p REACTION.



FIGURE 32

The differential cross—section‘(d%S'/deE) of
the FSI peak iﬁ the 4He(p,t)2p rgaction is

plotted as a function of triton angle. The
angular distribution is in the lab. system.
The ervor bars shown are for relative

uncertainties.
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CHAPTER 6. THEORETICAL ANALYSES:

t

)
6.1. Optical Model Analysis of Elastic Scattering on Li and 7Li.
| This section présents an optical model anélysis of the

7Li. An optical model search

elastic scattering data for 6Li and
routine due to Held (He66) was ﬁsed with sﬁall_modifications toithe
program to allow greater flexibility in the choice and variaﬁion of
the optical model parameters.

The form of the optical potential between the incident

proton and the target nucleus was:

| V(n-) .= Vc(m)"‘ V(\ +ex)"_l L(WV-A.WD‘L/J;;')(I-r ex'l)'.

# (g Y N v San, (14€°) G

where: V (r) is the Coulomb potential for a uniformly charged sgere
Cc

of radius rcA]'/3

3 V is the real central potential, W& and Wthhe
volume and surface parts respectively of the imaginary potential, Vs
is the real part of the spin-orbit potential and my is the pion mass.
The spin-orbit coupling term was taken to be real because no evidence
for the necessity of an imaginary part has been found (sa67). The

form factors were Saxon-Woods for the real and imaginary potentials

and of the Thomas type for the spin-orbit potential:

X = (r=-r A1/3
o

)/a
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X' = (r-r'A

1/:"')/a.'.

X = (r-r A1/3
8 8

)/a8

where L r?, and.rs and a, a' and a_ are the radiuéhand diffuseness ¢
parameters respectively for the real, iﬁaginary and spin orbit
potentialé'and constitute the geometricalioptical model parameters.
These parameters and the potential strengths, V, W&, Wb and V; which
are sometimes refered to as the'dynamic:optical model parameters,
together define the optical potential.

The search program varied the optical model parameters so

as to minimize the quantity:

X = Z (e (0) = G (80)) /(2 g (20D )

where O~ and 0 are the measured and theoretical cross-
exp. theo. .
sections at 9, and A & is the error associated with o To
i _ exp. exp.

ensure that the minimum found by the search was the true minimum and
not just a local minimum, several different initial paramefefs were
tried. For the purpose of the optical model analysis, the elastic
scattering data reported in the previous chapter were modified 8o as
to combine the angular uncertainties (transformed to equivalent cross-
section uncertainties) with the other relative errors. |

Fits were obtained for both lithium isotopes using either

pure "volume" or pure "surface" absorption (i.e. Wy =0or W =0).
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In the first analysis "constrained"'snin orbit parameters were used
(Sa67) with rg = r and a =a and the seven parameters were varied to
give a mininmmfﬂ?z. Using the narameters obtained from this fit the
analysis was repeated with free spin-orbit parameters. The results
of these fits for 6Li and 7Li are given in Tables 12 and 13. The
values used for T, were obtained from the charge distributions
determined from electron scattering experiments. The radius uded fer
6Li wes taken from Meyer-Berkhout et al (Me59) and the radiue for 7Li
was determined from the.6Li radius and a measurement by Streib (StSSj
of the ratio of the 7Li to 6Li radius.

The best optical model fits are also plotted together with
‘the experimental points in figs. 33 to 36. | The fits appear to be
quite good in all cases although the surface absorétion fit for 6Li
is better than the volume fit, The large angle region 1s not fitted
well for either 6Li or 7Li.' The fits for 7Li:are not as good as
those for 6Li,'both subjectively and in terms of )(2, bnt-it should be
remembered that the angular distribution for 7Li contains, at least at
large angles, a substantial contribution from the first excited state.

Several general obseryetions can be made regarding the
optimum parameters obtained fron the analyses. First it can be seen
that the "constrained" optical'model fit is somewhat worse in eacn
case than the fit with free spin orbit parameters. The changes
produced in the other parameters by .introducing the additional freedom

for r, and a_ is however quite small. Satchler (3467}.1n a comprehen-
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sive optical model analysis of 30 MeV proton scattering, found that while.
the cross-sections could be fitted very well with.the constrained form |
(rs=r°, as=a) of the optical potential, the polarization'data demanded
that at least one of these parameters take on a different value.

