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FREFACE

The experiments described in this theris were carried out at the
University of Glacgow in collsboration with Drs. R. 0. Owens,

J. L. Matthews end 8. H. Gardiner, and these experiments, together with
the analysis, took place between October 1972 and April 1975.

The experiments are investigations of the medium to high energy
» ruclear photoeffect in various p-shell nuclei; thie territory has not
been vwell explored, and the present experiments represent a consideradble
advance,

The high energy nuclear photoeffect is int.ere'sting because it is
yrimarily a high momentum process, and should therefore be senéitive
to rhort renge effects between nueleons in the rucleus, effects to vhich
most other nuclear processes ere not sensitive,

The set of date gathered is sufficiently extensive to show that the
eimplest interpretation of the high energy nuclear photoeffect is very
rearonable. Also it is found that the independent particle shell model
is incopeble of explaining experiment; rhort range residual intersctions
gre nececssary. but a popular method of introducirg such intersctions,
relgtively ruccerssful for some other high mementum processes, ig shovm
to be insppropriate, end it 1s found that, in between the giant dipole
resonancs end the w-meson production threshold, the rost important
residual interaction ies single t-mecon exchange. '

Chapter 1 of this thesis preseats the details of the experiments
performed end gives a general discussion of the muclear photoeffect,
Chapter 2 descri';)es the experimental systen, Chapter 3 deseribes the data
analyeis, Chapter U presents the results, and Chapter 5 discusses the

resnlte, ¥athemnticel machinery mzy be found in the Appendices,
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1.

l.1 General Introduction

The experiments described in this thesis are investigations
of the nuclear photoeffect in the Li7, C12 and 016 nuclei at photon
energies between 40 and 105 MeV. These energies are considerably
higher than the energy of the giant dipole resonance where the
photon interacts with the nucleons as a whole; the photon interacts

instead with individual nucleons. Hence such experiments are

sensitive to the behaviour of individual nuclecns in the nuclesuse.

The .(¥,b ) reaction, ejectioﬁ of a photoproton, is a
reaction which is particularl& dependent ;h the high momentum
components of the nuclear wavefunction, and is characterised, in the
energy range mentioned above, by cross-sections which are generally
accepted to be underestimated by shell model predictions. This is
attributed to a deficiency of high mcmentum cémponents in shell model
wavefunctions because of their having been determined in a self-
consistent potential thereby ignoring the explicit medium to short
range part of the nucleon-nucieon interaction. The addition of such
residual interactions to the shell model will alter the (¥,b)
cross~-section predictions. Comparison with experiment will then
indicate the acceptable methods by which this addition could be

-

implemented.

Experimental (¥,}) results in the energy range of interest
here are not plentiful; the general problem of the non-existence of a

source/eeceeo



2.

source of monochromatic photons and the particular problem of the low

" eross—-section at high energy have troubled experimentalists for many

years and have led to results whose accuracy and range are,'in general,
not noteworthy. However, at the University of Glasgow these problems
have been largely overcome. The»Glésgow 100 MeV electron linear
accelerator has a reasonably high output current, and the count rate
is perfectly satisfactory everywhere except at backward angles at
around 100 MeV. The problem of the monochromatic photon source is
overcome by using a photon single~difference technique developed at
this University. When these two features are combined with the use
of magnetic spectrometer carrying a set o% energy sensitive counters
in its focal plane to detect the protons, experiments which are
pignificantly more accurate and wider in range than previous onss

are possible.

It is hoped that the present experiment fulfils such
aspirations, and will be able, with the help of suitable theoretical

calculations, to provide some useful information.
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le2 The Experiments

The experiments described in this thesis were undertaken to
provide a more stringent test of theoretical predictions, and they

continue and greatly extend the previous (%,p) measurements made at

The University of Glasgow. These previous measurements 1,2)

12 (%,p) cross-sections to

s angular

distributions of the Li®, Lil and ¢
specific final statesat a photon energy of 60 MeV, were the first
such measurements to be made. Extension of these measurements to

higher energies and other nuclei was desirablee.

-~

The experiments performed were measurements of the angular
distributions of the following cross-sections : i (%,%) at 80 MeV,
012 (t,%) at 80 and 100 MeV, and 016 (¥,%) at 60, 80 and 100 MeV.

In addition the Li7, (X.%) cross-section was measured at 45° at

100 MeV, and the O)‘6 (%.,p) cross-section was‘measured at 45°, 75° and
105° at 95 MeV, and at 45° at 40, 50, 70, 90 and 105 MeV. The Glasgow
100 MeV electron linear accelerator was used. For the lithium and
carbon experiments, the photon single~difference technique mentioned
above was employed. This involves the difference of two bremsstrahlung
spectra from beryllium and aluminium radiators and gives photons whose
monochromaticity is & 1 MeV FWHM. The technique is fully described in
Appendix Te For the oxygen experiment the difference technique was not
required and bremsstrahlung from a gold radiator (.191 ¥ ,001 gm/cmz,

7

~,03 radiation lengths) was used. The targets were Li' metal
(separated isotope ),graphite and beryllium oxide. The targets were

situated/. sese
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situated in a scattering chamber which also contaiﬁed the
bremsstrahlung radiators. A magnetic spectrometer, rotatable about
the centre of the scattering chamber between about 25° and 155° with
respect to the direction of the beam line, was used to momentum
analyse the photoprotons. A set of ten plastic scintillation
counters each with its own photomultiplier was employed in the focal
plane of the spectrometer, and the signals from the photomultipliers
were pulse height analysed and the spectra stored in a computer. Since
the scintillation counters are energy sensitive, the desired proton
contribution may be easily separated from any other pé;ticles and
background vhich may be present. The tot;1 charge delivered to the
bremsstrahlung radiators (which determines the numbers of photons
delivered to the photonuclear target) was measured by integrating the
current in the electron beam measured by a non-intercepting toroidal
current transformer wvhose primary is the eléctron beam itself. TFor
the photon difference technique to work satisfactorily, accurate
determination of the total charge is important. The details of the

experimental system are fully described in Chapter 2.

The cross—sections were obtained from the experimental
proton energy spectra by fitting them with a sum of proton spectrum
shapes, calculated from the photon spectrum, each of which correspbnds
to & different state in the residual nucleus. The fitting procedufe
determines the coefficient of each shape function in the sum, and
these coefficients are the cross-zections to each state in the residual
nucleus. Using this technique, individual G2 (¥,b) B*' cross-

Sectioné/o coee



Se

sections to the ground state, 2.12 MeV first excited state and the
group of three states At 4.44, 5.02 and 6.74 MeV in B11 were separated.
The i (€,%) He6 cross-sections to the ground state and 1.80 MeV first
excited state in He6 have not béen completely separated because of the
relative proximity of these two states and lack of statistical

accuracy. For the 016 (%) le reaction, only the cross-sections

to the ground state of le have been determined. The beryllium in the
beryllium oxide target used did not affect their measurements. Due to
the differences in the proton separation energies and the masses of the

9 9

Be” and 016 nuclei, the protons from Be” corresponding. to the endpoint

‘of the bremsstrahlung spectrum are at least 6 MeV below similar protons

from 016. Since there is no excited state of le with an excitation
energy of less than 5.27 MeV, the top 5 MeV of the proton spectrum can
15

only contain protons leaving N7 in its ground state, the cross-section
to which may then readily be determined. The data analysis is fully

described in Chapter 3.
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1.3 The (¥,%) Reaction

If a proton is ejected at 90o from 016 by a 100 MeV photon

and the residual nucleus is left in its ground state, the proton energy
is 81.8 MeV and hence a mismatch of ~410 MeV/c exists between the
momentum of the photon and that carried away by the proton (see

Fig. 1l.1). This difference can only be made up if the proton has

this high momentum in the initial bound state, which is relatively
unlikely. This is what is meant when it is stated that the (%)
process is dependent on the high momentum components of the nuclear
wavefunction. The momentum mismatch becomes greater as the angle at
which the photopfoton is ejected increases and as the photon energy
increases, and the experimental (¥ .%) cross-section becomes smaller as
the momentum mismatch increases. At Glasgow the highest momentum
mismatch investigated is 455 MeV/c (016 (%,%) Né?s. for Ey = 100 MeV

at 120°). Recently MIT3) has extended measurements on the 016 (€,%)

15
Ngoso

mismatch of 776 MeV/c.

reaction up to 280 MaV at 90° corresponding to a momentum

The (¥.p) cross-section is intimately related to the
momentum wavefunction ¢ (2) of ‘the bound state (the Fourier
transform of the bound state‘configuration.space wavefunction)s In
the plane wave approximation (Appendix 12) the differential cross-

- section is directly proportional to'¢ (g)l 2, For a final state
which is a scattering state of an appropriate optical potential
(Appendix 13) the relationship, although equally intimate, ié not so
transparent. An experimental momentum distribution can be extracted

frOUI/oocco
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from the measured (¥.,% ) cross-sections; this is discussed in section
5¢4. However, the resulting distribution depends on the plane wave
formalism assumed. Probably the only reasonable way to derive a
momentum distribution would be to search for a bound stafe wavefunction
which, when used to calculate (‘\¥ ) cross-sections, leads to bgst
agreement with experiment, its Fourier transform would then give the

momentum distribution.

Shell model predictions of (¥,p) cross-sections are
inconsistent with experiment. These predictions are sensitive to the
details of the bound state and the optical. potential as well as to
calculational details (see sectioﬁ 5¢3), but for the 016 ¥,%) Né?s.
reaction, a reaction in which the overlap of the ground state of the

target nucleus with the ground state of the residual nucleus is

expected to be well described by a single particle wavefunction, the

distorted wave calculation developed for the analysis of the experiments

in this thesis shows the predicted shell model cross—sections to be
too low by a2 factor of ~10. Also it will be shown in section 5.4
that the shell mcdel momentum distribution underestimates the measured

momentum distribution and does not reproduce the measured shape.

The predicted ( X,p) cross~sections are increased if short

raﬁge residual interactions or correlations are incorporated; Fige. 1.3
provides some illustrations. So far these residual interactions have
been treated by adding either Jastrow correlation factors or a single
n-meson exchange potential to the shell model. The introduction of

residual/esees
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residual interactions into (¥ ,bp) calculations is discussed in
section 53« Certainly ‘i".his increases the proportion of high momentum
components, and such calculations are more successful than pure shell
model calculations. However, much work still remains to be done here.
An unsuspected rise in the (X,p ) cross-section for ~ 300 MeV photons

has been very recently found at MIT 3)

s and this might be due to the
formation of the A(1236) isobar. It may be that agreement between
theory and experiment will not be reached until all the contributions

by the various mesons and isobars are included.
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le4 Residual Interactions

The independent particle shell model has well known
inadequacies. While this model may explain the ground states of most
nuclei, it is very obvious that it cannbt explain the plethora of
exéited nuclear states found experimentally. Residual intéractions |
must be introduced to produce configuration mixing giving a
Hamiltonian which, to be useful, must be diagonalised in a truncated
set of basis states. These residuﬁl interactions are, however,
relatively weak and are treated as perturbations. They couple entire
shell model orbits together. In general, they are not the residual
interactions of importance when high momentum processeé are considered.
High momentum processes are those for which the characteristic

momentum is higher than the Fermi momentum, ~ l.4fn -1

or 280 MeV/c,
and for which strong short range residual interactions are important.
The inclusion of strong residual interactions or correlations in the
configuration mixing and diagonalisation procedures would require a
prohibitively large set of basis states. The approach used for
inclusion of short range residual interactions is much simpler and
has been to start with independent particle shell model wave functions
and phenomenologically insert some sort of correlation factor either

4)

in & .wavefunction itself or a matrix element.

5)

A nucleon in the nucleus may be pictured as spending most
of its time travelling in a smooth curve (the solid line in Fig.l.2)

corresponding/eeeso
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corresponding to the single particle self-consistent poteﬁtial. However,
when the nucleon approaches close to another nucleon, the rapidly
varying nucleon-nucleon potential leads to the generation of high
momenta. The actual path travelled by the nucleon will, therefore,

be more like the dotted line. Therefore on average, the actual
wavefunction of the nucleon will contain more high momentum components

than the corresponding shell model wavefunction.

There are many high momenfum processes sensitive to thase
short range residual interactions. Any nuclear process which requires
a high momentum to be provided by a bound nucleon or nucleons is
appropriate. Some examples are: high energy photodisintegration
((¥3% )y (¥,bn), etc.), quasi~free scattering ((e,e'p), (py2p)) and
pick-up ((pyd), etce) reactions at high momentum transfer, absorption
and production of tr-mesons ((t ,NN), (pyw ), etc.) and elastic electron
scattering at high momentum transfer. For the (¥, pn ) reaction, the
relative success of the quasi-~deuteron modelsl) shows the importénce

of short range residual interactions.

The lack of agreement of shell model predictions with

experiment is well established for many such processes. The 016

nucleus is expected to be well described by the shell model. However,

the measured electron scattering charge form-factor of 016 at momentum

6)

transfers of greater than about 1.5 ﬁd-l cannot be described by Woods—

Saxon bound state wavefunctions. The nuclear absorption of a m-meson

from a m -mesic atom results in a large momentum mismatch ( ~ 550 MeV/c)

and shell model calculations underestimate he absorption rates by

several/cecee
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several orders of magnitude. This lack of agreement is held to be

due to neglect of strong short range residual interactions.

The high momentum process in the experiments described in
this thesis was the (¥,% ) reaction. Advantages of the (¥,})
reaction include the absence of any coincidence requirements and an
electromagnetic interaction which avoids the proﬁlem of the severe
distortion involved if a strongly interacting projectile is used.
Disadvantages include the difficulty of effectively procuring a source

of reasonably monochromatic photons.
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1.5 Reaction Mechanism

In a high energy (¥.%) reaction, since the photon interaction
is a one-body intéraction, all the momentum carried by the incident
photon is transferred to one bound proton (possibly via a meson). The
proton is raised from a bound state of negative energy to a continuum
state of positive energy, and so may travel out of the nucleus, being
refracted by the final state potential in the process. The mass A
target nucleus, in its ground state, has one proton knocked out of
it, i.e. a hole state7) is produced, and given that the ejected proton
is travelling more quickly than the rest of the nucleons in the nucleus,
the remaining A-1 nucleons are more or less just spectators. These A-1
nucleons are not in their natural configuration, and so this hole state
rearranges itself into the ground state or one of the excited states of

the residual nucleus, the change in energy being the rearrangement energye.

The probability that some particular state in the residual
nucleus is populated is determined by the fractional parentage
coefficients involved in the expansion of the ground state of the
target nucleus in terms of products of the various states of‘the
residual nucleus and single particle states. This expansion limits
the number of states which can be reached in the residual nucleus;
for example, from conservation of parity, photoejection of a proton
from the p-shell of 016 can only lead to positive parity states of
Nl5 if tbe ground state of 016 includes 2p2h virtual excitations to

the syd-~shell.

anen/'-....
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When a nucleon is ejected from an inner shell deep in the
target nucleus, the resulting hole state decays very quickly. The
short lifetime is seen as the large width of the hole state, e.ge. for
¢2, the width of the s-hole state is ~ 10 MeV, giving a lifetime of
~ 10722 ge0. Such a hole state is believed to decay mainly by the
autoionisations) process. In p-shell nuclei two nucleons in the
p 3/2-shell interact, one dropping into the vacant sl/2-hole and
the other being ejected from the nucleus (a "nuclear Auger" proton).

This ejected nucleén travels very slowly compared with the original

proton involved in the knock-ouit reaction.

-

The spectrum of knock-out protons to be expected in p-shell
nuclei is thus a clump of discrete states at a missing energy of
~ 15 MeV, p-shell ejection, correspcnding to the various fractional
parentage coefficients, and a continuum of states at ~ 35 MeV, s;shell

12 1)

ejection. The experimental proton spectrum from C is shown in

Fig. le4. It agrees well with the aboves
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FIG. 1.4

~ .

 The proton spectrum from the 01_2(‘6,13) reaction

for B, = 60+1 MeV,B = 45° ., The excitation
¥ Pl ab.

energy in the residual nucleus, Bn,is shown, and

arrovs indicate the low-lying states.
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1.6 Other single nucleon knock—out reactions

All single nucleon knock-out reactions are capable of
yielding information about the bound state from which the knocked-out
‘ 9)

nucleon was ejected

The (e,e'p) quasi~free electron-proton scattering reactio%p’sz)

is the single nucleon knock=—out reaction which is most comparable with
the (%,b) reaction. The (e,e'p) reaction is just the (¥, ) reaction
with a virtual photon substitutéd for the real photon. However, for a
virtual photon energy and momentum may be chosen independently unlike
for a real photon, and this leads to an e;tra degree of freedomlo’ll).
The (py2p) quasi-~free proton-proton scattering reaction 10) is similar
to the (eje'p) reaction. However, the (e,e' p) reaction has sdvantages
ovér the (py2p) reaction in that the interaction with the nucleus of
only one sirongly interacting particle, the proton, is involved in the
(e,e'p) reaction since the electromagnetic interaction is relativesly
weak; in the (p,2p) reaction with its strongly interacting projectile
and knocked-out proton absorptions of ~90% are quite common. This
means that the bound proton momentum distribution as deduced from an
(ese’'p) experiment is "cleaner" than that deduced from a (p,2p)
experiment. However, the small interaction probability of the electron

necessarily means that the (e,e'p) reaction cross-section is small

compared with the (p,2p) cross-section.

Other single nucleon knock-out reacticns include the (p,d)

&Tld/ooooo
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and (d,HeB) pick-up reactions, but these are not such good probes for
momentum distributions due to the fact that the final particles, the

3 10) in the nucleuss In

deuteron or the He”y are very much "dissolved"
fact it has been shown 9) that most of the deulerons produced by the
(pyd) reaction at large angles are due to multiple scattering; the
deuteron distribution therefore only very indirectly reflects the

momentum distribution of the original bound neutron.

All these reactions yield spectroscopic factors, but it is
the high momentum regions of the data which should most easily show
short range effects.' For a reasonably unambiguous intérpretation
only (e,e'p) experiments really can be considered because of distortionm,
and these coincidence experiments are difficult at high momentum
transfer where the cross-sections are very low. The (e,e'p) experiment
involving the highest momentum transfer is the experiment of
K8bberling et al 2) at DESY which Teaches 400 MeV/c, but it has poor
resolution and cannot distinguish protons ejected from the different
shells. At this momentum deviations from shell model predictions are

apparent.
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1,7 Experimental Considerations

The (X ,b) reaction is portrayed in Fig. l.l. Ideally
there is a beam of monochromatic photons of exactly known energy in
tie initial state and a means of detecting protons in the final state
with an energy resolution such that all states in the.residual nucleus
can be separated. Beams of monochromatic photons are more difficult
to obtain than beams of monochromatic charged perticles, and this
difficulty distinguishes photon experiments from charged particle
experiments. The photon beam must be of a monochromaticity at least
comparable with the desired separation of states in the residual

nucleuse.