The spin orbit radius r_ was found in all cases to be smaller
than the real central radius r, ; This has‘been observed before in
other similar analyses, (Gr65, B166) and has been interpreted by
Greenlees et al (Gr67) in terms of the interaction of the incident proton
with the nuclear matter distribution via the two-body'nucleon-nucleon
force. |

It is also interestipg to note that the diffuseness parameter
for 6Li is ver& large both in comparison with 7Li and with results
obtained in similar analyses for othet nuclei. This is most probably
explained as a clustering effect since there is much evidence (Ta62)
that the ground state of 6Li has a predominapt @+ d) cluster structure.
The clusters ere only bound by 1.5 MeV and so on the average are quite
far apert, behaving’mpch'like free particles. The deuteron is known
to have‘a long tail to its distribution and this is manifested in 6Li
by the deuteten cluster giving rise,te the 1arge diffuseness.

| Very few opt;eal modei analyses have been reported fer proton

scattering from the lithium isotopes. 7Li has been analysed at 180 MeV
both by Johannson et al (Joél) and by Satchler and‘Haybron (Sa64) who
found a better fit with surface absorption, the volume absorption fit

oscillating too severely (as it did in the present analysis) at the
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larger angles. 6Li‘has been analysed using a fairly restricted set
of parameters by Kull (Ku67) at 40 MeV, but it is difficult to make any
comparison with the pfesent results.

Finally it is observed that for both 6Li and 7Li, the volume
absorption gave considerably lower reabtion cross-sections o3y than
the corresponding surface absorétion case. This is related directly
to the fit at asmall angles which appears to be slightly better for the
volume absorption, the surface absorption mﬁdel overestimating the
cross-sections in the coulomb interference region. The only reported
measurement on the lithium‘isotopes of the total reaction cross-gecﬁion,
is for 7Li at 180 MeV (Jo6la). The measured cross-section is 14943 mb,
which is lower than those determined from the optical model fits |
described above. Taking into account the energy dépendence of the
total reaction cross-section, this would tend to favour the volume
absorption fits. Subsequent to the work presented. above, there has
beeﬁ a publicatioﬁ (Su67) of new and more accurate values of the charge
distributions of 6Li and 7Li from electroﬁ scattering data. The new |
valueshbf the radius panaﬁetef r  are ;.8111 0.04 £ and 1;71 + 0.04 £
respectively.. ‘However the fitting is not véry sensitive to the value
of r, and consequéntly the resuits éresented'above should not change

significantly.
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TABLE 12
OPTIMUM OPTICAL POTENTIAL PARAMETERS FOR °LI
Surface Absorption Volume Absorption
(W,=0) | . (wD=9)
7 Param. 9 Paranm, 7 Param, 9 Param.
V(Mev) -18.87 -18.76 -18.04 -18.25
T, (fm) 1.099° ' 1,095 1.136 1.164
a(£m) 0.632  0.719 0.930 0.877
W(Mev) -7.82 . -7.82 -20.16 -20.78
r ' (fm) 1.114 1.070 ' 1.016 .- 0.987
a'(£fm) 0.611 - 0.628 . 0.564 0.573
vV, (Mev) 4.16 4,22 4.02 -+ 3.73
v (fm) 1.099 1.044 1,016 1,157
a_(fm) 0.632 0.547 0.930 0.849
r,(fm) 1.92 1.92 ’ 1.92 1.92
y & 64 25 123 . 92
°:°t(mb) 189 , 156
Note: a) The 7 parameter analyses refer to constrained spin orbit

coupling rT a =a. ‘
b) r, was obtained from electron scattering data (Me59).

c¢) The reaction cross section <rtot was not calculated for

the 7 parameter analyses.
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. TABLE 13

OPTIMUM OPTICAL POTENTIAL PARAMETERS FOR 7LI

Surface ‘Absorption

Volume Absorption

(W,=0) (W=0)

7 param..f 9. param. 7 pafam. 9 param.
V (Mev) -16.35  -16.12 -16.04 -16.04
r_(fn) D L7 192 1,467 1.472
a (fm) 0.458 0.574 0.661  0.651
W (Mev) - 7.80 - 7.03 -26;09 -26.43
r'(£m) 1.226 . 1.271 | 1.084 - 1.079
a' (fm) 0.632 0.622 0.437 0.441
v, (Mev) 4.82  4.80 2.24 2.16
r (£m) 1.257 1.262 1.467 1,459
a_(£fm) 0.458 0.444 0.661 0.639
r  (£m) 1.78 1.78 1.78 1.78
* 106 61 9 76
a . (ub) 225 ‘ 189
Note: a) The 7 parameter aﬁalyses refer to qonstrained spin orbit

coupling T ST, 8 =a.

b) rc was obtained from electron scattering data (MeS9 St55)

¢) The reaction cross section ©;

tot

the 7 parameter analyses. _

was not calculated for
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FIGURE 33

OPTICAL MODEL FIT TO ELASTIC SCATTERING FROM

L1 sureace ABSORPTION



FIGURE ' 33

. 6
Optical model fit to . Li(p,p)GLi using an optical
potential containing a surface imaginary term.

See text for details.
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FIGURE 34

OPTICAL MODEL FIT TO ELASTIC SCATTERING FROM

. 61.1 - VOLUME ABSORPTION, °



FIGURE 34

Optical modelwfit;tohéLi(p,p)6Li‘usingﬁan'optical
potential containing a.volume imaginary term.

See text for details. o ' -
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FIGURE 35

OPTICAL MODEL FIT TO ELASTIC SCATTERING FROM

?Li - SURFACE ABSORPTION - '



FIGURE 35

Opticalfmbdélffitfﬁo'7L1(p;p§7Li'uslng'an optical -
potential containing ‘a surface imaginary term.

See tekt for details.
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FIGURE - 36

OPTICAL :MODEL " FIT TO. Ef..ASTIC‘ SCATTERING  FROM
..7Li; = -VOLUME ABSORPTION,:: !:- .. .. ; -

.t AR



FIGURE * 36

Optical model fit. to 7Li{p,p)?Li‘ubing“hnioptical
potential containing & volume imaginary tetm.

-See text for details.
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6.2 D.W.B.A. Analysis of (p,t) Reactions on 6Li and 7Li.

This section presents a preliminafy distorted wave Born
approximation (DWBA) analysis of the two neutron.p;ck up reactions
7L£(p,t)5Li and '6Li(p,t)4Li described in the previous chapter. The
analysis was made by Hardy (Ha67) using the Oxford DWBA code. This
program is simila: to the code SALLY of Bassel et al (Ba62) in that a
"form factor" containing the informatipn describing the effecfive,
interaction is kept as a separate term in the radial overlap integral.
The differential cross-section is calculated qsing tﬁe zero range
approximation and neglecting spin-orbit'inte:actions. The final
normalization of the cross-section is arbitrary. All well shapes are
assumed to be Saxon-Woods."

Unfortunately, at the time the calculations were made, no
appropriate optical model parameters were available and so reasonable
estimates had to be used. The optical model parameters used in the -
analyses of both the 7Li(p,t)5Li and 6Li(p,t)"'Li reactions are given

in Table 14.

TABLE 14

Optical Model Parameters used in DWBA Analysis of (p,t) Reactions-on 6Li &7Li

\/ ry a Wy r! a' re

(Mev) (fm)  (fm) (MeV)  (fm) (fm) (fm)
Proton 30 1.2 0.70 15 1.2 0.70 1.3
Triton 120 1.3 0.65 30 1.3 0.65 1.3
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The imaginary potential was chosen as volume.gbsorption W;, the other
parameters having the same definition as in section 6.1. The bound
state parameters used were a = 0.60 fm and r.e 1.3 fm.

DWBA fitswere obtained with these parameters and are shown
in figs. 37 and 38, arbitrarily normalized to the experimental angular
distributions at 10°c.m. The 7Li(p,f)SLi reaction was analysed for
both L = 0 and L = 2 angular momentum transfer and the 6L1(p,t)4Li
analysis used L = 1. Qualttativel& thé fits for the 7L1(p,t)5Li
reaction are quite good, eSpeciallf considering the approximate nature
of the parameters used. In the case of 6Li, however, the agreement
is rather poor,'probablf reflecting an extremely poor choice of para-
meters for the 4L-i. - triton .cha.gnel'.