At Glasgow positron annihilation and bremsstrahlung are the
only methods of obtaining high energy photonel3). Posgitron
annihilation in flight, the annihilation with electirons of a
monochromatic beam of high energy positirons passing through some
target material, produces, if 6n1y photons in & narrow forward cone
are accepted, a photon spectrum with a sharp peak at about % MeV above
the positron ensrgy and a slowly rising low energy tail due 10 positron
bremsstrahlung. But the photon yield is too low, principally because of
the low ccnversion efficiency in the positron target in the acceleraﬁor,
compared with the'photon single~difference spectrum to be useful at !
high energies where the (¥ ,b) cross-section is low. This leaves
bremsstrahlung, which may be used in several ways. The photon tagging
technique, in which the energy of the secondary electron.produced by

the/l..‘.
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the bremsstrahlung process is measured in cdncidence with the
bremsstrablung induced event, effectively giveé photons whose mono-
chromaticity is determined only by the accuracy to which the energy
of the secondary electron can be measured. But this is only suitable
for low count rates, and the high accelerator duty cycles required
to reduce the random coincidence rates are not available. To obtain
photons of reasonable monochromaticity from a bremsstrahlung bsam
requires some sort of difference or unfolding technique. Yield curve
unfolding 14,15) is much used. Here proton spectra are accumulated

for bremsstrahlung with a whole series of closely spaced endpoint

’ eneréies, and from these, by suitable unfolding machinery, the

proton spectrum for photons whose energies are betwsen the two
highest endpoints is reconstructed. The Genoa-Turin groupl6’l7’18),
for example, used such a technique with bremgstrahlung endpoint energies
2 MeV apart between 50 and 80 MeV. Hcwever, propagation of experimenial
errors through the unfolding procedure is a problem, and false
structure can be generated. Because of the many measurements involved,
this technique is slow. The single-difference technique is faster
since only two bremsstrahlung spectra are involved in the subtraction.
This technique is not new; Whitehead et 31}9) used it almost twenty
Years ago. However, the single difference technique 20) developed at‘
this University and employed in the present experiments sets new
standards in the degree of monochromaticity of the resulting photon
difference spectrume The FWHM of the photon peak is 2 MeV for peak

energies/o secce
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energies between at least 50 and 100 MeV. This enables, for example,
the cross—sections to the ground state and the 2.12 MeV first excited
state of B in the 012 (x,%) Bll reaction to be separately

determined.

For the resolution of the experiment to be determined

| ~ only by the photon source, the final state protons must be measured
; with considerably better energy resolution than the width of the
photon source. This requires a magnetic spectrometer. The
resolution of proton telescopes, as used, for example, by the Genoa-
Turin'group, is about 5% at best, ~ 2MeV %or a 40 MeV proton,
resolution much worse than the 1% of the magnetic spectrometer as

used in this experiment.

The cloud chamber, as used by Taran, Gorbunov and Osipova21’22’23)
has some advantages when used for photodisintegration work. The
energies and angles of all the charged reaction‘products may be
measured, and ordinary bremsstrahlung may be used.as the source of
photons. Data on all possible photodisintegration processes may be

[ obtained. Disadvantages, of course, are the large effort which must

be devoted to the analysis and the low data collection ratee.
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l.8 Summary

The Cﬁ\b ) experiments, the theoretical predictions and
the conclusions are presented in the following four chapters.
Mathematical machinery has been consigned to appendices. Chapter 2
describes the experimental system, Chapter 3 describes the data
analysis procedures, Chapter 4 presents the results of the experimental
measurements, and in Chapfer 5 experiment is compafed with theory and

conclusions drawne.
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CHAPTER 2 THE EXPERIMENTAL SYSTEM

201 The experimental system in general.

| 24)

The general experimental arrangement is shown in Fig. 2.1.
Electrons from the accelerator are transported from the acceleratorl
vault into the beam deflection room, where they are bent through 900
and energy analysed by energy defining slits placed aftér the first
bending magnet. The energy analysed beam is then transported into the
experimental igloo, where the scattering chamber and magnetic spectiro-
meter are situated. Thick walls, ~ 8 feet-of concrete, separate the
accelerator vault from the beam deflection room and the beam deflection
room from the igloo. In the scattering chamber, the beam passes through
a bremsstrahlung radiator produciﬁg a narrow cone of photons which is
intercepted by the photonuclear target. Photoprotons from thé target
are detected by the magnetic spectrometer which carries a set of
scintillation counters in its focal plane. The signals from the
counter photomultipliers are carried by coaxial cables to the control
room, where the signals are pulse height analysed. Finally the pulse

height spectra are stored in a computer.
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262 Accelerator.

The electron linear accelerator is of the pulsed r.f.
travelling wave type. There are three sections to the machine, each
cépable of-imparting approximately 40 MeV to the electron beam, and
each fed by a 20 MW (peak) klystron. The maximum energy attainable
by the accelerator depends on the beam current and on the gquality of
the klystrons and the associated power electronics, but is typically
120 - 130 MeV. The electrons emerge from‘the accelerator with an

energy spread of ~ 2%.

-

The accelerator was pulsed at 100 p.p.s. phase-locked with
the A.C. maiﬁs supply. The r.f. pulse length wés 35 usec, giving

a duty cycle of 3.5 x 10'-4

« Peak currents of ~ 150 mA are used, and with
«75% energy analysis the mean cufrent is ~ 15 pA. Phase~locking is
important because the pulse forming networks which generated the

voltage pulse applied across the klystrons were charged from power
supplies which had some 50 c/;:;ggiuency ripple on their outputs.

Also, the heater of the elesctron gun at the beginning of the accelerator
was fed by 50 c¢/s A.C. These can lead to a 50 ¢/s modulation of the
machine energy if the phases of the firing pulses are not chosen

properly, and two distinct energies of electrons can be produced with

a consequent reduction in the analysed current.

An attempt was made to obtain more current by pulsing the
accelerator at 150 pe.p.s. phase~locked with the A.C. mains supply.

It/oeees
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It was found that an increase in current was possible but that the
spacing of the three pulses had to be very carefully set up to allow
the different voltages reached by the delay lines in the modulators for
unequal intervals between pulses to compensate for the 50 c¢/s ripple

on the D.C. charging supply and the gun.
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2.3 Beam handling and energy analysis system.

The beam handling and energy analysis system is shown in
Fige 2.1 A pair of quadruéées Hl, H2 located just after the output
of the accelerating structure focuses the beam through the rectangular
collimating aperture Cl, C2 which is made up of two sets of adjustable
slits mounted at right angles. This aperture is'the object fior the
energy analysis system, composed of bending magnet D1 and energy
defining slits C3. The 45° magnet D1 has a uniform field and an exit
pole edge rotation of 26.50, which together produce a radial and an
approximate vertical image at the position of the slits. The width
of the energy definipg slits C3 in conjunction with the size of the
collimating aperture Cl, C2 determines the energy resolution. Typically

the energy resolution used is in the range +4 - 1.0%. Using the energy

defining slits as an object, the second bending magnet D2, a mirror

. image of D1, together with the quadrupoles H4, H5 bend the beam through

a further 45° and produce an approximately parallel beam for travelling
the relatively long distance from the beam deflection room to the
experimental area. There, using quadrupoles H6, H7, the enérgy
analysed beam is finally focused on to the target. There are steering

magnets throughout the system to assist in guiding the beam.

When the system is set up properly, a considerably
diminished image of the collimating slits is produced at the target.
This ensures that the electron energy and the position and size of the

beam spot are unaffected by variations in accelerator performance.
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The energy analysis system is basically that of Pennerzs),
but without the central quadrupcle, which precludes achromaticism.

In practice, this omission has no serious consequences.

. Since the energy spread of the electrons produced by the
accelerator substantially exceeds the desired spread, considerable
power is dissipated in the slit jaws. This necessitates water—

cooling.

The magnetic field in the bending magnet D1 is monitored
using an N.M.R. probe. This probe is situated in a position which is
reproducible to 3mm which ensures a field monitoring constancy good
to .003%. The frequency of the N.M.R. r.f. oscillator at resonance is
ugsed to measure the electron beam energy. The calibration of the

system
energy analysis,is described in Appendix 2.

N
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2e4 Scattering Chamber.

The scattering chamber contains both the bremsstrahlung
radiafor and the target ladder, and is shown in Fig{ 2¢2¢ It is an
efacuated aluminium cylinder, 10" in height and 18" in diameter with
mountings for windows every 7%p.”‘Nbrmally, windows consisting of
001" kapton are mounted, but for some measurements, e.ge. the
alpha-calibration (Appendix 1), vacuum coupling is used between the
scattering chamber and the spectrometer. The energy loss of 60 MeV
protons in the windows is 03 MeV, but the 5 MeV & -~ particles would_
almost stop. The target is observed through one of the windows by a
television camera, and the picture is displayed on a monitor in the
control room. After striking the photonuclear target, the beam
passes through the 01" aluminium exit port of the scattering chamber
and travels through air to the entrance of the beam dump about two

yards away.
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2.5 Bremsstrahlung radiators.

The electron beam, with a known energy spread after analysis,
enters the scattering chamber (see Fig. 2.2) and hits the current
bfemsstréhlung radiator. A total of four radiators may be mounted
on the "radiator rotator", a device composed of a vertical shaft
carrying four holders each in a vertical plane at right angles to its
neighbours. The shaft is rotated by an electric motor mounted on the
top of the scattering chamber. Mounted on the same shaft is a variable
resistor, which together with a similar variable resistor in the control
room forms a Wheatstone bridge. The radiator rotator may fhus be set
remotely to any angle. The reproducibility is 1° or «02% in radiator

thickness.

Normally three radiators, Be, Al and Au, are mounted, the

remaining fourth position being left blank to.enable both visual

inspection of the beam profile on a zinc sulphide or beryllium oxide
target downstream from the radiator in the target ladder and

measurement of electrodisintegration proton yields.
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26 Photonuclear targets.

The photonuclear targets are mounted one above the other in
the target ladder at the centre of the scattering chamber. The targets
afe hominally 24" wide by 13" high, and some have cross-lines drawn
on them to locate the beam spot. By raising or lowering the target
ladder pneumatically, any one of the targets may be selected for
bombardment. The amount to which the positibn of the target ladder is

reproducible is +lmm vertically.

The vertical position of the target is important because this
determines the position of the beam spot éelative to the spectrometer.
A change in object position (the beam spot on the target) means a change
of image position (the focused protons in the spectrometer focal plane)
which is equivalent to a shift in energy. The above-ment ioned
reproducibility of .lmm is equivalent to a «01% change in energy,

which is negligible. A telescope mounted on the spectrometer (see

Fig. 2.3) may be used to align the targets.

The target ladder is made as thin as possible to minimise
the yield of photoprotons from the target ladder itself. The photo-
production of protons from the aluminium target ladder will be seen

12

as a continuation of the proton spectrum past the endpoint for the C

and 016 targets. The Q of the (¥\P) reaction in A127 is -8 MeV;

c12 16

for and 07 it is =16 and -12 MeV respectively). This effect has

been seeny but only amounts to ~ «1% of the real proton spectrum.

The/.....
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The azimuthal position of the target ladder is a compromise
between high proton energy losses and spectrum smearing and the target

ladder's aluminium sides intercepting the beam. The configuration

chosen has the normal to the target at 45° to the beam line.

The targets mounted in the target ladder were appropriate

combinations of the following: a zinc sulphide target for ingpection

_of the beam profile, a beryllium oxide target for the 016 (¥,b)

experiment and for beam profile inspection at higher currents, a second
beryllium oxide target for possible normalisation purposes as explained

below, a thin (.01-.02") graphite target for the 012

(%% ) experiment,
a thick graphite target of well known and uniform thickhess against
which to normalise the thinner graphite target, and a lithium metal

target (separated isotope Li7) for the Li! (%,%) expsriment.

The iithium target was made by rolling the lithium metal in
a milled slot. Using the slot depth asbthe target thickness, this
was 108.8 & .3 mg/cmz. The thickness of the thin graphite target, made
by machining away the central region of a thicker piece of graphite,
was measured by comparing the proton yield from it with the yield from
the thicker graphite target. Its thickness was T4.4 .8 mg/cmz. The
beryllium oxide used as the oxygen target was obtained from the
manufacturer with a uniformity stated to be 5 x 10-6" (<e1%)e This
was checked by meas;ring proton yields produced by bremsstrahlung with

the beam spot at many different points on the target. Its thickness,

57.3/0. see
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57«3 ¥ o3 mg/cmz, was simply obtained by measuring its area and
newinally ,

weighing it. Another, normally identical, beryllium oxide target was

included in the target ladder for normalisation purposes since the

béryllium oxide developed a brown burned appearance with time at the

position of the beam spot. This second target was used only

~occasionally to check the ratio of its proton yiéld to that of the

- normal target. This was always found to be unity to within the

statistical errors, thereby also confirming the assumption of

uniformity.
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The magnetic spectrometer is based on a design of Penner .
Its parameters are listed in Table 2.1 and a diagram is given in

Fige 2e3.

The maximum magﬁetic rigidity of a particle which can be
accepted by the sﬁectrometer is ~ 375 MeV/c, and a highly stabilised
(3 parts in 105) 170V, TO0A power supply provides the current for the
windings. Both the spectrometer magnet windings and the power supply
are water cooled. The spectrometer is pumped to a vacuum of ~10°-4
torr, for which energy losses and scatteri;g are negligible, even for
ah Meﬁ ol —~particle.s The spectrometer is mounted on a motor-driven
carriage running on two concentric rails round the scattering chamber.
Normally there is a small air gap, ~ 3", betﬁeen the spectrometer
entrance window, .,001" mylar, and the scattering chamber window. The
energy losses of a proton in the air gap and the spectrometer entrance

window are both approximately equal to the energy loss in the

scattering chamber window.

In the focal plane of the spectrometer, the number of
counters, their width, and the spacing between them are decided by
compromise. There is no point in having very narrow counters giving
each counter an energy bite much less than the intrinsic resolution of
the photon spectrum. Since pulse height spectra from the counters are

accumulated, the number of counters which can be employed is limited

by/ceces
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by the amount of memory available in the computer. The arrangement
used is ten counters, each having a momentum bite of ~ .45%, and
with the spacing between one counter and the next 6'16% in momentum.
Because a large region, ~ 6%, of the focal plane is covered by the
counter ladder, the images produced at the extreme counters in the
ladder suffer in qpality.i However, by measuring the relative
efficiencies (Appendices 4;5) of the counters this effect is almost

completely eliminated.

The solid angle éubtended by the spectrometer at the
target, 10.00 millisteradiansg, is defined by placing a brass collimator
at the effective pole edge of the magnet. With this arrangement it has
been experimentally verifiedl) that, to'considerably better than 1%,
no charged particles are lost between either of the two counters nearest

the centre of the focal plane and the collimator.

The magnetic field is measured using a Rawson-Lush gaussmeter
with the probe situated near the outer edges of the pole pieces. The
stability of this gaussmeter is ~ 1 part in 105. The presence of
the probe reduces the effective so0lid angle from 10.00 to 9.94

millisteradians. :

The measurements of the spectrometer parameters were made

238d

using a small Pu ~source and are described in ref. 1l.

FOI‘/...-.
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For the present experiment, the spectrometer calibration
had to be extended to higher moﬁenta than any previously encountered.
It was found that the calibration (magnetic rigidity'as a function of
magnetic field) became definitely non-linear towards maximum field due
to saturation of the iron. The energy calibratién of the spectrometer

~

is described in Appendix 3.

For measurements using photons of about 90 MeV or greater,
an absorber, ~ 1 gm/cm2 of polythene, is placed, in air, between the
spectrometer and scattering chamber to reduce the energy of the photo-
protons. This absorber is clearly necessary if the proton momentum
exceeds the upper limit of 375 MeV/c mentioned above. However, the
absorber is also desirable wheﬁ the proton momentum is near this limit
because the spectrometer field may then be reduced from a value at

which the iron is beginning to saturate.
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2.8 Counters and counter ladder

Thé ten counters are mounted in the counter ladder in the
focal plane of the spectrometer (see Fig. 2.4a)es Each counter is block
of NE102A plastic scintillator 6.0 x 2.5 x 1.5 cm and is coupled to a
photomultiplier, type XP1110, encased in a mu-metal shield. The
anode signal is taken to the control room by double shielded coaxial
cable. The scintillatorris mounted in vacuum and is optically
coupled via a perspex light guide and a perspex vacuum window to the
photomultiplier mounted in air (see Fig. 2.4b). Each scintillator is
covered with thin aluminium foil ( ~ 001" thick) to ensure good light
collection, and a small slit is cut in the foil at the centre of the
counter. This foil causes a negligible energy loss for protons, but
defines the centre of the counter for the relatively low energy

ot ~particles used in the o —calibration (Appendix 1.)

The counters are mounted every 2 cm along the ladder. This
means that the ratio of counter bite to counter spacing is %1g—§§ -2,

At any one spectrometer field setting the relative momenta seen by each
of the‘counters at their centres is given by the =¢ -~calibration which
leads to the figures, quoted in the previous section, of ~ «6% in
momentum for counter spacing and «6 x § = .45% for the momentum bite.
The ten counters, placed symmetrically with respect to the central
orbit, are numbered O to 9 inclusive with counter O seeing the lowest

energy particles at a given spectrometer field. (Therefore in counter

number space the number of a counter on the central orbit is 42.)
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Each counter is characterised by its own efficiency. This
is factored into two parts, a general absolute efficiency involving
multiple scattering and inelastic nuclear interactions in the
scintillaticn material (Appendix 6), and a particulaf relative

efficiency (Appendices 4,5) involving variations in dispersion etc.

across the focal plane and loss of protons, due to incorrect magnetic

field configurations, between the counters and the spectrometer
entranqe collimator. As discussed in section 2.7, there is no loss
of protons between the centre of the focal plane and the'collimator,
and so for a counter at the centre of the focal plane the relative
efficiency is unity. )

The counters will stop protons with energies up to 55 MeV.

Thereafter, as the proton energy increases, less and less energy is

deposited in the counters, and this can finally cause difficulty in

separating proton and deuteron peaks in the counter pulse height

spectra. For example, 66 MeV protons deposit 33 MeV in the counters,
the energy of a deuteron of the same magnetic rigidity. The absorber
between the spectrometer and the scattering chamber, mentioned in
section 2.7 in connection yith high energy protons, is additionsally
useful here in separating such proton and &euteron peaks since the

deuterons lose much more energy than the protons in the absorber.

Considerable shielding, placed both around the counters and
around the various sources of background radiation, is required to

reduce/essss
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reduce the background at the counters to an aéceptable level. Around
the counters themselves approximately 4" of lead and 1' of borated
paraffin wax is placed. Screening is also placed around three other
sources of background radiation: firstly, scattered iadiation
associated with the beam where iﬁ_just enters the experimental érea,
secondly, scattering when the beam passes through the bremsstrahlung
radiator and the photonuclear target which are in the scattering
chamber_about 4! ﬁelow the spectrometer focal plane, and thirdly,
radiation from the beam dump. In addition to the effect of the
shielding, the béckground is further reduced by the fact that pulses

are only accepted from the counters for the duration of the beam pulse.
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29 Charge Monitor.

The charge monitor used in these experiments was a non-
intercepting beam current integrator27). This is composed of a
toroidal current transformer the primary of which is the electron
beam, a linear gate which is only open for the duration of the beam
pulse, and a current integrator whose digifal output is scaled.
Fige 2.5 shows the arrangement. The toroidal transformer is placed
just upstream from thescattering chamber as shown in Figs. 2.1 and

2420

-

The signal from the secondary of the current transformer or
toroid is amplified, before transmission to the control room where the
linear gate and current integrator are situated, by a iow input
impedance preamplifier mounted very close to the toroid itself. The
preamplifier has to be encased in lead becausé of the high radiation
levels experienced in the experimental area in the presence of the
beam. A.C. coupling is used both between the current transformer and
the preamplifier input and between the preamplifier output and the
linear gate to minimise D.C. drift. The linear gate removes undershoot
and any spurious pick-up between beam pulses. The scaler which is fed
by the digital output of the integrator has automatic stop facilities
incorporated in it, and these are used to ensure that each run is
performed for the same amount of charge delivered to the bremsstrahlung

radiator.

A high/ooooo
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cup whose efficiency is «996 at the electron energies encountered2 .
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A high standard of performance is required from the charge
monitoring system. The toroid system is calibrated against a Faraday
8)
Over a range of mean beam currents of 0-12 pA, the linearity and long
term stability were found to be good to .5%, and this is satisfactory.

Linearity is important because the anaiysed beam current wave form is

anything but rectangular and varies throughout each run.