It is expected that the use of the optical model parameters
obtained in section 6.1 for protons scattering elastically on 6Li and
7Li will improve the fits; however the problem of obtaining gdod optical
model parameters for tritons at intermediate and high -energies still
remains,due to a complete 1§ck of the relevant experimenta% data.
However an improvement in the fits should be possible using the proton.
parameters determined in the previous sectibn:(G.l) and iarying the

triton parameters systematically.
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FIGURE 37
, 6, b
* DWBA. ANALYSIS FOR . Li(p,t):Ld - .
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FIGURE . 37

A preliminary: DWBA«analysis:of ithe ;9L1(p,t)4L1
reaction is shown. An orbital angular momentum

transfer L = 1 was.used. ‘
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FIGURE 38

* DWBA ANALYSIS FOR 'Li(p,t)°Li -
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FIGURE - 38
A preliminary DWBA analysis--of the 7Li(p,t)5Li
reaction is shown. Distriﬁuti.ons were calculat-

ed for orbital angular momentum transfer L = 0

and L = 2.
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-CHAPTER 7. SUMMARY AND CONCLUDING DISCUSSION:

7.1  Experimental System:

The experimental system consisting basically of a 14° sector
magnet for "crude" species separation and a fast plﬁstic counter
telescope for particle detection, has been found to be very flexible 1n.
the study of nuclear reactions. Proﬁably the most significant
advantage afforded by the analyser magnet system over other more con-
ventional particle identification systems is related to the fact that

the detector only sees a small, selected band of particles. The

' study of low cross-section reactions is greatly enhanced by this

rejection of undesired background. This is particularly relevant

for accelerators of low duty cycle (such as synchrocyclotrons) where
counting rate limitations based on competing reactions with high cross-
section may make the study of a reaction of much lower cross-section
impractical by conventional means. A typical example which might

be cited is the case of (p,p), (p,d), and (p,t) reactions on 6Li,
investigated in this work. In the small angle region the (p,d)
cross-section is of the order of 2% of the cross-section for elastic
scattering and the (p,t) cross-section is almost three orders of
magnitude lower than that for elastic scattering. This immediately
imposes a strong limitation on identification systems employing electron-
ic methods. The problem has, to some extent,.been alleviated by the
recent advent of stochastic extraction for synchrocyclotrdns, which

has greatly improved the pulsed beam duty cycles.
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The most serious iimitaéion of the experimental s&stem is the
energy resolution afforded by the plastic scintillators. In spite of
the fact that the resolution has been significantly improved over
previously reported energy resolutions with plasticAcountets; the study
of anything but light nuclei is precluded. The 1ntfinsically lower
light efficiency of plastic for deuterons, tritons, 3He's.and alphas
compounds this disadvantage. The light output from plastic scinti-
llators for doubly charged particles is of the order of 407 of that
for protons. This togetﬁer with the high rate of'ionization of a's
and 3He's and consequent‘energy losses in the patﬂ to the detector,
makes the present system quite unsuited to their study. A brief
investigation of the 7Li(p,a)QHe reactioh confirmed this fact. Two
additional difficulties in the detection of a's (or 3He's) exist:
the magnetic selection does not separate alphas and 3He's very well
and the lower éfficiency of the AE scintillator further complicates
the distinction between Ehese two doubly charged particles. 1In
addition to this is the problem of a veryAhigh background - of prdtons
whose magnetic rigidities are very nearly the same as those of the
selected alphaé. . . ' v

A possible improvemeni to'the detection system might be a
change to g vNaI(Tl) E counter. Nal has intrinsically better energy
_resolution than plastic and even more important, has a slightly
increésed efficiency for detection of particles heavier than protons.

The serious sacrifices in counting rate which could be the consequences
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of using Nal (due to the-slower response and increased sensitivity to
gamma background) may well be offset by the use of the presently
available stretched beam. |

A detailed‘analysis of the properties of the analyser
magnet system has been made, an outline of which has been presented
in'a previous chapter. A comprehensive set of additional tables of
the magnet properties is a130'available. The necessity of good béam
quality to fully utilize the capability of the system ig illustrated
by the strong dependence of the energy "bite"‘on the beam spot size,
and this may in some cases be a disadvantage.(as with an extended
target such as the liquid helium target used in part of this experiment)
A possible improvement to the analyser ‘magnet would be the installation
of a permanent Hall probe in the magnet pole gap, enabling calibration
and subsequent setting of the msgnetic field which is less susceptible
to hysteresis effects.

A liquid helium cryogenic target wasrdesigned and constructed.
By avoiding weaknesses inherent in previous designs, a cryostat with a
4He consumption rate of about 45 cc/hour was achieved. This represents
& considerable improvement over previously reported helium targets.

Finally an improvement in the beam monitoring would be
desirable. This could be-achieved by the addition to the experimental
system of a continuous (transmission) secondary monitor for beam
current measurement. An ionization chamber or gimilar device would

allow considerably improved calibration of the Faraday Cup.
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7.2 Sumnmary of Results:

The differential cross-sections‘for'elastic'scattering
from 6Li and 7Li have been measured over a large angular range and
the angular distributions.have been fitted by an optical model
analysis. There is very little data or analysis in this region of
energy for light nuclei and a systematic analysis of.optical model
parameters is not yet possible. fhere was no evidence in the angular
distribution for the strong backward peauing which has been observed
in proton scattering from s-shell nuclei and interpreted (Go67) as

an exchange effect. However, the exchange amplitude is not expeeted
‘to be significant in p-shell nuclei.

Angular distributions were also obtained for inelastic
scattering from several levels in 6Li end.7Li. A-further analysis
of the inelastic scattering would require & DWBA or generalized
optical model analysis. (§a62a)

One and two-neutron pick-up reactiono have been studied for
both lithium isotopes and angular distributions have been obtained for
the ground state transitions in the reactions : 6Li(p,d)5Li, 6Li(p;t)aLi
and 7Li(p,t)5Li.' The (p,d) reaction on 6Li and (p,t) reaction on
7Li, both leading to the same residual nucleus (sLi), have been
compared within the framework of the L-S coupling shell model and the
cluster model.. The (p,t) reaction on 6Li provided new, although
inconclusive, evidence for the existence of an unbound ground state in

4Li. A preliminary DWBA analysis was made for the (p,t) reactions on
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6Li and 7Li, the results of ‘the analysis being snrprisingiy good for
7Li'and rather poor for 6Li. An improved DWBA analysis using the optical
model parameters obtained from the elastic scattering (previously
discussed) is indicated.

Several reactions have'been'studied using a helium target.

In a search for unbound levels in 4He via the 4He(p,p')4He*-reaction
only the known 22 MeV level was observed. An investigation of the
4He(p,d) He reaction gave no indication of excited states in 3He

contradicting results of Kim et al (Ki66), but in agreement with most
other investigations. The (p,t) reaction on 4He was sthdied and
strong final state interaction effects were observed in the forward
angles, with the dominant reaction mechanism appearing to change at
larger angles. A more detailed analysis using the Watson-Migdal

(Wa52, Mi55) formalism is indicated.

7.3 Future Experiments:

An experiment is now being.planned to further investigate
the existemce of excited states in 3He via inelastic proton scattering,
and to extend the stu&y of final state interactions to the 3He(p,d)Zp
reactionf Ihe proposed experiment will employ a liquid 3He target,
providing a significant_improvement over previous experiments using
gas targets. Apart.irom the obvious advantages of a liquid target
(greater’ density and consequently increased’ true event to background
ratio), this will eliminate the serious problem of impurities which

has beset interpretation of the results of moat experiments using gas
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targets.. Liqu efication of the 3He gas into a target will be
accemplished by small modifications of the cryogenic'target constrncted
for the experiments discussed in this thesis. ‘The target appendage |
will be isolated from the 4He reservoir and a 1 mm diameter stainless.
steel feed tube for the 3He gas will extend through the reservoir and
out of the tap of the cryostat to a closed 3He system. Liquefication
of the 3He gas will then be achieved by filling the reservoir (as
previously) ‘with liquid 4He and pumping on the 4He liquid to lower its -
temperature helow'the boiling point of 3He(ﬂ'3.2,°K). " The 4He vapour

pressure and consequently the 4He temperature will be regulated by the

‘use of a Cartesian manostat so as to maintain a constant 3He vapour

pressure above the liquid 3He thus produced. An additional.heat shield

at the liquid 4He temperature (i.e. in thermal contact with the

reservoir) surrounding the target will minimize radiative heat transfer. .
Other experiments on one and two neutron pick-up from

selected light nuclei are also planned. Further ‘scattering experiments,

and a systematic optical model study in this energy region would also '

be useful,
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APPENDIX I:

Momentum Selection with a Wedge Mggﬁet:

.The following section presents a summary of the treatment
given by lLee (Le65) for the operatic;n‘ of the magnet analyaef.