To guard against drift of the toroid systemy, a single turn
calibration loop is incorporated in the toroidal current transformers.
This can be fed by a precision pulser, and after the end of every few
runs, the pulser is connected to the calibration locp and the response

of the toroid checked.
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2.10 Signal processing electronics

One channel of the signal processing electronics is shown in

Fig. 2.6« There are ten such identical channels.

The pulse from the anode of the scintillation counter
photomultiplier is first amplified in a variable gain fast amplifier.
The signal path then divides, the amplified pulse being fed to both a
discriminator and a digitiser. The discriminator is set to remove
small background pulses; ‘the digitiser will only digitise a pulse
present at its linear input if a gating pglse is simultaneously
present at its gate input. The process of digitising can take up to
~ 20 usec, a time considerably longer than the duration of the 3 usec
beam pulse. Therefore only one counter pulse every beam pulse can be
digitised. By feeding the output of the discriminator to the gate
input of the digitiser through the dead timg generator, a device
which produces at its outout a replica of a short pulse applied to
its input if a similar pulse weres not present in the previous 50 usec,
only one counter pulse above the discriminator threshold is digitised

every beam pulse.

The digitiser produces a train of cutput pulses, the number
of pulses in which is proportional to the height of the counter pulse.
The delay brecedes the linear input of the digitiser to compensate for
the propagation delay through the second amplifier, the discriminator
and the dead time generator. The total number of counter pulses above

the/..‘..
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the discriminator threshold is provided by the output of the
discriminator. The number of pulses accepted for pulse height
analysis is provided by the output of the dead time generator. The

ratio of these two numbers defines the dead time correction.

Thus from each counter every beam pulse three numbers are

produced:

1) total number of counts 0,1,2, Tbut 2 accepted counts
2) accepted number of counts 0,1
3) a number proportional to the height of the pulse
(if any) in 2). )
The thirty numbers which characterise the response of the
counter ladder to a beam pulse are stored in a Lecroy type 150 scaling

system. At the end of each beam pulse the scalers are read by the

computer as described in the next two sections.
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2.11 Computer interface

The interface used to transfer information from the Lecroy
scaling system to the computer was composed of commercial CAMAC
modules and a custom built Lecroy/CAMAC interface, and is shown in
Fige 2.7 The Lecroy/CAMAC interface allows either the Lecroy
controller or the CAMAC controller to control the Lecroy scaling
system, and this interface is itself controlled by the CAMAC controller.
The computer controls fhe CAMAC controller which is treated as a
peripheral device such as a teletype. |

-

The Lecroy scalers are connected in a "daisy-chain" pattern
in which, in response to suitable commands, each scaler in turn
presents the number contained in it fo the Lecroy data bus. Scalers
1-10 contain the pulse height information from the ten counters,
scalers 11-20 the accepted number of counts, énd scalers 21-30 the
total number of counts. The thirty scalers are read by the computer

after évery beam pulse.

After each beam pulse is over, an interrupt is sent through
the interrupt mixer to the computer; The interrupt signal is the linac
trigger pulse delayed by about 50 uysec to ensure that the pulse trains
from the digitisers are over. The CAMAC controller is then given °
control of the Lecréy scaling system. The scalers are inhibited so
that no further counts can be accumulated. Then the contents of each
scaler presented in turn on the Lecroy data bus are read by computer.

After/,.o. °
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After the last scaler has been read, all the scalers are cleared in

readiness for the next beam'pulse.

Canberra type 1492 scalers are used for accumulating.the
charge delivered to the bremsstrahlung radiator, the time elapsed,
the number of beam pulses, etc. By tying the inhibit line of these
scalers to the inhibit line of the Lecroy system, it is arranged that
a single push-button will start the entire data acquisition machinery.
By using the automatic stop facility on the Canberrs scalers, all data
collection ceases when some predetermined amount of charge has been

delivered to the bremsstrahlung radiator.
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2.12 Computer programme

" routine.

Data acquisition is handled by a D.E.C. PDP-8 computer
(see Fig. 2.8). Normally the computer performs two simultaneous
functions: .firstly, reading the scalers and.updating the counter
pulse height spectra stored in the computér memory, and secondly,

displaying the spectra for on~line visual analysis.

2

On receipt of an interrupt request from the interface, the
computer jumps out of the display routine and reads the scalers as
described in section 2.11. As the contents of the scalers are
successively deposited in the accumulator; the appropriate memory
locations are updated: fgr a total or accepted number of counts, the
contents of the relevant memory location ié increased by an amcunt
equal to the number received from the scaler, while for a number
representing a pulse height (a channel numbef) the memory location

representing the contents of that channel is increased by one. After

reading all thirty scalers, the computer returns to the display

The form of the display and the data displayed may be changed
at wille By typing appropriate commands on the teletype keyboard, any
of the ten counter spectra or the spectra of the upper or lower get of
five counters may be presented to an oscilloscope display. The scale
of the display is set by the computer switch register. The ability to
ﬁonitor all the counter spectra as they accumulate is most useful. A
typical spectrum, showing protons, deuterons and tritons, is shown in

Fig. 302-
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It may happen that, because of the 12-bit word length of the
PDP-8, the contents of some channel or channels may overflow. The
computer programme tests for this condition, and, if found,
increases the contgnts of an overflow channel by one. The overflow
channel 4s used is channel 1 of the 200-channel pulse height spectrum.
In subsequent analysis, the proton peak area is increésed by an

addend of the product of 212 and the number of overflows found.

The programme used for data acquisition began asra standard
D.E.C. kicksorting programme, but has been considerably modified and
extended. For example, a facility has been included for communicating
with the larger D.E.C. PDP-10 computer through the PDP-S teletype

during data accumulation and displaye.

fter every run, the ten spectra stored in memory may be
typed out on the teletype, written out on DEC-tape, punched out on
paper—tape, or transferred directly to magnetic storage on the PDP-10

for further analysis.
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CHAPTER 3 DATA ANALYSIS

3.1 Introduction

For all experimental data accumulated, the same analysis
procedure was followed. The general order is:

1) determination d the number of'protons incident on the
counters by finding the areas of the proton peaks in
the pulse height spectra accumulated in the computer
(the raw data),

2) determination from 1) of the experimental protén yield
spectrum differential in proton energy and solid angle,

3) calculation of the photon spectrum incident on the
photonuclear target,

4) calculation fr;m 3) of the shape of the proton spectrum
seen by the spectrometer,

.5) fitting of thg calculated spectrum shape to the

experimental spectrum to obtain the cross-section.
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3,2 Determination of proton peak area from raw data

In general, the proton peak whose area is required sits on

-a rising background. The area of the proton peak must then be found

by adding up all the counts in the channels spanning the pezk (the
"added" region) and subtracting the appropriate contribution due to

the background. This is shown in Fig. 3.l.

The amount to be subtracted from the total area under the
peak, the contribution due to the background, is obtained by defining

two regions on either side of the peak, "fitted" regions, and fitting

-

the same function to both these regions simultaneously. This procedure

interpolates the background under the peak which may then be subtracted
to obtain the area due to the protons above. Fach counter has a
200~channel spectrum, and the functions fitted are series of Legendre
polynomials, |

aoPo + alpl + 32P2 + eoeee + anPn

the data being scaled so as to map channels 0-200 on to the real axis
between ~1 and 4+l This has been done in order that the Legendre
polynomials, which are orthogonal over the interval[-1,+1], are
approximately orthogonal over the region which is fitted, and
because, assuming the proton peak to be located at about channel 100,

the few lowest order Legendre polyncmials automatically have the

right sort of shape to fit the backgrourd.

'I‘he/.....
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The maximum order of Legendre polynomial in the series, n,
is determined by visual inspection. The "fitted" and "added" regions
are chosen using the on~line interac{ive‘graphics facilities of the
University of Glasgow D.E.C. PDP-10 computer. The raw data, from
one counter of the ladder of ten, is displayed on a visual display
unit and the channels over which the cuunts are to be added up and
the Background fitted are chosen using a cursor mechanism. The data,
with the fitted curve, is then redrawn. If the fit is acceptable, i.e.
if the 7C2 of the fit is sensibly near to unity and if by visual
inspection the fitted curve seems to make\a good interpolation of the -
background under the peak, then the next counter is considered. If not,
then the order of the series is changed, with or without some small

changes in the channel numbers until an acceptable fit is obtained.

It is recognised that this procedure of a somewhaf subjective
nature, but tests have been performed in which different people have
fitted the same raw data in order to estimate the probable error. This
error has always been léss than 2%6. A typical counter pulse height

spectrum is shown in Fig. 3.2.

The area of the proton peak in a counter pulse height
spectrum is the ordinate, at some proton enefgy, of a proton yield
spectrum prcduced by bremsstrahlung. When using the photon single
difference technique, the proton yield spectrum corresponding to the
difference of the two bremsstrahlung spectra involved is obtained by

subtract ing/. ecoe
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subtracting the two proton yield spectra Produced.by the two
bremsstrahlung spectra. The subtraction is performed by taking the
difference of corresponding counter pulse height spectra and then
evaluating the area, in the manner described above, of the proton
peak in the resulting counter pulse height difference spectrum.
This is better than evaluating the areas of thé proton peaks in the

two counter pulse height spectra corresponding to the two

.bremsstrahlung spectra and then subtracting these two areas because

in the first method most of the background in the counter pulse
height spectra cancels and two different fits to the backgfound are

avoided.

The dead—time corrections are applied at this stage in the
analysis, each counter's peak area being multiplied by the appropriate

correction.

For several reasons the number of counts in the proton peak
obtained as described above is not the same as the actuazl number of
protons incident on thé counter. These reasons are: firstly,
multiple scattering in a counter may cause a proton to leave the
counter through the sides before it has deposited enough energy to be
included in the proton peak area seen in the pulse height spectrum,
secondly, inelastic nuclear interactions in a ccunter produce a Tow
energy tail whose area is excluded from the area of the proton peak,

and thirdly, on the low energy side of the peak the fitted curve is
actually/eee.e
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‘actually fitted to the sum of the background and the low energy tail
and not to the background alone. The second and third effects are
shown in Fig. A6.l. Corrections for these effects have been calculated
and are combined to give the absolute efficiency of the counters as

described in Appendix 6.

As can be seen in Fige. 3.2, apart from the proton peak there
may be peaks in the counter pulse height spectra correspording to the
presence of other positively charged reaction productse. Deuterons and
tritons are in evidence in the example shown. These have a half and a
third respectively of the energy of a proton of the same magnetic
rigidity and are therefore easily distinguished if the protons stop
in the counter. Alpha particles of the same magnetic rigidity as
protons, on the other hand, have the same energy, but the light
output of NE102A29) for an alpha particle is less than half that for
a proton of the same energy, and so again alpha particles could be
distinguished from protons. He3 particles are not generally seen.

A He3

particle of the same magnetic rigidity as a proton has four-thirds
of its energy, and for protons near the endpoint this is not kinematically

possible.
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3.3 Determination of the proton yield spectrum

After the area of the procton peak QJ(; ) in each counter
pulse height spectrum has been found, the experimental proton yisld

spectrum differential in proton energy and solid angle

d2N
dEdQ
(number of protons per MeV per steradian) is calculated from
= _
\+ =
- PN - Am - - -
c = E—e ¢ « (8 e\)
F) = o wg 7 I
as described in Appendix 4. Here
€
- '¥3w -
€ €
V. %;

is the product of the energy and solid angle bites, ¥y 1is the
relative efficiency of counter J and ™ is the absolute efficiency of
the counter. Usuglly several different spectrometer magnetic field
settings are used at any one photon energy and angle so that the
region of interest near the endpoint is covered in detail. PFor each
spectrometer field setting, through the specirometer snergy
calibration (Appendix 3) the proton energy corresponding to each

counter in the ladder is determined. The result is the experimental

differential proton yield specirum as a function of energy. Four such

spectra are shown in Figse 4.2, 4.3, 4.4, and 4.5.

1

For the O16 (¥,p) experiment, which used bremsstrahlung frono
a Au radiator (.191 * 001 gm/cmd) as the source of photons, the
electrodisintegration correction was anplied at this point in the

analysis/ecees



analysis. The contribution by virtual photons to the proton yield in
this experiment is about one third of the total. This is unlike the
case of the carbon and lithium experiments, performed using the

Be~-Al photon single difference technique, where the cqntribution
byvvirtual photons to the proton yield is considerably less than

104+ The factor of some 30% for the Au radiator may obviously be
made arbitrarily small by increasing the radiator thickness, which
would also increase the proton yield and therefore, for the same run-
time, improve the statistical accuracy of the experiment. However this
produces the disadvantage of increased smearing, due to electron
energy losses in the radiator, of the endpoint region, the region of
interest in these experiments, which is bound to lead to increased
uncertainties when the cross-section is extracted by fitting a
calculated shape to the experimental data. Another disadvantage is
that the effect of any uncertainty in the energy loss straggling
distribution is magnified when the radiator thickness is increased.
The thickness of the Au radiator was chosen to be -~ «03 radiation

lengths; this is a reasonable compromise.

To evaluate the proton yield spectrum due tc real photons'
alone, the electrodisintegration proton spectrum obtained with no
radiator in place was subtracted from the sum 6f the electro~
disintegration and photodisintegration proton spectfa obtained with
the radiator. The subtraction was performed in the way described
above for the photon single difference technique. For each radiator—
out run the energy of the incident electrons from the accelerator was

reduced/o.. e
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reduced from the radiator -in value to the most probable energy
with which an electron emerges from the radiator. This reduction_

in energy was ~ .2 MeV.

Not every radiator—in run had a radiator—-out partner. The
jdea behind this was to avoid duplicating information and wasting
time. For example, at backward angles, where the cross—section can
become very small, the radiator-out run was often omitted for this
reason. About half of the runs performed using the Au radiator had

an electrodisintegration companione.

In order to apply the electrodisintegration correction to

those runs which had no comparable electrodisintegration data,

the ratio of the proton yield due to real photons alone to that due

to real and virtual photons was obtained for the:BeO target, by using
the areas of the proton peaks in the counter pulse height spectra,

as a function of E5‘/E£° s Where Exo is the photon endpoint energy and
Eyis calculated on the assumption that all protons are produced by the
016 (%,%) Né?s. reaction. There was no significant variation of this
ratio with either photon endpoint energy or angle. The ratio was almost
constant,_independent of E X /TL(Q, but what little variatioﬁ there was
was parametérised by a quadratic function of Ex /E¢, . (Assuming the
ratio to be constant, its value would have been «677 & .002).

For runs for which there was no electrodisintegration subtrahend, this
ratio was used to multiply 05 (P), the area of the proton peak in the
counter pulse height spectrum due to real and virtual photons, to give

C; (D), the area due to real photons alone.
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3.4 Bremsstrahlung spectra

The bremsstrahlung formulg used for the real photon spectra
was the extreme-relativistic Bethe—Heitler3o) formula with the
Coulomb correction and intermediate screening. This is basically a
Born-approximation formuls, and so it is wrong near the endpoint. For
the bremsstrahlung cross-section at the endpoint, the calculations of

31)

Deck, Mullin, and Hammer were used. This leaves a gap of ~ 1 MeV
between the endpoint and the upper limit of validity of the Bethe~
Heitler formula where there is no satisfactory theory. A complete
spectrum was constructed by joining the endpoint cross-section to the
Bethe~Heitler cross—section with a straight line tangential to the
Bethe~Heitler curve at the point of contacteo). The effects of
electron-electron bremsstrahlung were included. For the virtual

photon spectrum, the formula used was that of Barber and Wiedling3d)

and Dalitz and Yennie33). This formula evaluates the electric dipole
ierm only, and only applies to spin zero nuclei. Both these

restrictions raise doubts as to the accuracy of the formula.

There are three effects which must be considered when
calculating the bremsstrahlung spectra at the photonuclear target,
and these are: the finite energy spread of the incident electron
beam, the electron energy losses in the radiator, and the straggling

in the energy losses. The details are described in Appendices T and 8.

'I‘he/.....
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The test of whether the virtual photon cross-section
formula is accurate is to compare cross—sections obtained using
real photons only and using virtual photons only. This was done
for the 0%° (%,%) reaction at 80 MeV at 30°, 45° and 60°. Proton
yields were obtained from the photonuclear target with both the Au
radiator in and out. The protons due to real photons alone were
unambiguously identified by subtracting radiator~out runs from
radiator-in runs. The radiator-oulruns give the‘protons due to
virtual photons directly. It was found that the (¥,p ) cross—
sections evaluated in these two ways wer; different by ~ 20%, those
evaluated using virtual photons being the‘larger. A similar effect
has been observed byATiccioni et 31.35) in the He3 (K‘\Q photo-
disintegration and elsctrodisintegration cross~sections. Here the
ratio of the electrodisintegration to the photodisintegration cross-—
soctions varies from 1.06 ¥ .02 at 20 MeV to .95 & .05 at 60 MeV.
It is likely that the expression for virtual photon production is
in error. The restrictions mentioned above point to this, and,
furthermore, the real photon extreme-relativistic Bethe~Heitler

formula is considered3o) to be good to ¥ 24.

Uncertainties in the virtual photon spectrum are of little
significance in the data analysis employed here. For the Be-Al

photon/. XXX
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photon single difference technique (Appendix 7) the energies of the

incident electrons are chosen to be such that the virtual photons in
the difference spectrum largely cancel, the virtual photon peak ares
being considerably less than 10% of the real photon peak area. Thus
uncertainties cf 20% in a quantity which contributes less than 10%

to a total are unimportant. In the case of the 016 experiment using
bremsétrahlung, the correction fof\virtual photons was obtained from

the data themselves thus avoiding the use of a doubtful theoretical

form of the virtual photon spectrum.
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3.5 Calculation of the proton spectrum shape

The proton spectrum shape * to be fitted to the experimental
data is calculated from the photon spectrum and involves the following:
the angle at which the proton is ejected, the Q of the (¥,}\) reaction
to the required state in the residual nucleus, the energy dependence

de
s(Eg ,B X, ) of the (¥.b ) cross-section, the factor —X  to transform

de
elementary photon energy intervals to elementary proton :nergy
intervals, the energy loss and straggling of the protons in the photo-
nuclear target and the polythene absorber (if used) between the
scattering chamber and the specfroﬁeter, and the finite energy bite of

the counters. After photoejection of a proton, the residual nucleus

may be left in any one of the ground state or the various excited

states. Thus the spectrum shape to be fitted to the data is the sum

ao?o(Ep) + alkl(Ep) + a2§2(Ep) + see
where Q‘(Ep) is the spectrum shape, as a function of proton energy Ep,
of ejected protons leaving the residual nucleus in the ith state, and
the coefficients a, are numbers determined by the fitting procedure
proportional to the absolute cross-sections to the various states. The

details of the calculation are given in Appendices 4 and 9.

The energy dependence of the (¥\b) cross-section S(EKsEK.)s
which is the ratio of the cross—-section at E¢ to that at Efoiand which
is necessary to calculate a prbton spectrum from a photon spectrum
spanning a finite energy interval, is calculated in a self-consistent

manner./eeeee
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manner. The data is first fitted with a spectrum shape assuming a
cross-section independent of energy, 8, Say, where 8o (EK:,EKO ) =1
independent of Ey « This yields a first approximation sl(E,‘ ,E‘do)'
The data is then fitted again using s, (EX,}Bfo) as the energy
dependence, which yields s, (Eg ,EK,)' The proce.ss is iterated, and
it has been found that only two iterations are necessary to ensure
convergence to .1%. The energy debéndence used was that of the cross-
section at 450, and from the results it may be seen that this is
perfectly satisfactory for forward angles. At backward angles the
energy dependence might be different, but here the statistics are

worse, and so the problem is less relevant.

The protons are produced throughout the photonuclear target
material, and hence lose different amounts of energy. For monochromatic
photons incident on the target and a (¥,p ) reaction between states of
zero width, assuming no energy straggling of protons in the target, the
emergent proton distribution is rectangular. Including straggling, the
distribution ié rounded off somewhat. The appropriate energy straggling
distribution for the proton energies and target thicknesses used in

36,37)

these experiments is that of Landau However, this distribution
has no reasonable analytic form, and to avoié spending a needlessly

long time evaluating the double integral involved numerically (Apperndix 9)
the straggling fﬁﬂetion was approximated by a reasonably simple
triangular function and one of the integrations, that over the target

thickness, performed analytically. The remaining integration over energy

was performed numerically.
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As discussed in section 2.7, at photon energies of about
90 MeV or greater, it is necessary to place an absorber of thickness
~ 1 gm/cm2 between the scattering chamber and the spectrometer.
When used, the spectrum of protons leaving the target is shifted
down in energy by the energy~dependent energy loss in the absorber.
The energy loss straggling distribution for 1 gm/cm2 of polythene and
~ 75 MeV protons has the Gaussian form36), and therefore an appropriate
Gaussian shape was folded into the spectrum. Since the function
describing the energy loss distribution in an gbsorber, s(EO, X,E),
where Eo is the incident energy, x is the thickness of the absorber
and E is the finagl energy, is not simply ; function of the two variables

E%~E and x, the spectrum must also be multiplied by the fector

(GE/dx)E = E
(dE/dx)E = E

incident

final

to transform elementary energy intervals 4E to dEﬁnaP

incident
(Appendix 10.)

The finite energy bite of the counters is assumed to be a
réctangular éistribution whose width can be calculated from the
alpha-calibration (Appendix 1) and the geometry of the counter ladder.
This distribution is folded into the spectrum in the spectrometer to

give the spectrum as seen by the counters.
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3,6 Determination of the cross-sections

The fitting of the calculated spectrum shape
a0¢O(Ep) + al*l(Ep) + a2¢2(EP) + eoo
to the expérimentalvspectrum was performed using the method of least-

squares38). Typical fits are shown in Figs. 4.2, 4.3, 4.4 and 4.5.

It often happens that the statistical accuracy of the data is
not adequate to determine the cross-section to each individual state.
In such cases, hoﬁever, the cross-section to a group of neighbouring
states is well determined. Howe?ar, the errors in the individual
cross—éections are correlated, and these correlations must be considered

when evaluating the error in the sum of the cross-sections to the group

of states.

Implicit in the procedure for fitting the calculated shape
to the experimental spectrum is the assumption of an exact knowledge
of the energy abscissae of the points forming the experimental
spectrume It is clear that a small shift (é % MeV) in the abscissae
could have a significant effect on the cross-sections produced from
the fit, and such uncertainties could easily be caused by the use of
incorrect energy losses in the bremsstrahlung radiatoré or the windows
of the scattering ?hamber etg. as well as incorrect energy calibration
of the magnefic spectrometer or the eleciron beam energy analysis
system. To circumvent this difficulty, thé abscissae of the points
forming the experimental spectrum are allowed a small measure of freedom

characterised/eesee
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characterised by a parameter Eshift measuring the difference, at the
particular energy concerned, between the nominal energy calibration
and the actual calibration desired. The value of the parameter is
taken to be that value when the fit of the calculated to the

experimental spectrum is best. The same value of E (to within

shift

~ «02 MeV) is always obtained at the forward angles of a given angular
distribution (where the statistics are best) but the value of Eohift
is different for different angular distributions at different photon
energies showing that the actual deviation from the nominal energy
calibration is energy-dependent. A typical value of Eshift encouﬁtered

in the analysis was «4 MeV. This technique allows the experiment to

determine its own energy calibraticn.

The absolute cross-sections are related to the coefficients

a, of the fit by
do A

= e——
L9} eNja,

as described in Appendix 4, where A is the atomic weight of the target,
€ is the product of the momentum bite of the counters and the solid
angle subtended by the spectrometer, NA is Avogadro's number, n, is

the number of electrons delivered to the bremsstrahlung radiator and X
is the target thickness. As discussed in section 2.6, éhe normal to
the target is at 450 to the beam line; consequently the effective
thickness is the actual thickness multiplied by 2. The number of
electrons incident on the bremsstrahlung radiator is obtained from

the toroid current monitor (section 2.9.) The momentum bite of the

counters/seeee
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counters and the solid angle subtended by the spectrometer are discussed

in sections 2.7 and 2.8.

The total cross-sections presented in this thesis were
derived from the angular distributions by fitting them with the series
« . - |

da ’
- = {z OLQ ?( Lcos Q)

asn To

h) s
Since S P{\:os@);m «nBd0 is only non-zero for 1 = O, the total
° .
crogs-section is givenbj lmao. Different numbers of terms in the
above series were tried in the fitting procedure, the best fit

usually being obtained for n = 4 or 5. Fig. 3¢3 and Table 3.1 show

a typical casee.
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CHAPTZR 4 EXPERIMENTAL RESULTS

4.1 Introduction

This chapter presents the experimental measurements made
of the cross-sections of the (¥,b) reaction at photon energies
between 40 and 105 MeV in L16’7, 012 and 016. These are all p-shell
nuclei, and the cross—sections presented are for ejection of p-shell
protons. A few of the measurements detailed in this thesis are the
results of reanalysis of already published dataz). These are included
becﬁuse they have been reanalysed in a much more satisfactory way. The
present analysis techniques permits extraétion of cross-sections to
indiyidual states in the residual nucleus from the experimental data;
previous analysesl’z) made no such pretension. The 60 MeV data for

12

the Li6’7 and C°° (¥.b ) reactions is the result of reanalysis; all

other data is new.

As pfeviously stated, two different sources of photons were
used in these experiments. For the Li6’7 and 012 experiments the photon
single difference technique was employed (Appendix 7), whereas
bremsstrahlung derived from a Au radiator of thickness ~ .03 radiation
lengths was employed for the 016 experiment. Since the first excited

16 (¥,% ) reaction, are at

states of le, the residual nucleus in the O
5627 and 5.30 MeV ;bove ground state, and are of opposite parity
to the ground state which makes their population less likely, all
protons produced within about 5 MeV ofvthe endpoint must be due to the
657

population of the ground state in the residual nucleus. For the Li ’

e.nd/..-..
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and 012 experiments, there are excited states of the residual nuclei
relatively near the ground states. To separate these states, the

increased resolution of ‘the single difference technique is necessary.

The most significant systematic errors in the cross-sections
are those in the photon difference spectrum due to uncertainties in
the eleétron energy losses in traversing the bremsstrahlung radiators
and in the absolute efficiency of the counters. Less significant
errors are those in the momentum bite of the spectrometer, ihe
Bethe~Heitler bremsstrahlung cross-section, the target thiékness,
the solid angle of the spectrometer and the number of electrons

delivered to the bremsstrahlung radiator.

The area of the peak in the photon difference spectrum is
principally determined by the energy losses of the electrons in the
radiator, ~ 2 to 3 MeV for the Be radiator (See Appendix 7.) The
sensitivity of the difference spectrum to the electron energy losses
has been investigated by recalculating the bremsstrahlung and virtuél
photon spectra for different energy losses. It was found that if the
energy losses are changed by 10% then the peak area of the photon
difference spectrum changes by 22%. The energy losses used (see
Appendix 7) have been experimentally verified to ~ 4%. The
uncertainty in the photon difference peak was estimated to be 11%.
This uncertainty is not present in the cross-sections measured using the

single Au bremsstrahlung spectrum.

The/.....
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The virtual photon spectrum, as calculated in section 3e4,
was shown there to be wrong by ~ 20%. Whether this 20% error in
the spectrum is due to an incorrect shape or magnitude or (most
probably) both is not known. But the contribution to the photon.
difference spectrum by virtual photons is less than 10% and so this
uncertainty ;s not important. Virtual photons are more importent in
the Au photon spectrum where they form 1/3 of all photons. But here,
as described in section 3.4, the virtual photon contributions were

removed in a self-consistent manner.

The systematic error in the counter absolute efficiencies
was ~ 4%, the Bethe~Heitler cross-sections were allowed an uncertainty

of ~3%, and the remaining uncertainties were estimated at ~ 4%.

2

The systematic error in Li6"7 and C1 cross-sections is 22%;

for the 016 crosg-sections the systematic error is 11%.

To investigate the consistency of the two different methods,
and to determire the long-term repfoducibility and stability of the
experimental system, the cross-section of the ct2 (%) 5t reaction
as a function of photon energy was again measured using the
bremsstrahlung spectrum employed in the O16 experiment. The populations

of the individual §tates in B11

could not be determined by this method;
instead, the sum of the cross-sections to the ground state and first
excited state (2.12 MeV) has been evaluated. This check is relevant

for two reasons: firstly, the photon difference spectrum, being the

difference/ecese
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difference of two very similar bremsstrahlung and virtual photon
spectra, is very dependant én the accuracy of these two pairs of
spectra, and secondly, the O16 and Li7 and 012 experiments were
separated, in time, by one year during which the experimental apparatus

was disassembled and subsequently rebuilt.

The sum of the cross-sections of the C1° (%,%) B%l reaction
to the ground state and first excited state of Bll, as measured using
the two different photon spectra, is shown in Fig. 4.1 as a function

vof photon energy. It can be seen that the cross~sections measured with
fhe single Au bremsstrahlung spectrumare consistently higher, by ~ 25%,
than those measured with the photon difference spectrum. The difference
is, however, consistent within the errors, and this is taken to be good

agreenent.
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Pig. 4.2 shows the experimental proton spectrum from the

L16 (3.%) He5 reaction at a photon energy of 60 MeV and 450. The
5

spectra at other angles are similar. He” has an excited state (&)

2.6 % +4 MeV above the ground state (%7)39) and there is no known
3+
7 2
state and the 2.6 MeV state are of finite width, the width of the

further excited state until the 16.70 MeV states Both the ground
ground state being'.58 % .02 MeV and the width of the 2.6 MeV state
being 4 11 Mev. From the experimental proton spectrum it is

obvicus that beth states are populated. ?ecause of this, the
extracticn of cross—-sections by the fitting procedure daescribed in
Chapter 3 was modified. The widths of the states, .58 MeV for the
ground state and 4 MeV for the 2.6 MeV state, were folded into the
calculated proton spectrum shape before fitting it to the experimental
spectrum. Various different shapes were assumed. Gaussians and
Lorentzians were tried, but, without truncation, their tails produced
protons past the endpoint (negative excitation energy of the nucleus).
Rectangles, of widths «58 MeV and 4 MeV, were finally chosen, and the
sensitivity of the cross-section to such a choice was determined by
repeating the procedure for 2/3 and 4/3 of the above widths. The error

assigned for the uncertainty in the widths of the states is 2%.

Fig. 4.6 shows and Talle 4.1 gives the angular distribution
of the cross-section of the L16 (¥,1) He’ reaction at a photon energy

0f/eecce
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of 60 MeV leading to population of ﬁhe ground state and the first
excited (2.6 MeV) state in He5. The errors shown are statistical.

The ratio of the population of the 2.6 MeV state to that of the ground
state is not very well determined, because of the uncertainties in the
widths of the states, the uncertainty in the spectrometer energy
calibration (secticn 3.6), the uncertainty in the photon difference
spectfum shape and statistical inadequacy, but is between 1 : 1

and 3 : 1.
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Fig. 4.3 shows the experimentai proton spectrum from the
Li! (%.%) 1o’ reaction at a photon energy of 80 MeV at 45°. The
spectra at other energies and angles are similar. He6 has an excited
state (2+) 1.80 MeV above the ground state (O+)39). The 1.80 MeV state
is «11 MeV widej; this finite width was neglected. From examination of

the experimental spectra it is evident that both states are populated.

Figse 4.7 and 4.8 show and Table 4.2 gives the angular
distribution of the cross-section of the Li! (€,%) He6 reaction at
photon energies of 60 and 80 MeV leading ;o population of the ground
state and the first excited (1.80 MeV) state of He6. The cross-~
section to the same states for a photon energy of 100 lieV was only
megsured at 450. The energy dependencé of the cross—-section is shown
in Fig. 4.15. The errors shown are statisticale The ratio of the
population of the 1.80 MeV‘state to that of the ground stzte is, as
in the case of the Li6 (%.,b) reaction above, not very well determined,
the uncertainty in the spectrometer energy calibration and photon
difference spectrum and lack of statistical accuracy being responsible.
For 60 MeV this ratio varies from (3 + 3) ¢ 1 at forward angles to
(3 o 1) : 1 at backward‘angles, whereas at €0 MeV the ratio varies

from (13 % 2) : 1 at forward angles to (4 & 2) : 1 at backward angles.
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Figs 1.4 and 4.4 show the experirental proton spectra
from the 012 (6.\p) Bll reaction at a phciun energy of 60 MeV at

11

45o and at 135°. B has low-lying negative parity states (1like the

ground state %7) at 2.12 MeV (3-), 4.44 MeV (gf )y 5002 MeV (%7) and
6.74 MeV (%—')40). The next negative parity staté is at 8.57 MeV.
Usually the experimental proton spectra extend to 7 or 8 MeV
excitation energy, so only the four states mentioned above are
considered. There is no evidence for population of the positive

parity states at 7.30 and 8.00 MeVe. This therefore presumably also

applies to the positive parity 6.79 MeV state.

There are obviously two distinct clumps of states populated
whose behaviour with angle is quite different. The experimental
resolution is not sufficient to separate each individual state in the
higher excitation energy clumpe. Odly the sum of the cross-section to
the 4.44, 5.02 and 6.74 MeV states is determined. However, the
statistical accuracy of the data is good enough to permit separation

of the ground state and the 2,12 MeV state.

The angular distributiocns of the C12 (¥.%) B cross-section
at photon energies of 60, 80 and 100 MeV are shown in Figs 4.9, 4.10,
4.11 and 4.20, and/are given in Table 4.3+ The energy dependence of
the differential cross-section at 45° is shown in Fige 4.16, and the
energy dependence of the total cross-section is shown in Fig. 4.17.

The errors shown are statistical.



69.
16

A1l the experimental results listed so far (sections 4.2,
4;3 and 4.4) were obtained using the Be-Al photon single~difference
technique,. but bremsstrahlung from a Au radiator was used for the 016
experiment. The proton energy spectra obtained using bremsstrahlung

are not so immediately meaningful as those obtained with the photon

difference spectrum »

Fig. 4.5 shows the experimental proton spectra from the
016 (¥,%) N2 reaction at 60 MeV bremsstrahlung endpoint energy at
450. It is evident that fitting a calculéted shape to the upper 5 eV
(approximately) of the photon spectrum yields an accurate value of
the cross-section leading to the (negative parity) ground state of
le. There is no evidence for the population of the two positive
parity states at 527 and 5.30 MeV. The next negative parity stgte
is at 6.32 MeV41), but the second rise in the proton spectrum. cannot
be ascribed purely to the population of this state, since the use of

9

a BeO target means that protons from Be” are present in addition to

the protons from 016. Because of the differences in the Q-values and
masses of the two nuclei, the top few MeV of protons come solely from

16

0" e« The difference between the energies of threshold protons from

016 and Be9

is a function of photon energy and angle ranging from
6.00 NeV for Ey= 60 MeV and 6 30% to 9471 MeV for E y = 100 MeV
and GP = 120°%. Unfortunately the relation is such that the difference

iS/On see
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is largest where the statistical accuracy of the proton spectrum is
worst. This was found to preclude fitting of the 6.32 MeV state
(and any higher negative parity state) since some 2 to 3 MeV of
proton spectrum of good statistical accuracy is necessary to obtain

a meaningful fit.

Figs. 4412, 4¢13, 4414 and 4.2]1 show and Table 4.4 gives
the aggular distributions of the O16 (.%) le reaction leading £o
the ground state of le at photon energies of 60, 80 and 100 MeV.
Fig. 4.18 shows the energy dependence of the same cross-section at
450 between photon energies of 40 and 105 MeV, and Fig. 4.19 shows
the energy dependence of the total cross-section. The errors shown

are statistical.
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118(x,p)He5 ("—E) (ub/sr) to He’ states at E, (MeV)
ab. . .

A0 /1 ap

zx]_ab elab Ex
(Mev) 0.0+ 2.6
60 30.0 4,55 + ,36
- ‘45.2 5005 052
60. 4 L4 .38
75.3 3.72 kW2
9.4 2.88 .32
105.1 1.6 .22
120. 4 1.05 .17
135.1 .696 .084 -
150.6 692 + ,089
34.1 % 1.6 Ogoter (W)

Additional eystematic error * 224 common to all points

TAPLE 4.1
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tL_v)
dnlw.
B |
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.86 .32
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LTT £ Lol
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n' 39 ] 039
.828 + .113

TABLE 4.2

| (ub/sr) to Heb sta£es at E, (MeV)
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CHAPTER 5  DISCUSSICN OF RESULTS

5.1 Description of results and qualitative deductions from results

On examinihg the angular distributions of photoprotons
presented in Chapter 4, two features become obvious: all angular
distributions of protoné from all the nuclei considered show strong
forward peaking, and the forward peaking becomes more pronounced as
the photon energy increases. This forward peaking alcne is sufficient
to demonstrate that the photon must interacf directly with individual
nucleons in the nucleus; a compound nuclear process would lead tc a

much more symmetric distribution.

Another evident feature of the arngular distributions is the
less rapid variation of cross-section with angle as the exciﬁation
energy of the states reached increases. A plausible explanation of
this is thaf an excited state of the residual nucleus is reached
because the proton, knocked out of its single-particle orbit by the
photon, collides with other nucleons as it travelslthrough and finally
leaves the nucleus. The more energy transferred in these collisions,
the more the original rzpidly varying angular distribution will be
smeared out. If this explanation is ccrrect, then only experimental
cross-sections to the ground state of the residual nucleus should be
compared with predicﬁions which ignore final state inelastic
interactions, for example by using an absorptive optical potential

1o simulate the elastic channel.

The/.....



T2

The differential cross—sections at 45° wvhen plotted on a
logarithmic scale as a function of photon energy show an approximately
linear energy dependence. Some more 016 (%‘¥) data has recently
become available in the form of preliminary results of measurements
of the cross-sections at 42o to the ground state of the residual
nucleus le up to 200 MeV from MIT53). When these points are added to
those from the present experiment, as shown in Fig. 4.18,.the trend
continues. Interpreted with the plane wave model, this shows that the
momentum wavefunction of the bound state decreases monotonically as its

argument increases.

Comparing the total cross—sections for the different nuclei
at 60 MeV, it can be seen that the ratios between them are approximately
b 1T 6. 01 & 1:1:4: 2. Not only are the total
cross-sections per nucleon appréximately constant, but the shapes of
the angular distributions are.very similar. There are deviations of
~ 30% from this simple relation, but these are probably too small

to draw conclusions about the adequacy of the independent particle

shell model.