- For a uniform field sector magnet with normal entry and
exit pole faces (see Fig. Al), using transfer matrix theory of
beam optics (Pe6i) it can be -shown that (incvluding Fecond order

correction for momentum deviation):

X ' 1-" L 0 cos 9‘ psin °] P(l-cos e) 1 Lo 0 xo
$ [=]0o 1 of][-sinefp cose 5in® 01 ofé,
(1-Ap/p)

&p/p. 0 o 1 0 0 1 0 0 1UAp/p

where the quantities are defined as foliows:

Xy ¢°, Ap/p are the,co-ofdinateséfé trajectory from the target;being
the displacement, angular divergence and momentum deviation from the
central path respectively.

X, ¢, Op/p are similar co-ordinafes for the trajectofy at the
detector. | |

Lo and L are the distances to the effective pole face edges on the_
target and detector sides respectively.

© is the deflection angle of the central path (which makes normal
exit and entry). |

p is the radius of curvature of the central pat}t.

At a distance ,LB from the target centre,. in.front of thev entrance
pole face (see Fig. Al) the displacement -z;é' of the ‘trqjectory
&escribed above is given by:. '

Xg = x°+0°LB
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For fixed geometry the displacement x, 1s a function éf X
x, and Ap/p. (This can be seen by eliming;ing ﬁ,from the definition of
X and the matrix equation above). This can be represented by x (x y X,
'to X

omin omax
(as shown in the figure) and the image size, which is limited by the

op/p). If the source size (beam spot size)extends from x

detector dimensions, gxtends fromx_,  to xmgx; the guantitigg smax and

S can be defined as follows:

min

Snax @P/P) = x G % p/p)
Smin(ép/p) = xs(xomin’ xmin’Ap/p)

Particles with' a given momentum deviation Op/p which originate from

" the beam spbt (i.e. x min‘ X € x ) and reach the detector

(i.e. xminfgl x d‘ X ) must satisfy the condition:

Smin §; *s fg Smax

If a slit is now placed perpendicular to and centered on the central
path at a distance Ls from the target, it ean be seen that a range
of ﬁagnetic rigidities transmitted ffom the target to the detector
will so be defined. To obtain the magﬁet momentam selection -
characteristics, Smiﬁ(Ap/p) andxsmaxcﬁp/b) are calculated for a
range of values of Ap/p u%ing‘the geometrical constants appropriate
to the physicél set-ups A plot of these quantities as a function
of Ap/p is shown in fig. 5 of‘chaptér 2 (calculated using the more
exact method described in Appendi# II). The regions of Ap/p which

are fully transmitted and partially transmitted are evident in the

~figure.
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APPENDIX II:

Improved Calculations of Momentum Selection Characteristics:

This~section presents the modifications to the treatment
given in Appendir I, 80 es to include the fringing field effects.

The matrix equation given in Appendix I and representing'
a drift space followed by a region of uniform.magnetic field followed
again by a drift space (target to detector) is here replaced by the

matrix equation;

X . X

,‘, = [M.l;l [M14] [Ml] ¢:A

&p/p . Opl/p

where the matrices M) .to M, represent the transfer matrices obtained
from the field shape as described in chapter 2 and illustrated in
fig. 4. The product M15 M14..... Ml is the total effective
transfer matrix for the path from the target to the detector. . The

equation defining the displacement Xg is replaced here by:

.¢8 = [MG] [-'-MSI [Ml]
Ap/p | Np/p

The function xs(xo,x,Ap/p) is then obtained by solving the above

two matrix equations for x . § and S are then obtained as
8 max min

previously described in Appendix I. These calculations were

performed using the McGill IBM 7044 computer and a comprehensive

set of tables obtained for the magnet properties. Typical momentum



164~

selection characteristics for the.magnet-slit combinatioﬁ are

shown in fig. 5 of Chapter 2.
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FIGURE A 1

- ANALYSER MAGNET GEOMETRY .-



FIGURE A1

This diagram.shows, ‘schematically, . the

geometric ‘details used in.‘the magnet analysis.
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