More direct evidence on this point comes from a comparison
of the (¥,p) and (¥,n) processes. Recently measurements of (¥,w )
cross~sections for'016 and C12 at various photon energies between 63
and 110 MeV have become availab1e54’55). Déspite the rather poof
resolution of these measurements it is of great interest to compare

them with the present (€,b ) results since the shell model predictions

fOI’/o...-
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for the two processes are so different. The shell model predicts the
(¥,n ) cross-section to be very much less than the (X,b ) cross-
section (indeed the (¥,w ) process is described by a contribution
often presumed negligibly small in comparison with the terms giving
the (¥,b ) process in the shell model) and to peak in the backward
hemisphere unlike the (¥,p ) cross-sections which peaks in the forward
hemisphere. Combining the results of the two papers just referenced,
the total cross—-sections for the O16 (%m ) gfz. reaction at photon
energies of 63 and 79.5 MeV are estimated to be 32 %4 and 15:1 2 ubarns
respectively. Converting the present 016 (K,k ) measurements at 60

and 80 MeV to 63 and 79.5 MeV using the cross—-section energy-dependence
discussed in section 3.5, the 016 (¥,%) g%z. reaction total cross-
sections at these two photon energies are 54.5 s 1.7 and 14.40 : 76
pbarns respectively. This is ample demonstration of the existence

and importance of some other reaction mechanism involving mcre than

one nucleon.
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5.2  Comparison with other (¥,b ) experiments

5.2.1 Introduction

This experiment is the first to obtain accurate and
comprehensive data on the (%,b ) reaction in light nuclei for the
energy region between 50 MeV and 100 MeV. This may be attributed
to the use of a magnetic spectrometer, the Be-Al photon single
difference technique and the accurate beam current monitor. 1In
addition, the cross-sections to the individual states of the residual
nucleus have been determined in most cases. The Be-Al photon single
difference technique allows best use to be made of the high beam
intensity of the accelerator, and both it and the spectrometer make
for good resolution. The use of the megnetic specirometer has the
advantage of providing a stable and well established energy
calibration together with excellent shielding whilst providing an

adequately large solid angle of acceptance and energy coverage.

In order to check the consistency of these results, the negt
few sections compare where possible, nucleus by nucleus, the results
of the present experiment with existing data, the majority of which

56)

is listed in the N.B.S. Photonuclear Reaction Data Index

5.2.2. 1i° :

57,58),

There are only a few existing Li6 (¥;b ) experiments
and none of these measurements are comparable with the present Lis-

results/. XER)
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results, since the energy resolution is much poorer and the photon
energy range covered does not overlap. Confidence in the present

1

Li6 results rests on the agreement of the present Li' results with

other Li7 datae.

5.2.3  Lil

The Li7 (¥,b ) experiments are less scarce than the Lis,
although a considerable amount of the difference is due to the use of
natural lithium targets in the majority of experiments. Of the two

17,19)

experiments most comparable with the present experiment, the
better is that of Sanzone et a1.17) who measured photoproton yield
curves from bremsstrahlung for bremsstirahlung endpoint energies in

2.5 MeV steps between 50 and 84 MeV. This enabled them to derive the
differential cross-section, at (45t15)°, for ejection of p~-shell protons
as a function of photon energy. A comparison is shown in Fig. 4.15.
Their results are consistently higher than those of the present
experiment by ~ 50%, which exceeds the sum of the systematic errors ¥
of A'10%16) and 22% respectively. The present experiment shows some
indication, in Fig. 4.3, of the existence of low- lyiné stafes in
He6 sbove the 1.80 MeV state. This is also seen in the Li! (py2p) He6
data of Roynette et a1.59) Due to the ~ 10 MeV resclution of the
experiment of Sanzone et al., the confribution By any such states

would be included in their p-state cross—sections, which would therefore

be higher than those of the present experiment which are specifically

for the ground state and 1.80 MeV state only.
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5.2.4 ¢

There are more 612 (%‘b) experiments than for any of the

other nuclei studied. The relevant experiments with which to compare

60) 22)

are those of Penner and leiss ‘/, Taran and Gorbunov

16)

et al. o

s and Manuzio

Penner and Leiss measured five angular distributions of the
cross-section leading to the ground state alone of the residual nucleus
Bll. The total cross-sections and the differential cross-sections at
450 are shown, together with comparable cross~secticns from the present
experiment; in Figs. 4.17 and 4.16. ‘Goo& agreement is obtained, although
there is no overlap. Some total crogs-sections from the cloud chambzr
experiment of Taran and Gorbunov are shown in Fig. 4.17. These
results are the sums of (1‘¥) cross-sections to all particle stable
states in the residual nucleus and were anal&sed with the assumption
that the residusl nucleus is produced in its ground state, an assumptiqn’
which will give cross—-sections which ére a little too low. The total L
cross-sections to all states below 7 MeV from the present experiment
are shown also. The statistical accuracy of the Taran and Gorbunov
experiment at high proton energies is not good, but the results seem
to be consistently higher than those from the present experiment.

This could be due to inclusion of (X,pn) events with an undetected low
energy neutron in the cloud chamber experiment. Manuzio et al. measured

the differential cross—section at (45115)o for ejection of a p-shell

proton/eseee
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proton as a function of photon energy between 50 and 75 MeV. Their
results are plotted, together with the cross-sections to the ground
state and 2.12, 4.44, 5.02 and 6.74 MeV states from the present

experiment, in Fig. 4.16. The agreement is good.

Pénner and Leiss quote (7i16)% as the average ratio of the
2412 MeV state cross—section to the ground state cross-section. This
agrees with tke present experiment at forward angles. Considering the
higher excited states, 4.44, 5.02 and 6.74 MeV, Penner and Leiss
estimate the differential cross-section for 60 MeV photons at 90O to
these states, assuming all strength to be in the 5.02 MeV state, to be
(4.8i4.8) pbarns/steradian. The present experiment gives (6.512.4)
pbarns/steradian for this cross-section.

0245 O16

e

16

The O (X\¥) cross—-sections of the present experiment are
to the ground state of the residual nucleus N15. There is only one

53)

other set of similar measurements, the preliminary MIT data”~‘already
mentioned in section 5.1. These data are differential 016 (3\§)
cross-sections to the ground state of le at 42° for four photon
energies between 124 and 201 MeV. Fige 4.18 shows these data and the

45° differential cross-sections from the present experiment. The

agreement is good, although there is no overlap.

The/o.ooo
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The other measurements have not resolved the various states

21)

in Nl5. Gorbunov and Osipova have made total cross-section
measurements using a cloud chamber to all particle stable states in
le. Their results, together with the total cross-sections from the
present experiment, are shown in Fig. 4.19, and are a factor of ~ 2%
to 3 times larger than the present data. Mancini ef al.ls) have made
some measurements of cross-secticns at (43i20)° for ejection of p-shell
protons. The differential @ cross-sections at 450, extracted from
their presented data, together.with the differential cross-sections

at 45o from the present experiment, are shown in Fig. 4.18, and are
consistently higher than the present>data‘by a factor of A~ 5. Within
the large errors of the cloud chamber experiment, these two results
are consistent. A factor of ~ 3 is expected on consideration of the
" relative population of the p1/2 - subshell a@d the entire p-shell, the
present experiment corresponding to ejection of a photoproton from the
p1/2 ~ shell, and the two experiments just mentioned corresponding to
the unresolved p1/2 ~ and p3/2 ~ shells (see section 5.3¢2.5)s The
factor of e~ 5 ig in agreement with some partially analysed anid un-

3)

confirmed data from MIT-/ which suggests that the cross-section to the
6.32 MeV state in le is gbout 3 to 4 times greater than the cross—

section to the ground state.
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5¢3 Comparison with theory

50301 (¥,b ) calculations

In principle the procedure followed for comparison of
experiment with theory is simple. Firstly, the experimental data would
be compared with shell model calculations (excluﬁing strong short-
range residual interactions). If, as might be expected, these
calculations failed to reproduce the magnitudes of the measured cross-
sections, then secondly, the effects of the inclusion of various strong
residual interactidns to raise the cross-sections towards the experimental
values woﬁld be investigated. PFrom comparison with experiment

conclusions about the residual interactions might be possible.

Since several shell model calculations of the (X,b)
process have been carried out in the past, it might be expected that
the first part of the procedure would not present any difficulties..
In fact the various shell model calculations give widely varying %
results (up to a factor of at least 10) and their interpretétion is
beset by uncertainties. 'Indeed, the result of comparison with some
predictions is that short range residual interactions need nbt be

included.

Some features of (¥\p ) calculations are discussed below.
In order to obtain a consistent set of predictions for all the nuclei
studied a new programme has been developed; it is discussed in

section 503.2.10

ost/ee...
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Most calculations have chosen a single particle potential
to describe the bound state, for instance the Elton and Swiftél)
single particle potential whose parameters are chosen to fit proton
separation energies (froﬁ (eye'p) and (p,2p) experiments) and rem.s.
charge radii (from elastic electron scattering data.) The final state
is usually calculated from an optical potentialvsuch as the Seth62)
potential derived from nucleon-nucleus scattering data. Although the
initial and final state wavefunctions should presumably be consistent
with these experimental data, independently choosing bound and

continuum gtate potentials to satisfy these constraints may lead to
correspond ing wavefunctions which are not orthogonal. The use of

such wavefunctions in (%¢,b) calculations is incompatible with the
first—-order time-dependent perturbation theory on which the calculations

have been based, because in this theory the orthogonality of the

wavefunctions is implicit.

Computations with non-orthogonal wavefunctions will necessarily‘g
lead to incorrect results, but the likely magnitude of these errors is

63,64)

in dispute However, recently a single non-local potential which
explains both bound and continuum states has been presented by Gamba

et al.65) No calculations using this potential have yet been performed,
but its use would pertainly eliminate the possibility of independently

varying bound and continuum state potential parameters which exists

at present, and thus force a more consistent description.

Aleecne
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A further problem with the specification of the bound state
arises because the binding energy and radius of the state are
insufficient by themzeives to determine the Fourier transform of the
wavefunction at high momentum. The (¥,p) cross—section, which is
especially dependent on these high momentum components, is therefore
very sensitive to the detailed shape of the bound state potential
well. For example, harmonic oscillator wavefunctions, derived from a

potential which changes slowly, have lower high momentum components

than Woods-Saxon wavefunctions, where the potential changes rather

suddenly at the edge of the nucleus.

-

The use of single particle wavefunctions in shell model
calculations means that the A nucleons in the nucleus are treated as
a proton in the field of a core of A-1 nucleons, the core being assumed
to be a spectator so that its internal wavefunction does not change
during the reaction. This implies that the residual nucleus is a hole
state of the target nucleus, an assumption which may well be re;;onable
for a closed~shell nucleus like O16 but questionable for a nucleus like
Li7. Some calculations have assumed the core to be immovable; neglect

of this centre-of-mass effect can lead to changes of a factor of up to

~ 2 in the predicted cross-sections.

The electromagnetic interaction operator assumed is Hl =

~

« A

~
where j is the current distribution and &'is the vector potential of the
electromagnetic field66). ¥When applied to the nuclear photoeffect, j

~

is the total nuclear current, and this must include the meson currents

in/....o
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in addition to the convection current dve to the motion of the

- (assumed point charge) nucleons. (Exchange of charged mesons is

equivalent to moving the charge of a nucleon around without moving
the nucleon itself). A calculation which attempts to include the

meson exchange currents is discussed later.

For photons in the energy range 50-100 MeV,; kR = 1, where
k is the photon wave number and R is the radius of the nucleus (e.ge

for 80 MeV photons on 012 k = .4 fﬁ_l

and R = 3 fm.) Tais is clearly
far from the long wavelength limit. Thus the expansion of the
electromagnetic interactions operator in multipéles has to be made to
quite bhigh order. Truncation at a given order §f multipole should

not be decided on the basis of convergence of the total cross-section
alone. The angular distribution of the cross-section can change

dramatically while the total cross-secticn is almost unaffected as

higher multipoles are added.

When the A nucleons are regarded as a proton and a core of
A-1 nucleons, it is pfobably only realistic for the photon to interact
with the proton and not with the core, since the probability that the
photon can interact coherentl& with this massive particle of charge
Z-1 and mass A-1 is very small (given by an appropriate form-factor).

66,67)

This shows that the use of effective charges s which were developed
for much lower photon energies near the giant dipole resonance, to

correct for the recoiling charge Z~1 is not appropriate here.

Inf.c...
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In some calculations the extreme assumption has been made
of treating the final continuum state as a plane wave. This simplifies
the calculation as it is then no longer neceséary to expand the photon

k..
e NxN

vector potential & = B in multipoles. A further

So
attraction is the structure of the expression for the cross-—section

as a product of some kinematical factors and the momentuum distribution
of the nucleus (see Appendix 12,) thus making for a simple
interprtation. This means, superficially, that by measuring some
angular distributions the bound state momentum wavefunctions may be
found, but the obvious problem is the omisgsion of the distortion of the
ejected proton as it climbs out of the nuclear well. Ones method of
partially compensating for this omission is to cbtain the momentum
inside the nucleus ki from that observed outside ko by adding the depth
of the final state potential V to the observed energy of the proton

outside the nucleus i.e. alg.? = &: +3M{ . Another is the WKB method

*‘a
of treating the final state distortionlo), in which the sudden changs
in wavenumber at the nuclear boundary implied in the last sentence is

replaced by a gradual change involving integration of the distorting

potential along the classical path of the proton.

The inclusion of residual interactions in (3¥,% )
calculations will‘now be discussed. The average nuclear properties
such as the mean binding energy are properties which do not depend on
the detzils of the nucleon-nucleon force except to the extent that the
strong medium range attractive and even stronger.short range réﬁulsive

componants/eeeee
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components more or less cancel. This cancelling is the justification
for the introduction of the single particle shell model and optical
potentials. However, in a Cﬁ\b) reaction one of the protons in the
nucleus is given a high momentum; this is now no longer an average
state, and the details of the nucleon-nucleon force are important.

As the photon energy is increased above the giant resonance region, the
first effect to become important might be expected to be the medium
range attractive component when it has significant Fourier components
near the proton momentum. This is largely single rvr-meson exchange,
and Gari and Hebach 68,69) have included this in'a set of (¥,b) cross-
section predictions, the effective strength being used as a variable
parameter. At higher photon cnergies the repulsive core with its high
momentum Fourier components should become important. Perhaps a Jastrow

72)

correlation function could parametrise this (Fig. 1.3.) In the
simpleét case of the Jastrow formalism a corielated two-body wave-
function q; is constructed out of two single particle wavefunctions

Yy, Vo by forming

9 lenrs) = Flle-xl) wis) vales)

The short range behaviour of the correlatiocn function ( %( v ) «'\ x $F )
represents the repulsive hard core of the nucleon-nuclzon force. The

medium range behaviour ( gkc\ >1 , s ¥ g2 gm) represents the

residual attractive comporent (mostly single rr-meson exchange) which

is not included in the single particle self-congistent potential. For
distances ¥ 2 2 fm the correlation function heals; here the

correlated/o XX
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correlated and uncorrelated wavefunctions are identical. In this
formalism, used by Weise and others (e.g. refs. 64, TO and.7l), matrix
elements are evaluated between correlated initial and final states.

The presence of the correlation function enables more than one particle

to participate in the transition.

As mentioned above, the nuclear current l includes the
current due-to exchange of charged mesons between a proton-neutron pair.
This is shown in the lower half of Fig. l.3. Of course the short range
correlations represented by a correlation function and charged meson
exchange currents are not separate, since _all nucleon~nucleon
interactions are exchanges of mesons. For example, the meson current

A

component of J could be transformed, through the equation of
continuity, into a two-body charge density distribution which could
then be absorbed into a Jastrow correlation factor. Gari and Hebach

state that this component is included in their (%,% ) calculations

listed in the last paragraph.

Shell model (¥ ,%) calculations and calculations including
residual interactions are compared with experiment in sections 5.3.2

and 5e¢3¢3 respectively.
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5.3.2 Comparison with independent particle shell model calculations

503.2.1 The (¥,%» ) calculation developed for comparison with
present data

For comparison'with the data presented in this thesis, new
calculations of the (‘f,%) cross—-section have been made assuming an
independent particle shell model bound statg and a distorted wave
continuum state. The development of the calculational machinery,
apart from its obvious and immediate use, has permitted both the
investigation of the variation of the predicted cross-section with
various parameters and comparison with other published calculations.

Details of the calculation are given in Appendices 11 and 13.

The calculation uses a central Woods—Saxon bound state and
a continuum state of a central Woods-Saxon complex optical potential
with a simplified treatment of the imaginary component of the potential.
Centre—-of-mass correqtions are included, as are electric multipoles up
to any order. Spin-orbit coupling has been excluded. Further
development is clearly desirable, but it is expected that the important
features of the independent particle shell model cross~section are

reproduced by the present calculation.

The parameters of the bound statecentral Woods-Saxon potential

-\
) e :
- e"‘:' 3 R = f,\“- \‘)

could not just be taken as those of the central component of a standard

potential/eesse
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potential such as that of Elton and Swiftsl) which includes spin-crbit
coupling. The features reproduced by the potential had to correspond,

as closely as possible, to those feproduced by the standard potentials.
Elton and Swift consider that the binding energies and nuclear re.m.s.
radii are the important features. Accordingly, the bound state

potential was chosen to reproduce the correct binding energy. Since

a central potential is characterised by fewer parameters than a potential
which includes a spin-orbit component, it is only possible to reproduce
either the r.m.s. radius of each shell at the price of a different radius
parameter Ty for each shell or the reme.s. radius of the nucleus with
identical radius parameters but incorrect rem.s. radii for each shell.
This latter case has been used, and the radius parameter is, for every

nucleus considered, very close to the value given by Elton and Swift.

The continuum state potential was assumed to be

. 5
3 -\ —\Wp - .
VL*')= - v - R ) R = 'QLA ‘3
I ¥ a

Again, since no spin~orbit coupling was considered, it was neceséary
to choose parameters from an optical potential which had specifically
excluded pin-orbit components throughout its derivation. The

73)

potential chosen was taken from McCarthy and represents a global

parameter set for r = 1.30 fm and a = «65 fm. To within the 3 MeV

" mentioned below, the depth of the real potential agrees with, for

example/. R
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Li
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(%,p) cross-section calculation parameters

)

K
(MeV)

g & & 8

g &

100

Bound state
- —Vo
.1, kh \)
| +e
binding
Vo- To a energy
(ev) (fm) (fm) (Mev)
51.2 ‘1.6 .65 k.9
61.8 1.b1 .65 11.5
61.8 1Lk .65 1.5
52.1 1.38 .55 15.8
52.1 1.38 .55 15.8
52.1 1.38 .55 15.8
.9 1.39 .65 12.3
ko.9 1.39 .65 12.3
4.9 1.39 .65 12.3

" TARLE 5.1

Continumn‘ state

' Lf) =

33.0
3.0

33.0
30.0

. 215

32.5
290 5
21.0

Ny - LW,
t- ¢, U\-\Yi

1 + e a

E absorptid
L/ T, a factc
(MeV) (fm) (fm)
10.5 2.30 .65 .559
10.0 1.30 .65 .58
12,0 11..30 .65 .516
10.0 1.30 .65 u77
12.0 1..30 .65 W6
13.6 1,30 .65 .u32
10.5 1..30 .65 .hk32
12,5 1.3 .65 .ko?2
1". o 10 30 L] 65 L d 389
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example, the depths given by Satchler74) for the specific cases of
01? and Be9 at ~ 45 MeV. The approximation used for the imaginary
absorptive component of the optical potential is to multiply the
wavefunction corresponding to the real component of the optical
potential by a factor derived with the assumption that the outgoing
wave is a plane wave and that the imaginary potential is constant out
to the characteristic radius R of the Woods—-Saxon potential and zero
thereafter (see Appendix 14). The multiplicative factor is typically

~ %

The calculation has been checked by setting the optical
potential to zero whereupon cross-sections were produced which were
identical with those obtained from a plane wave calculation with its
much simpler and different formalism (Appendix 12). Also, it has been

63) These

verified that the calculation agrees with that of Fink et al.
authors state that they nesglected centre-of-mass corrections, and
therefore, before comparison, the present calculation was altered to
remove all centre-of-mass effects. With the parameters used by Fink

et al. ~ identical Woods-Saxon wells in the bound and continuum states,

Vo = 52 MeVy, R = 3.2 fmy a = +65 fm = the present calculation then

produced total cross-sections which agreed with those of Fink et al.

Changing the radius parameter from the value common to each
shell reproducing the nuclear r.m.s. radius to the value reproducing the
rem.s. radius of the subshell from which the proton is ejected had the

T and ¢*? cross-sections decreased by ~ 1C%,

following effects: Li6, Li
16
0”" cross—-sections increased by a factor of -~ 23. The calculation

alSO//o XX
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also reproduced the effect noted by Mougey et al.75), who showed that
calculated distorted momentum‘distributions can change by a factor of

~ 2 if the bound state r.m.s. radius is altered by - 10%; it was
found that the 012 (¥\p) cross-sections were increased by a factor of
~ 2 when the remes. radius of the bound state wavefunction was
decreaéed by 5%. The effect cf changing the depfh of the real component
of the optical potential was investigated. For O16 at Ex = 80 MeV,
changing this from 29.5 MeV (the depth specified by McCarthy) by 3 MeV
(the maximum variation among p—éhell nuclei given by Watson et a1.76)) .
in either direction changes the cross-section by 40%, increasing the
depth of the potential decreasing the cross—section and vice versa.
Glassgold and Kellogg77) have derived optical potentials of the above
form for 012 at 40 MeV (the proton energy appropriate to 60 MeV photons)
for two different values of the radius parameter T, 1.31 and 1.20 fm,
for vhich the optimised fit to the proton scattering data is equally
good. VWhen used as the continuum state for the 012 C(,k) reaction at
Egx = 60 MeV, the T, - 1.20 fm potential leads to a cross-section 35%
less than the r, = 1.31 fm potential. These considerations show the
extent to which the present calculatio;, and presumably other similar
calculations, produce reliable quantitative predictions.

5e3e242 L16 g

Fige 406 shows the calculated angular distribution of the L16

(K,b) reaction cross-section at a photon energy of 60 MeV. The cross—

Section/o Xy
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section was calculated using the bound and continuum state parameters
shown in Table 5.l. The calculation underestimates the data by a factor

of ~ 1.

The relevant published calculations with which to compare
the present data are those of Radhakant78) who calculates the 60 MeV
angular distribution for this reaction for several different bound and
continuum state wavefunctions for purposes of comparison. Considering
only his calculations involving Woods-Saxon wavefuncitions, use of an
optical potential with surface absorption (Ulehla et a1.79)) produces
a reascnable fit to the data whereas a different optﬁggii?g%% volume
absorption (Jain and Jacksonso)) produces cross—sections ~ 2%
times larger. Although Radhakant claims to use Elton and Swiftbl)
wavefunciions for his bound gtute, the parameters quoted in Table 1
of his paper are not those of Elton and Swift. Assuming similar
notation, Radkakant's parameters give rise to a binding energy of
10,0 MeV instead of 4.9 MeV, and the romes. radius of his 1p3/2
wvavefunction is 2.79 fm. whereas the re.me.s. radius of the correspcnding
Elton and Swift wavefunction is 3.13 fm. This would make Radhakant's

agrees with the calculation

cross--sections too high by a factor of ~ 2. The present calculation A

of Radhakanrt involving surface absorption to 35%.

These calculations are probably not particularly appropriate.

52,81)

.6 .
Li~ bas considerable cluster structure ot -dy, t ~n s and this
is not consistent with the shell model. Also the optical potentizl

descripticn/ceces
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description of the interaction of the outgoing photoproton with a

5

nucleus as light as the residual nucleus He

5

may well be questioned.

21

He’ is unstable against neutron decay with a half-life of 5 x 107 " sec

(admittedly a long time compared with the time for the photoproton to

52)

travel through the nucleus,) and Nakamura shows that the proper

description 6f the final state very probably should include the explicit

5

interaction of the outgoing proton with the odd neutron of He”.

5.3.2.3 Li!

Pigs. 4.7 and 4.8 show the calculated angular distribution of
the Li! (%,b) reaction cross;secticn at photon energies of 60 and
80 MeV. The cross-section was caléulated using the bound and continuum
state parameters shown in Table 5.1. The calculated values are too high
by a factor of ~ 1i. The differential cross-section at 45o as a

function of photoun energy is shown in Fig. 4.15.

Weise 64,82)

and RadhakantYs) have recently calculated the
p-shell angular distributions of the Li7 (¥,p) cross-section, Weise

at 60 MeV, Radhakant at 60 and 80 MeV. Radhakant's calculations are
similar to his L16 calculations, and agzin his pafameters are not those
of Elton and Swift61). Weise calculates for an Elton and Swift bound
state and an optical potential of Seth62) with surface absorption for

the continuum state. At 60 MeV Radhakant's calculztion using surface

absorption/e seee
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absorption is very similar to the present calculation. Again his
calculation with volume absorption is ~ 2% times higher. Weise's
60 MeV calculation is very much lower. At 80 MeV both Radhakant's

predictions overestimate experiment by more than at 60 MeV.

The order-of-magnitude difference between Weise's and
Radhakant's predictions is most puzzling. Both authors state they
use Elton and Swift bound state wavefunctions. The optical potentizls
with surface absorption are very similarj Weise uses a Woods-Saxon
derivative form~-factor for the surface gbsorption component and
Radhakant uses a Gaussian; but the two potentials are very similar.
Although Radhakant includes centre-of-mass correcticns whereas Weise
does not, this cannot explain the differente. Ciofi degli Att183) and
Nakamura and Izutsull) have cast doubt on similar calculations by
Radhakant of distorted momentum distributions for the (e,e'p) reaction.
This, together with the discrepancy between Radhakant's bound state
and the Elton and Swift specifications means that there must be some

doubt about the validity of Radhakant's calculations. However the

present calculation does tend to agree with Radhakant.

Like Li6, Li7 has considerable cluster structure, so again
the shell model does not provide a particularly good description of
the bound state. These calculations, like the Li6 calculations,

should probably not be taken too seriously.
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5.3.2.4 €2

Figs. 4.9, 4.10 and 4.11 show the calculated angular
distributions of the C-2 (¥,p) reaction cross-section at photon
energies of 60, 80 and 100 MeV. The cross-section was calculated
using the bound and continuum state parameters shown in Table Se.l.

The calculztion predicts cross-sections which are, compared with the
experimental cross-sections to the ground state, too low by a factor

of ~ 1% at 60 MeV, too low by a factor of ~ 2 at 80 MeV and too low
by a factor of ~ 3 at 100 MeV. Which cross-sections should be

compared with an independent particle shell model calculation is not
clear. The differences in angular dependence of the cross-sections

to the different states show that different reaction mechanism are
involved, but the independent particle shell model can but refer to the
p-shell of 012 as a whole. The'total cross-section and the differentiszl

cross-section at 45° as functions of photon energy are shown in PFigs.

4.17 and 4016.

64,82) and Radhakant78) have performed

7

For 012 Weise
calculations similar to those for Li' with similar results. The
present calculation predicts cross-sections in between those predicted

by Weise and Radhakant.

5634245 ot6

Of the four nuclei for which data has been accumulated in

the/...-.
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the present experiment, 016 is the nucleus for which the shell model
(€,%) calculations should be the most reasonable. Unlike the other
three residual nuclei, Nl5 has a large gap (>5 MeV) between the ground

state and the first excited state, which is of cpposite parity to

41)

the ground state in any case « The energy gap between the ground state

- and the first excited state of normal parity is greater than 6 MeV, and

so the ground state of le

should be a good hole state. Also the use
of an optical potential, the optical model being developed primarily
for medium to heavy nuclei, will be more valid for the continuum state

in this reaction than for the other three reactions involving lighter

nuclei.

Pigs. 4412, 4.13 and 4.14 show the calculated angular
distributions of the 016 (X, % ) reaction cross-section at photon
energies of 60, 80 and 100 MeV.‘ The cross-section was calculated
using the bound and contiruum state parameters shown in Table S.l.
The calculation consistently underestimates experiment by an ordér
of magnitude and givés angular distributions with a dip in the middle
which is totally diffefent from the experimental angular distribution.
The total cross-section as a function of photon energy is shown in

Fig. 4019.

A1l the published calculzations for O16 have been made with
the assumption that the closed p-shell is nof split. Presuming that
ejection of a proton from the Py~ shell of O15 leads to the 3 ground
state of N2 and ejection from the P3/p = chell to the 6.32 MeV 3/27

excited/eeeee
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excited state, the quantity to compare with these calculations should
be the sum of the cross-sections to these states. However, only the
ground state cross-sections have been measured in this experiment.
The ratio of the populations of the p3/2 - and p1/2 ~ states is 2 3 1,
and so assuming that the cross-section for ejection of a p3/2 proton
is the same as that for a p1/2 proton, the predictions of the published
calculations have been divided by three before comparison. Even if

be

this factor is wrong by 50%, the conclusions drawn willA?een to be

unaltered.

Fink et a1.63) have calculated 60.and 80 MeV angular
distritutions for an average p-state. The bound state is a central
Woods-Saxon state giving a binding energy of 17.2 MeV and an re.m.s.
radius within 3% of the Elton and Swift61) value of 2.85 fm. for the
p-state wavefunctions. The continuum state is the real central
component of the Sethsa) optical potential. There are no centre—of~ﬁass
corrections. This calculation underestimates experiment (thoush by less
than the present calculation) and gives angular distributions which are
the wrong shape, but the calculation should be expected to give cross-
sections which are too high since the choice of optical potential is
unreasonable (the real central component of the Seth potential was
not derived by optimally fitting it alone to the proton—nucleué

scattering data).

84) 16

Fink et a1.63) and Weise and Huber have calculated O
(¥,p) total cross-sections. Fink et al. calculate for the bound

state/seees
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state detailed in the last paragraph and two different continuum states:
the continuum state detailed in the last paragraph and a continuum state
belonging to the bound state potential (and therefore orthogonal to it).
Weise and Huber calculate for orthogonal tound and contiﬁuum states
derived from a real central potential almcst identical with the

bound state potential used by Fink et al. Some 10% differences between
the cross—-sections for the two sets of orthogonal states are expected
due to the slight difference between the potentials used, but the
actual discrepancy is much larger than this, although they both
seriously underestimate experiment. The non-agreement of VWeise and
Huber with Fink et al. is not understood. As mentioned in section 5634201,

the present calculation supports Fink et al.

5¢3+.2.6 Conclusions

The various different shell model (¥,b) calculations give

84) 63)

very different predictions. Weise and Huber '/, Fink et al. and

the present calculation more or less agree for 016. However the other

64,82)

Weise calculations for Li7 and 012 are more sophisticated and so
it does not follow that because his O16 calculation is more or less
valid then his Li7 and 012 calculations are also valid. Radhakant78)

appears to use inconsistent parameters. Clearly further calculations

with spin-crbit coupling and rigorous treatment of the imaginary

component of the optical potential are desirable. This should show
whether the differences in the various shell model predictions are

genuine or erronecus.

Tee/.....
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The worth of the present calculation is the consistent set
of predicticns for all the nuclei studied. The extent to which the
results are credible have been discussed in section 5.3.2.1l. When
these uncertainties are considered, reasonable conclusions are:
firstly, the predicted cross-sections more or less agree with the
experimental lithium cross-sections, underestimate the carbon cross- '
sections somewhat, and seriously underestimate the oxygen cross-sections,
and secondly, the predicted angular distribution shapes do not agree

with the shapes of the experimental cross-secticn angular distributions.

Experimentally the cross-sections per proton are approximately

. the same for the four nuclei studied. To investigate the systematic

change in (X ,b ) shell model predictions with the atomic weight A, the
(¥.p) total cross-section was calculated for ejection of protons from
the 1lp-shell of a whole range of fictional nuclei of different A. The

bound state was described by a potential
VLT)‘= =Y =
v .- x, U\-—\\ s

1l + ¢ o

with T, = 1.41 fmy, a = «65 fm and Vo chosen to give a binding energy of
10 MeV.- The continuum state was described by a similar potential with

Vo = 33 MeV, ro = 1.20 fm and a = +65 fm. Fig. 5.1 shows the yariation
of the total crossfsection with A for 60 and 120 MeV photons. There is
a wiggle superimposed on a cross-section which decreases as A increases,

and/.....
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and this wiggle moves to lower A as the photon energy increases. The

behaviour does not agree with experiment.

This can be understood in terms of the behaviour of the momentum
dis%ribution of the initial bound state. In the simplest model of the
(K‘ﬁ) process, where the proton is ejected with a cross-section
proportional to the probability that in the bound state the proton has
a momentum equal to the (vector) difference of the momenta of the outgoing
proton and the incoming photon, the angular distribution of the cross-
section is directly related to the momentum distribution (see the plane-
wave treatment of the (¥.b) process, Appendix 12). The dip in, for
example, the 016 predicted angular distribution suggests a deficiency of
some particular value of momentum in the bound state (the dip moves to
smaller angles as the photon energy increases). When the momentum

distribution of the 0%°

bound state (Table S.1) is evaluated there is

a dip at ~ 400 MeV/c as shown in Fig. 5.4. The 016 experimental
momentunm distribution (see section 5.4) is also shown. There is no
evidence of a dip. The systematic variation of the momentum distribution
with A (using the bound states detailed in the last paragraph) is shown in
Fige 5.2. The dip in the momentum distribution moves to lower momenta as

A increases. This explains the behaviour of the total cross-section

described in the last paragraph.

The dips in the cross-section angular distributions are
perhaps the best evidence for the inadequacy of the shell model
explanation of the (¥,b ) .process. This evidence does not include any
assumptions about details of the bound state (binding energy, r.m.s.
radius, etc.) or the continuum state (validity of optical potential,

etc/ecses
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etc.,) assumptions which must be made if proof of shell model
inadequacy is to be based on ﬁnderestimation of experimental cross-
sections due to a deficiency of high momentum components in sheli
model wavefunctions (the traditional approach). Clearly :esidual
interactions are required to "fill in" the dips in the momentum

distribution.

5¢3¢3 Comparison with calculations involving residual interactions

5.3;3.1 Introduction

Calculations for various diverse processes involving high
momenta in the framework of the shell madel but with the addition of
residual interactions between nucleons have been reasonably successful
in explaining discrepancies between experiment and shell model theony4).

These calculations have often used Jastrow correlation factors. -4

-convenisnt form-for-the—oorrelation—fastorse« A convenient form for

the corrslation function is f(r12) =1-3 (qcrl2) because this form
is computationally simple. The Fourier transform of jo (qcr) is a
delte~function S(q—qc)'and physically this corresponds to the exchange
between nucleons of a unique momentum Qe Clearly this is not very

64,82) 4)

realistic. Veise has used an extension of this idea to
simulate the exchange between rucleons of a Gaussian momentum package
characterised by a mean momentum Ec and width Aq . This is & little
more realistic. Some examples of high mcrentum processes whose
descripticn is improved by the introduction of short range correlations

are/o....



100.

are the G2 (ese'p), ct? (ps 1) and ct? (n™, NN) reactions investigated

by Kéfberling et al.lz), Dillig et a1.85) and Morris and Weber7o)
respectively. They all find that using a Jastrow correlation factor of
the form l—jo(qcr) with q = 300 MeV/c gives a better description of
experiment. However, the fits to the data are not particularly good, and

s0 the value q, = 300 MeV/c is by no means definitive.

There are no existing calculations involving residual
interactions with which the present L16 experimental results can be

compared.

5.3.3.2 Ll

Weiseé4’82) has made calculations for Li7

involving short
range correlations. Predictions are made of the Li7 (¥,p) oross-
section angular distribution for 60 MeV photons and the energy
dependence of the differential cross—-section at 45° for p-shell

ejection using a Jastrow correlation factor simulating the exchange
between nucleons of a Gaussian momentum package peaked at Ec = 306 MeV/c
with a standard deviation of %%f where Aq, = 100 MeV/c. 'The

angular distribution, shown in Fig. 4.7, fits the data quite well, but

the energy dependence of the differential cross-section at 45°, shown in

fig. 4415, indicates that this agreement is fortuitous.

Weise's shell model prediction (section 5.3.2.3) is
certaialy shifted nearer experiment by the introduction of correlations
although the predictions of the present (shell model) calculation fit

‘th(‘. /al.o.
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the data equally well. However the result of introducing correlations,
is to add further terms4’64) to the single particle shell model (¥, )
matrix element, and so Weise's predictions using correlated -

wavefunctions may be more or less independent of his shell model

predictions.
12
De3.3.3 C
Weise64’82) has made calculations for 012 which are similar

[

" to his calculations for Li'e These are shown in Figs. 4.9, 4.10 and

4411, Agreeuncnt is good for ac = 300 MeV/c at 60 MeV but bad at

100 MeV, as can be seen from the total cross-sections in Fig. 4.17.

Fige 4.16 shows the energy depsnGence of the differsntial cross-

section at 450,6c = 350 MeV/c gives better results for the 80 and 100 MeV
angulsr dislributions, but it is clear that the data cannot be‘consistently
explained althovgh the introduction of the correlations certainly

removes the dips in the angular distributions discussed in section

5o3020(}0

Shklyarevskiig6) has calculated 012 (¥.b) total cross-
sections For an harmonic oscillator bound state (not particularly
realistic) and a crude optical potentizl for the final state using a
correlation function e—Br2. Agreement with the 60 ﬁeV total cross—
section from the present experiment and with the.total cross-sections
2

betveen 25 and 60 MeV of Penner and Leissso) is good for B = 55 fm

(which corresponds7o) very roughly to q, = 350 MeV/c).
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5.3.3.4 0°

Again the calculations for O16 have been made with the
assumption that the p-shell is not split, and so, as in section
5¢3¢2.55 the predictions have been divided by three before comparison

with the data.

Fink et a1.63) have calculated a correlation factor from
many-body theory by solving the Bethe-Goldsions equation for a somewhat
unrealistic nucleon-nucleon potential with a hard core and an
expormatial taile. Using this correlation function it is found that
short range correlations are unimportant bLelow 100 li&V, ait which

energy they only contribute 10% to the cross-section.

. 68 \ e

Gari and Hebach ) have evaluated a contribution to the

(‘K,&) process vhich they attribute to meson exchange currents. This

is effected by including a single n-neson exchange potential of

adjustable depth in the interazction Hamiltonian; there is nc hard
. 16 \ . 69)

core. When applied to the case of the 07 (¥,}%) resction ’/, the

tofal cross-scction preoduced, as a function of photon energy, agreces

very well with the data as can be seen in Fige. 4.19. The agfeement,

hovever, between the 60 MeV angular distributions is not so good as

can be seen in Fig. 4.12.

)
Weise and Huber 84) have investigated the result of
introducing a Jastirow correlation factor l—jo (qcr) into their O16
($.p) shell model total cross-section calculation discussed in

section/veese
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section 5.3,2.5. For q, = 300 MeV/c the result is shown in Fige 4.19;
very clearly it is inconsistent with the data. The total cross-

sections for 60 and 100 MeV photons are also given as functions of the
correlation parameter U Agreement with experiment would require 9,

to be 270 MeV/c at 60 MeV and 410 MeV/c at 100 MeV.

503.3.5 Conclusions

The various (¥,p ) calculations which include residual
interactions do so in different ways. The longest range residual
interaction left out of the shell model is single T - meson exchange
with a characteristic range of l.44 fm; +this is included by Hebach and
his calculation preoduces results probably less inconsistent with
experiment than any others. The characteristic range of the Gausgsian
correlation function used by Shklyarevskii is also Jéi e~ 1.4 fm.

This contrasts sherply with the healing distance 3 2 fm of the
correlation function used by Weise with correlation parameters
corresponding to the éxchange between nucleons of a momentum of

300 MeV/c. This distance (about the same as the radius of the 012
nucleus) is unreasonably large; equivalently, the mcmentum ekchange
parameter of 300 NMeV/c is'tbo low. The wound volume, the volume of

the hole punched out of the wavefunction by the correlation function, for a

5)

correlation parameter of 300 MeV/c is seven times”/ greater than that

from a solution of the Bethe-Goldstone eguation, and wound volumes

-
of this magnitude are shown by Mougey et a1.7)) to appreciably change

the/.....
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the reme.se. radii of the wavefunctions from their accepted values61 thus
producing spurious effects. Such correlations are really too long

range to be described as short range correlations.

The much used corrclation factor 1--jO (qcr), corresponding
to a distribution of transferred momentum which is?@elta—function, is
clearly physically unreasonable but is attractive because of
computational convenience. However, a correlation factor composed
of a sum of these single momentum correlation factors with appropriate
partial amplitudes to produce an approximation to a more reasonable

transferred momentum distfibution may well lead to better results.

The introduction of residual interactions certainly raises
the shell model (Y ,p ) cross-sections and removes the dips in their
anzular distributions. No treatments explain experiment satisfactorily,
but it is probably reasonable to conclude that these various
calculations indicate the mapner in which more realistic treatments of

the (%,% ) process can proceed.
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5e4 Momentum distributions

The (¥ ,%) reaction is a single nucleon knocg—out reaction
like the (ese'p) and (p,2p) reactions. The purpose of (e,e'p) and
(py2p) quasi-free scatteringlo) experiments has been, up to now,
to measure binding energies and bound state momentum distributions,
the latter beins of interest because they are related through Fourier
transformations to the bound state confisuration space wavefunctions.
However, determinagtion of a momentum distribution by experiment is
hampered by the distortion of the proton wavefunction; and in practice
for guasi-frec scattering a "distorted momentum distribution" is
obteined by analysing the experimental data as if there were no

distortion.

A momentum distribution extracted from a (¥ ,b) experiment
will be more model-dependent than that from a quasi-free scattering
experiment. However; it is of interest to see whether self-consistent
(¥,% ) momentum distrilbutions can indecd be obtained and whether they
match the momentum distributions obtained from corresponding quasi-~
free scattering experiments. Only the (e,e'p) reaction will be
considercd since the final staie distortion (one strongly inferacting
particle) should be similar to that involved in the (€,p ) reaction,
whereas the (p,2p) reaction involves the severe distortion produced by
the strongly interacting projectile and ejected proton. It is only
recently that (e,e'p) experiments have determined momentum

distributions/cec..
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distributions for momenta greater than about 200 MeV/c and so a
comparison between the momentum distributions produced by (e,e'p)
and (¥,p) reactions has not previously been possible. However such

87) 12,88)

experiments have been performed at Saclay and DESY

The (%,%) momentum distributions presented in this section
have been obtained using plane wave formalism (see Appendix 12).
From the experirental cross-sections, the quantity

P~
= =lelg)

is calculated. The effect of distortion has been approximated by
adding the depth of the final state potential to the observed energy
of tre cutgoing proton, and the absorption has been approximated.by
using a multiplicative correction factor (sec Appendix 14). Again it
should be emphasised that the (K‘\,) momentum distributions are model-

dependent; they should be viewed with circumspection.

Fige 5.3 shows the momentum diétributions extracted from tre
012 (%,%) Bé%s cross-sections of the present experiment for final
potential depths of O and 37 Mev.. (These depths represent no
correction for distortion and an average correction hased on the
distorted wave 012 80 MeV angular distributions). For compatibility
with (e;e'p) experiments no corrections have been made here for
absorption. The inclusion of distortion clearly leads to greater
self-consistency. Also shown are the results 6f Bernheim et a1.87)

(Saclay) for the p-shell momentum distribution. Distortion is not

expected/eeves
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expected to be important in this (ese'p) experimentll). The results

of the DESY experiment are not included because s~ and p-shell protons

were not distinguished. The (¥,%) and (e,e'p) momentum
distributions are not inconsistent. However, further investigation.

is required, both into the model dependence of the (X, ) results

and the deperdence of the (eye'p) results on the kinematics of the

experiment.

Tigs 564 shows the 016 momentun distribution deduced from
the present experimental results and thefour extra points recently

53)

available from MIT . This momentum distribution covers a greater
range of momenta and is quite self-consistent. (Incidentally, the
MIT results do not extend to a higher momentum than those of the
present experiment. Although the highest energy MIT point (200 MeV)
is at twice the photon energy of the highest point of the present
experiment (100 MeV), the difference in angles (42o and up to 120°
respectively) is sufficient to compensate for the difference in
energies, as illustrated in Fig. 1l.1.) A final state potential of
37 VeV (based on the distorted wave 016 80 MeV angular distribution)
and a factor of .4 (Table 5.1) havé been used ss average corrections
for distortion and absorption. Also shown is the 016 shell model

momentum distribution (see section 5.3.2.6); the discrepancy is

obvious. There are no comparable 016 (ese'p) results,

The/es e
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The most important fact about these momentum distributions
is that a single self-consistent distribution can be obtained from
several angular distributions at various different photon energies.
This demonstrates that it is quite reasonable to regard the (¥ ,%)
process as depending only on the momentum which must be provided by
the initial bound state to make up the difference between the momenta
of the incoming photon and outgoing proton regardless of the energy of

the photon and the angle and energy of the emergent proton.
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55  Conclusions

It is clear that at present the theoretical treatment of
the medium to high energy nuclear photoeffect is inra less satisfactory
state than the experimental studies. Perhaps this situation has
arisen because of the scarcity of accurate, specific and
comprehensive data; it is therefore to be hoped that the present
experiment will be of some use in stimulating further theoretical

studies.

The shell model, when applied to cases whers it is expected
to be most reasonable, definitely seems to produce predictions
inconsistent with experiment. This can apparently be simply related

to the details of the momentum wavefunction of the bound state.

The existence of a self-consistent experimental momentum
distribution derived from (¥, ) reaction cross-section measurements
shows that the simplest interpretation of the (%,b ) process is

¥

reasonzble.
Single tni-meson exchange between nucleons is the residual

interaction with the longest'range. When this interaction is included,

(¥,p) cross-section predictions come nearest to experiment.

The Jastrow correlation factor l—jo(qcr) with q = 300 MeV/c
has been much used to explain various diverse high momentum processes.

However/eesseo
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However the (¥,b) reaction cannot be so explained and this therefore
reduces the validity of the explanations of the other processes. It
has also been shown thet for no single value of q is a consistent

explanation of the (¥,p ) process possible.

5.6  Future developments

The extension of the present measurements to higher energy
would be valuable. The higher the energy the smaller are effects due
to distortion in the final state and the more important become short
range effects. Some very preliminary (¥\%) measurements up to 300 MeV
bhave already been made .on 016 at MIT3). The cross—-section appears to
continmie to fall from the present values up tc ~ 260 MeV after which
it starts to rise. It has been suggested that this rise is due to

nuclear isotar formation although isobar formation had not previously

been found ito be important in medium to heavy nuclei.

Investigation of heavier nuclei would be of interest. For
(€ ,%) reactions to states near the ground state the shell model
contribution to the cross-section is proportional to the number of
micleons in the outermost shéll, but the contribution due té
correlations should presumably depend more on the total number of
nucleons and therefore should be more important for heavier nuclei.

FOI‘/ooooo
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For example, the Ca40 (%,%) K39 reaction might be an appropriate
16

choice. Like 077, Ca40 is a doubly magic nucleus and the overlap of

the ground states of Ca4o

and K39 should be well described by a single~-
particle wavefunction. The first excited stiate of K39 is ~ 2% MeV
above the ground state, and so cross-sections to the ékund state of
K39 could be readily obtained. Good (¥ ,%) data'at a medium to high
energy doas not exist for Ca40. A further attraction is that the Ca40

(eye'p) reaction has been studied experimentally, and so (X,p) and

(eye'p) momentum distributions could be compared.

A good nucleus for the investigation of meson exchange
current and nucleon isobar contributions is the deuteron, in which
these contributions can be evaluatéd most easily. The effects of

89,90) _

such contributions have recently been evaluated However, existing
data is not accurate enough for comparison. With a new couniter ladder,
much more accurate data could be acquired at Glasgow. At present a
substantial contribution to the overall possible systema%ic error in

the Glasgow (X ,p) measurements is the error in the absolute efficiency
of the counters, and because pulse-height spectra from the counters

must bz accumulated and the background subtracted the evaluafion of the
area of a small proton peazk is uncertain. This limits the present
experimentel system at high energies and backward angles where the

count rate is low. A coincidence counter system consisting of thin

overlapping pieces of scintillator would remove most of these objections.

Developrment of such a system is currently in progress.

Flaally/.....
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Finally, it would be of interest to extend the present shell
model calculation to include spin-orbit coupling and a non-lccal
potential. Also further investigation of the Jastrow correlation
factors used in (¥,p) calculations would be worthwhile. The Jastrow
formalism is intuitively pleasing and corresponds to definite physical
pictures. Properties of the correlaticn functioh such as the shape,
wound volumé, etc. could be systemmatically varied to determine

their effects on cross-secticn predictions and momentum distributionse.



Appendix 1 Alpha - eslibrstion

The o ~calibration is the procedure which is the primary calibration
of the magnetic spectrometer and subsequently of the entire experimentsl
rysten end which determines the dispersion across the focel plane of the
spectrometer thereby giving the momente at each counter in the counter
ledder in the focal plsne relative to the momentum on the central crbit.

A m233 o« -source is movnted in the target ladder at the centre of the

seattering cherber which isg vecuum coupled to the rpectrometer, o -particles

from the source, scting es the object for the spectrometer, are focused
on to the counters, which cre covered in thin pluminiva foil, &s deccribeld
in section 2.8, with rlits cut to define the centres of the counters,
The dete ore the spectrometer fields, messured by the gausemeter, at which
the 5.499 lieV line of the = -source sppears in each counter. Thus for
the ten counters J = 0 to 9, ten different fields R{p, ,¥) are cbtained
&t which charged particles of nmegnetie rigidlty P, = 101. 27 MeV/e ere
focursed cn to counter J.

For & given spectrometer field R it ‘is sssumed that the magnetic
rigidity pJ of charged perticlec scen by counter J ig related to the
momentum p on the central orbit (correspending to counter J = k%) bty

the relaticn
py = F(I) ?(R) . | ALl

F(J) is assumed to be independent of field, which is equivalent to the
szsurption of = field distribution in the spectfometer independent of the
egbsclute value of the megnetic field., This assumption will be reasonable
until the magnetic field is such that the iron approsches saturstion. Only
twe of the field R, momentum p &nd counter J are independent, i.e. there

1g some function £ such that

f(p,R,J) =0



The reciprocity thecrem mey therefore be used:

(“.\';\) Pﬁﬁ \‘;EB - -1 AlL.2
R J \bj b }\’ 4

The a-calibrztion data gives ng\\a_,):(}‘) . Using eg. Al.l in eq. Al.2,
33 b '

eq. Al.2 mey te written

e ooy 3}:‘) ?_E\ | AL
& by \ 3R J S\ 3T Jp -3

Ascuning that the gaussmeter rcadings are linesrly related to the spectremeter

field end that the field distribution is constent

5 ,
(g\—o = constant = ——E'—L—-—-
Then eq. 4.3 becomes R
- selby 3)
L lela)) = — \bs, \ ALb
a3 4 “’d )3) T b ' ‘ o

vhere both feetors sre given by the data. F(J) is then cbtained from

FLJ\) = g i—g 4T + constaul s

= 1.

£1.5

the constant being chesen such that F(L3)
The function F(J) is chowm in Fig., Al.1l.
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Appendix 2 Energy snalysie cyctem calibration

The resonant frequency of the IR oscillator measuring the magnetie
f.’;eld in the first bending magnet is used ¢to measure the momentum of the
electrone in the electron beam produced by the energy enslysis system., It
1= ascumed that the field is uniform and linesrly related to the I0R
frequency because the magnet is operated well away from saturation (the
neximum megnetic field is ~ 5500 gauss) snd becsuse the gap is narrow
compared with the dimensions of the poles. The.calibrotion consists of
finding the electron momentum corresponding te a given 'R frequensy end
forming thelr quotient to give the IIRt ecolibration eonstant. Electrons
of energy ~ 100 licV arc used becsuse their megnetie rigidity is almost
that of the 5.499 MeV ot -particles used in the o -calibration,

The cnergy enalysis systen is set to produce electreons of encroy
~ 100 MeV onalysed to 1. These electfons vere scattercd from a thin
eluminivm foll in the scattcering chamber end dctected by the sps—cti*cme—ter
et a fleld Rygp in one of the two central counters in the foecal plane
nearect the central orbit, Let the IXR frequency corresponding to thesge
electrons be f}:m(R

The ficdld R is very near to the ficld kK &t

100)’ 100
vhich the a-particles of megnetic rigidity p,, from the o\-calibraticn
source ere detected in the rame counter. If the deteils of the funetion
ftaﬁR(R) giving the IR frequency £9R gr o function of spectrcmeter ficid R
ere knovn for R ~ R_ , then this provides the IR frequency fm‘m(r{«)
correrponding to an electron of momentum p » in the spectrometer or P_'o( in
the bending megnet, ‘where p' o ig obteined from p ~ by considering the electrox
energy losces in the scattering chswmber window, the spectrometer window end
the air gap between them and the nuclear recoil correction.

The details of fm""a(ﬁ) ere obtained by slco measuring the fields Rgy
and Rgy at which similarly sestiered electrons of energies ~ 60 and ~ 80 MeV

ere detected by the spectrometer end fitting o quadratic through the three



& R Bt
points LR (Rg), Rgys £ (Rao)s Ry end £-N(Ry00) Rygo-
The value of the calibration constent was found to be

233.39 = .04 ke/s / MeV/e .



Appendix 3 | Spectrometer calibretion

This calibration gives the mzgnetic rigidity oa the éentre.l orbit p
as a function of the megnetic field R &s measured by the geussmeter,

The spectfometer energy calibretion presumes the c¢cnergy enralysis
syctem to have been previcusly been cslibrated (Aypendix 2.) fhe
spectrometer calibration is determined by observing the endpoints of proten

yield spectra produced from e thin photonuclear terget by a reaction of

known Q-velue using bremsstrohiung from o thin radiator with primary electrons

of krown energy snd small encrgy spread. A thin carbon (graphite) target
(.006") wes used, the radictor was ~ .015 radiation lengths of gold, end
the primery electrons from the accelerator were energy analysed to .5%.
Baperimentelly obrerved proton yleld :_:-pectra c.t'varions different endpoind
energies epanning the reguired energy range cre compared with proton yield
rpectre calculated assuming a linear spectrometer celibration based on
the of-calibration point (Appendix 1.) Matching the caleuleted spectro
(involving the spectrcmeter field R) with the experimentslly observed
spectra (involving the proton encrgy end hence momentum p) gives points
on the calibration curve P = P(R) which may then bLe fitted by s polyncaial
in R. Also included were four lower momentum points, the oz -calibraticn
point and the three elastic electron scattering points (Arpendix 2.)

A thin photonuclear targét, thin bremsstrehliung radictor and emall
energy spread are necessary to mgke the proton spectrum near the endpoint
es sherp as possible. The préton spectrun was calculated with the
ascumption that the protong from the clz(x,p)nn resction left Bt in its

n is 2.12 }eV above

ground state. Since the first excited state of B
the ground state, it is the last 2 MKeV or o of the spectra which should
be matched. In fact it was not poesible to distinguish the contributions
from the excited states in the experimentsl rpectra, and so the matching

was perforamed near the endpoint. Emell errors in matching (g “G. MeV) are



not importent because provision iz made for possible emall errors in the
spectrometer calibration when analysing data as discussed in section 3.6.
The polynomial fitted end thereafter used es the calibration curve

vas & quartic with 2 zero constent term

P= aR + azag ¥ a3R3 + ah!%h vhere ay = 5. 3096 xlo_"2

8p = -3.6601 x 1077
ag= -1.7053 « 10713
Loy = 1.3319x 1071

epectrometer ficld in gause
5 .

and where R =

The momentun py ot each counter J for z given ficld R iz assumed

-~

to be given by eq. Al.l
vy = P(9) F(R)

vhere F(J) gives the dispersion eeross the focsl plene ard is obtained
from the < -caclibration. .

'i'he. nqnlinearity at high fields, ~ 4% at 375 leV/c, shows that some
of the iron ie definitely beginning to saturate; this is certainly truec
near the the gaussmeter probe at the outer edges of the poles. Therefore
the dispersion at these high fields may no longer be that given by the

=t-celibration ( ~ 100 KeV/e.)
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Appendix b Relationship between counted protons and cross-section

Let the number spectrum as & function of momentum p differential in

momentum p and s0lid angle S\ of protons sbout to enter the spectrometer
&N
L

in the focal plane of the spectrometer, the =0lid angle of acceptance is

For counters 4 and 5, the two counters nesrest the centrsl orbit

the geometrical soild angle ASL subtended at the object (the photonuclesr
target) by the collimator &t the entrance window of the spectrometer (sce
section 2.7.) The momentun bite of either of the two centrel counters

(counter numbers J = 4,5) is

A¥3‘ - 4F
Ay = = AT = b E(z) AT , Al

using eg. Al.l where p is the momentum on the central ofbit, Ay 1s the
width of the counter in counter number space end g(J) is given by the
ul-.ca.libration (eq. Al.L.) The cbrolute efficiency of a counter is ™) 3
this 15 treated in Appendix 6. Then the number of counts GJ(E) geen by
counter J = ﬁ,s for e spectrometer field corresponding to a momentum p

on the centrel orbit is

- Pn - ' .
cs %) = i ¥ g(ﬂ Az s ™ (b,) Ab.2

It is more convenient to write this in terms of energy than momentum, Using

P N de 2 ® dE S T
= - = E 43mE  — = avd Flz
apdL  dedn 4p O b b= F)P,

Ydb E4m

3
J?M Q-é 1% s:‘-n

. | =3
dEdN i+ &

Cy =

F(3) j—%(s\ A3 AS).’V\QEB y T=k,§ A3

For ron-central éounters. thece factors have different ya.lues; AL veries
ncross the focal plene because the megnification varies and because the
fielgi deviates from the theoretical shape near the edges, A p varies because
the dirpercion acroet the focel plene is not constant, end ’l\ variee because
the preton momentum or energy changes continuously aseross the focal pleune,

Instead of trying to caleulcte these effects, they are all collected into



a8 single factor Ty, the relative efficiency of counter J, and this is
directly measured (see Appendix 5.) The reletive efficiencies

Ty, J =0 to 9, ere defined such thut the relative efficiency of e counter
on the central orbit, counter J = Lk, ie unity, i.e, ry) = 1. The

reletive efficiencies are energy-dependent, i.e. ry= rJ@) . So for any

counter J
_ PN = ‘Yay \ . -
°v % oim © — —= |2 as 85 {33 €lT) AT U/«q\&\tx \5) Abh
M Q
Uriting < é"\'& I
riting € = LQB.TL mk:r}c\z>b \3:4% R
€
d?n . '\+ _ - . - N )
ar
ASL = 9.94% millistersdiens (scetion 2.7), ( 5:,} w2 = ,00648 (Appcadix 1),
7 )y e w3

(#(3)); - Ky = 1, end AJ = :{i (section 2.8.)

In terms of the cross-section =3 Le\, QKB for the (K,p) reacuian to
e particular state in the residuel nueleus cnd the spectrum T ‘()
ol photons incident on the photonuclear terget, the proton yield spoectrumn

from the target is

° N R\ A€
W = A G ¥ oL 4 : Ak.6
dEpdSL & deEg dEp L

vhere HA is Avogedro's number, A is the stomic welght of the phetonuclear
"~ target, ng is the number of electrons incident on the radietor and x is

the target thickness. Let

= ey, Ex) LJLK B ‘SX

vhere :_ng LEK‘,B ie the eroas-section st & photon energy EKO end

B(EK’E‘G ) is the encrgy dependence of the eross-section. Taen
o

Lay | m & X i ;"_Ef) EbT
depdn \® ¢ k o) dEy ey




Equations Al.5 and Ak.T together relste the number of counts in each

counter C.T to the cross-section %\%7_(5‘605 through the proton

Q
spectrum ;E ;“& . The relationship is quantified by fittirg the experimentzl
proton gpestrum with its calculated shape. Let
<y (O, €y
._‘}_(?_\@\”e\gx - L.‘\,-) 5 Ah’os
3N € _ .
g ltow ’TIKEBN\Q‘E)
\+ %/m

This is ¢ quantity proportionsl to the experimental proton spectrum in
eq. AW.5, Let
0\“(’ 1By

dn -y S

A€ k@\,)E\,} = 9 dey  dEp Ak.9
This is the quantity defiring the shape of the proton epectruvm in terms of
the incident photon spectrum and the encrg;; dependence ¢f the erosg-secticn
(see cg. AL.7.) Pitting the experinentel proten speetrum with the celeulated

rpectrum chepe estobliches the quantity
de
dey
a 5 —

A
dE}p

e is & number proportionsl to the cross-section to the particular state
being considercd (see ecetions 3.5, 3.6.) The cbeolute cross-section

at E~6° is then given by

éﬂ = ————l\-——— a Ak, 10
da T Nyae+



Appendix 5 Counter relative efficiencies

The relative efficiencies ry of the counters J = O to 9 are
effectively obtained by exsmining the ssme proton spectrum with each
counter in turn and requiring the detected spectra to be identical.

A smooth proton yield spectrum (i1deally energy independent) from e
suitable photonuclesr target is exemined at K different spectrometer ficld
~ settings each sep'cfated by en emount emall compared with the espan of the
counter ludder (Pig. AS5.la.) Since there cre ten counters in the lzdder,
ten points of the spectrum for each field setting are obtained. All the
10 pointe should lie on the scme esmooth curve, but in fect they do not
because of the different relative cfficiencies of the counters. The
sltuation is as shovm in Pig. AS.Ib, vhere the J'° counter's measurcrent
of the proton yleld spectrum is ghifted vertically frox the Kth counterfe
measurement by 1n(ry) - 1n(rg) .

Sterting from ea. Al.5, the equation giving the number of counts in

counter J in terms of the proton spectrum, end taking logarithnes

. Cx _ =N
N . ;E__: ] = la (\&E&Q \ + O k«s\ + wadtont
£ m (&)
Vv o

At a given spectrometer field setting, i.e. at a given E, the energy on the

central orbit, only r, varies a8 J vories on the right hand side of this

J
equation, The relative efficiencies rJ are found by requiring all 10:if pointe
C.3
= R - J = 0,9 (counter index)
- L\N — = } 3
33-»\03 - g »9 (counter index
. S “’\KE‘B = 1,11 (spectrometer fiecld
d Ex 3 setting index)
Ly =

" = energy of proton seen

E J
J by counter J at field
setting J

to lie on the seme smocth curve parametrised by a polyncrial of degree I,
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& demand met by minimising the quantity

4+ S
oN [ ST ) ke\ 4
Qe 50 "4 = @
Z Lo o; = error in yi'
ts0 o ¢k(E3+10J): %JK k=0’9)

= -9
El;.r k=10,9+L

This procedure ie Just fitting the polynomial
; al
co+61E +CZE 400-"'%1}
to all the points with a different constent ¢y for each ccunter which gives
its relative efficiency. The coefficients g produced by the minimisation

are
ey = 1n(rJ) + constant J=10,9

Bg 4y = Coefficient of E in the polynenicl

The reletive efficiency of counter J with respect to a counter on <he centrsl

orbit (counter 4}) is given by

The errors in ry ere obtained from the correlated errors in the aJ .
The reletive efficicneies of the counters vere measured at six

different proton energies or cpectrometer fields. A graph is presented os

Fig. A5.2. The general slope downwards with increasing J for counters néar

the centre of the ladder rcflects the varying encrgy bite eccross the foceal

plene, The droops at the ends of the counter ladder reflects the reduction
of the effective colid engle as particles hit the vacuum box of the
siaectrometer or encounter incorrect field distributions. The smaller
veriations ere due to combinations of the effects of both these factors

snd the variation in dispersion. It is evident that the field dicstribution

15 woret gt the highest fields.
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Appendix 6 Counter absolute efficiency

The absolute efficiency of a coun.ter rclates the total number of
protons incident on the counter to the ares of the proton pesk in the
counter pulse height spectrum.

When monoencrgetic protons cre incident on a seintillation ccunter,
the pulee height epectra with and without background are ag shown in
Fig. 26.1. The low energy teil is due to protons which have either
scattered out of the gide of the counter before depositing their full
energy or suffered inelastiec nuclemr interactions. The relative
proportions of these depend on the counter gecmetry.' In the preseace of
background, the obrerved lower limit of the pesk 1s defined by the energy
resolution of the counter and is charscterised by the qtiantity ¢ as shovm,
¢ being expressed as a fraction of the full peak energy. (In the data
gnalysis, the lower of the two channel numbers defining the "edded" region
which spans the peek is € (section 3.2.)) '

The miltiple scattering loes was evalueted by caleulating the mean
square displaccnent \/-<—;2_> 36,42) of & proton frem its plane of
incidence after having pasged through a thickness of seintillation reterial
correrponding to production of a frection € of the 11ghth3) produced from
the full thickness. A proton incident on the counter within /<t2>
of the edge ie cohsidered to be lost. The multiple scattering loss is
energy dependent ond is most significant for protons whieh Just stop in the
counter. A useful spproximation when caiculating the meﬁn square multiple
geattering angle,thx;ough n thick foll in vhich encrgy logsesz ere
significant 18 to use the thin foil formula with an energy egual to the
geometric mean of the entry and exit energies. This assumes the stepping

power i—f to be constant belween entry snd exit,
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The inelastic nuclear interection loss was caleulated using the

pul se height speetrum shapes as measured by‘ Deker et al.lm)

end the
theoretical predictions of Hecsdey end Rich&rd-Serrehs). The erperimentel
méasurments used were obtained using 8 monoensrgetic proton bezm incident
upon a large counter at its centre so there would be no multiple scattering
losses as deseribed cbove., If the lower limit of the pesk is ¢ then the
protons excluded from the computed ares are shown in Fig. A6.1. From the
spectrum shape this are may be calculated. This lose is also ecnergy
dependent, the loss becoming more significent as the energy inercases.
These two losses obviously depend en € , and € =~ .8 for the counter
pul se height spectra enalyced. The tio losses together moke up the
abeolute efficiency ™ (E). An error of 507, ineludl: - ~~2:.he error due to

veriation of € , was assigned to this corrcction., The cbheolute efficlency

_ &5 o function of energy is showm in Pig, A6.2,
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Appendix 7 ‘Photon single difference technique

The essence of the photon single difference techniquezo) is shown 1n
Fig. £7.1. The difference of two sppropriately chosen bremsstrehlung
spectya has a pezk and a low energy tail as chown., If the protea yield
spectra from the photonuclear target for the twe bremsstrehlung epectra
are subtracted, then the resulting proton yield spectrum is due to the
photon difference speetrum. An important fcature of the photon single
difference technique ig the =mall (ideslly mero) contribution by the
virtuel photons. This mckes the use o¢f & megnet to dump the electrons
leaving only the photong unnecesgary end &11&73 the photonueleer target
to be pleced neasr the radiator thus intercepting the entire cone of photons
enitted from the radiator. -

L sirmplified illustretion is rhown in Tig. AT.2. A gross spproximation
to the bosic bremsstrebhlung speetrum from an infinitely thin redlater for
nonocnergetic primary electrons is shown in Fig., AT.2a, When encrgy
lozgers in en ectuol radistor ere considered, the rerulting spectrum looks
like ’eha-.ty in Plg. AT.2b. The tuo redlator thicknesses ond primary electron
energies sye then chosen such that the situation in Fig. AT.2¢ ig reproduced.
The difference spectrum is ther as shown in Flg. AT.24. From this it can
te seen that radistors of the seme materizl camnnot be chiosen for both
bremgetiehlung espeetre. It ic obvious that the photon difference spectrum
Qepends ceritically en the thape of the bremestrehlung spectria nesr the
endpoint end on the details of the electron energy losses.

If there were no energy loee etraggling in the radistors and 1f the
anzlysed clectron beszm from the accelerator were of 2ero energy width,
then the regquirement of zero comtribution by the virtusl phoicns would be
met by errenging the energles of electrons emerging from the two radiators
to be ezual (the gltuetion chown, in feet, in Pig. A7.2.) "hiz would give

tvo identical virtual photon spectra which would ceancel exsctly. Iowever,
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since there is energy loss straggling and since the electron besm

is ~ % MeV wide, the two virtuel photon spectre never cancel exactly,
Conditions cthould thus be chosen such that the area of the virtual photen
difference spectrum is emall or zero.

The radiator matericls, radiator thicknesses and privary electron
energies are chosen by a long iterative procedure involving meny
compromi ses gbout the area and width of the photon peck, the megnitude of
the low energy tail cnd the cancellaticn of the virtusl photon spectrum.
Low 2 elements are desireble for the radiator meterisl since for them the
Coulomb correction3o), wihleh is somevhict wncertsain, is smallest; high Z
moterial s have the largest bremsstrahlung cross-seetidns; the low encrgy
tail shéuld be feirly mmall; the peck shouid be norrow and have a large
arce; the virtual photon contributicn should be emell.

The materials chosen for the radistors are D (the minuend) and
A (the rubtrehend) of thicknesses 1.678 gm/en? (.020 radistion lengths)
end 578 gm/cm2 (.022 rediation lengths) respectively. These ere low 2
netals of reascnable thermal conductivity end lotr chemicel reactivity in
eir. The elcetron energy losses were tzken from Sternheimer36’37). ‘ihe
typicel difference spaetrum shown in Pig. A7.1 uses primery electron encrgies
of 61.93 end 60.32 IV enelysed to .75 |

The calculated ﬁhoton differencé spectrum has been partiélly checked
experimentelly by the Li7(~5,t)ﬂeh rezetion. The nucleus Heh hags no
excited state of excltation enérgy less than ;azo eV, snd 50 over a learge
energy region down fron the endpoint the reaction is two-body with the
triton spectrum mirroring the photon spectrum., Since a tritor hes a third
of the energy of a proton of the seme magnetic rigidity, high energy tritons
neer the endpsint of the Aifference spectrum have not besn detected becruse

sufficliently high spectrometer fields cannot be obtained. However, tritons
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correcponding to photons below the perk in the differcnce spectrum have
been seen. and there confirm the cencellation below the peak. Another
check is the consistency of the cla(x,p) eross-sections measured both
using the photon difference method and ordinary bremsstrahlung as
discussed in section h.1. A good wey to check, but one vhich has not bzen
done so fer, would be to measure the proton yield spectrum from the
two-body 016(‘6,;))}?;?8. recetion by the yphoton difference method. Such

a spectrum can be obtained for more thsn 5 MaV down from the endpoint, aad

should therefore cover all of the photon differcnce posk.



Appendix 8 Celculation of & bremsstrchlung speotrum from

¢ radiator of finite thickness

Let é;ggg_gg) be the bremsstrahlung photon spectrum per unit radiator
thickness and?32¥ primary electrcn as a function of yphoton energy E from
en infinitely thin radiator for s primary electron energy %,. Let s(E,t,EB')
be the energy loss distribution for electrons of energy B incldent on an
sbeorber of thickness t (the bremsstrchlung radictor,) emd w(E,,E) the
distribution of incident electrons of nominal energy E, (the cnergy-analysed

bean from the accelerator.) fThen, (efter & procedure similar to that in

Appendix 9,) the spectrum of photons frcm the bremssirahlung rodister is

dR"(E') g (E E)dﬂgd F(E JB' )dE (B, x,B' Jax

v(Ey,E) 15 ascumed to be a rgct&ngle whose full-width is the width of
the energy-defining slits in the enalysis system. s(E,x,E'), the electron
energy loss distribution, is the recult of folding together the rediative

end ccllision energy loss distributions in the radiatof, end is given by

s(B,x,E') = gsi(E’X’E") sr(E",va') ae"

vhere si(E,x,E') is the ionisation (collision) energy loss distribution
and s (E x,E') is the radictive energy loss distribution. fThis integrgtion
must be performed numerically. . | .

¥aiie S(B.E')-= S§(E,x,E')dx , the integrated energy loss distribution,
should be evaluated as & function of both E and E', in fact when caleulsting
it is eveluated once, for E = E, end then moved along the E-axis (with
‘elight stretchiﬁg or compressing) for other values of B. This avoida
excesrively lengthy celeulations without introducirg serious errore.

The proper evoluation of the sbove expressions is essential to obtain
the correct chape of the bremsstrahlunz spectrum near the endpoint. This is

important for the photon single difference technique.



Appendix 9 Energy losc end straggling of photoproduced charged

T

perticler in a photonuclear target

Suppose the spectrum of protens differentisl in energy and target

thicknerss produced from an infinitely thin photonuclear target by a

a?1(E)
Edx

gpectrum of photons is

(rurber of protonz per MeV per unit target
thiekness.) In the ectusl terget, since it is of finite thickness, energy
loszes end streggling occur. The photonuclear target is therefore divided
d “(E)dvdx is the mmber

didz
of protens st x + dx with energies between E end B + 4B thet originate in

into elementery slices of thickness dx. Then

the clice of thickness dx. These protons rust pass through the rezt of
the torget. Let s(E,,t,E) be the eanergy loss distributica for
wonoenergetic protons with energy E, incident upon en ebeorber of thickiess
t, L.e. s(Eo,t,E)dE is the prebability that a protcn emerges frem the
gbrsorber with en energy between E and E + dE if its initial energy 1s'Eﬁ
(sec Pig. £20.1.) (If there vere ro streggling, s would be e ﬁ;functian.)
Shen

d n(E

)dde s(E,T-x,B' )dp' T = target thickness
atdx

b

is the number of protons emerging from the target with energles betiveen
L' end E' + 4R’ that ere derived from the slice of thickness dx at positicn

x. Integretivg over E and x, the number of protons with energies between

E' end B'+ d0' comong from the entire target is
a gmgdx PUE) op 7oz, 2)aE

end co the spectrum of protons emerging from the entire target is

T

aw () (K oo rpyarar .

ag! dEdsx
0
8ince the energy losses in the photonuclesr torget are very small
compared with the energies of the protons inveived (typieally «r% HeV for

a 5 MaV preton vassing thyough 50 mg/emQ ) the energy loas distribution



#(5.t,0') may be assumed to be @ function only of the @ifference of

E end E' (see Appendix 10.) This mesns that the integrel over x
T

gs(l".‘.,‘f - x,EB')dx

(o]

mey be eveluated eeparately. Problems ecn erise if it is cttempted to
perform the integiation nunerically, becsuse as T - x becones very smsll

the function s looks like o &-function. fiowever, & may be approximated

by & suitable function which can be integrated analytically. One such
epproximation (to the Leardau straggling distributiorn) is the trienguler
distribution showm in Fig. £3.1. a is the most probeble energy loss per
unit thicknese, and b end c are deternmined by requiring the upper and levver

mean rquere helf-widths to be thore of the Landou distriﬁution. The result

-
is(E,t ,E')at -
o : for the trianclear

distribution is given in Table A9.1. for the triapniar

ecf performing the integration



1)

2)

3)

TIVIAMIENUU UV LMY Ll YLt VW) LA R Taa AW A WY Y ¥ I LV LA TN B EIN/EY
S(Et.E")
+47)

N =

(b+c)t

= E'

<— bt —a-Ct—= E

< at ——3» , N

¥IG. A9.1

v .
I = ‘ S(E,t’E' )dE'
0

E'< E-(n+¢)T
I=0
E-(a+c)T <B' < E-&?

: E-E'
2a+c/8+C T
%= cbael ™ l1+1ln E- B

P

erc

E-e?<EB'< B-(a-Db)T

b( & a-b g |, 2a+c
cla-v & ME-E|* e

& |

TALLE A9.1



Energy ctregpling ond spectrum dilation 1nA sbeorbers

Appendix 10
an
Let there be a spectrum of particles gi(E) differentiel in encrgy as

& Tunction of energy incident upon an ebeorber of thickness t, and let
s(2,t,E') be the energy loss distribution in the cbeorber. Then (after o

proccduré similar to that in Appendiz 9) the spectrim of particles &.(ﬁ')

efter having paesed through the sbesorber is

(E')- (F) s(B,t,B') a8 .

dE' aB

g ic o function of the three independeat variebles E, t, and B', cnd, for
givea E end t, may resemble either of the tuwn illuctrations in Fig. Al0.1.

If the shope ¢f the streggling distributien is assumed to be constant,

s(r,t,8') = o(E-E") vhere E" = B~ AE
end AE = AE(Z,t) ia the mean cnergy
loss in the absorber.

(This is escuming that as E chonges the streggling functicn rctains & £iged

shape but slides clong the L' exls to give the correct mesn energy loss AL(E).

]

Then an
dB.(E') = \ zp(B) o(E'-E") B, B

Change integration varieble to E' ¢  dC" = aB - a( AL(E))

e - (1- 40F) az

AE 15 releted to the stopping power E—i by the intezral equation

SE

t = 1

" JE - AE 4B
;{Z(E')

. E E - AE(E) \
i. . .= vt - L ] .
¢ S a — % &
ax(E") ax(F')
Differentiate both sides with respect to E ¢
£ - E- bE
& d t \ ile- Ke) A ;
L oo = & — e - __ dE
s dle-Re) ) ﬂ*(y\

4E [N
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Therefore E‘ \e‘> = %2 € +I>E\ o LE‘E'> ot " de”
&)

If o{B'- E") 1s only significant for E" = E', then the equation mey de
reuritten s '

4\’ \E * M—'B — ,

\e ‘) d”" an kE"-r h‘a‘) ckek E‘\) Ae”
&E‘ e
= (=)
dsA

The approxixzations made in this derivetion are reasonsble for Gaussian
stresoling (Low eaergy, thick cbsorber) vhen the resultent spestrum io

rot required over & lerge energy range.

-
Teglecting streggling, the factor [g—g
“E = Ejpetdent
ax.
ax =
TE = Beinml

rey be
simply derived using the reciprocity thecrem. Suppose AN particlies,
with cnergles between E and E + dB, sre incident on ea cbsorber, end

efter passing through the ebgorber they heve energies botween E' and E' + dF'.
T

4w
Then writing o for the incident spectrum of particles and ' for the

@‘&

final spectrum

AE = g’@:@' aB or s @ o
G QB! aE' aE' dB



8ince thers is no straggling, there 1= & unique relation betwesn the
incident energy E, the sbsorber thickness x» &nd the final energy E'. The

reciprocity theorem may therefore be used:
), %), &
— -— —_— s - |\
% E' S¢! e € -

se
dE % Jg!

~{E\ - -
€ \Be'j* §5'>
R

de

5]
do E=¢ wcidewvk
[ E] E E ‘:N\G‘

It should be noted that if the energy loss distridbution function
s(5,¢,E') is assumed to be & function of E-I' and not of & and E'

separately, then this 1s equivalent to

[*E ]
% .
E~-€ inedewt = 1

s
dv E=t £inal




Appendirx 1l The (§,p) cross-section in the independent particle

shell model - electric term only - no spin

The rezction is the photodisinteszration of the A nuclcon target nucleus
to o proton and en A-1 nuclecn residual nucleus. The A nucleons are
considered as a proton and a cocre of A-l nucleons. It i& assumed that
the photon only interects with the proton, and that the intermzl wavefunction
of the core does not change during the transition.. ‘me systen is therefore
treated as two particles, the proton and the core. The initisl state (the
target nuclcus) is o bound state of the proton and the core, end the finel
state 15 a ccentinuum stete of the proten and the cere (the residual nucleus,)

The procecs vwill be deseridbed in & ccordinate cystem in vhich
is the ccordinate of the proton
Ye 1& the coordinate of the core

E; 1s the momentum of the target nucleus (the centye-of-mass of
the proton and the core in the initisl state)

Ep 1is the momentum of the centre-of-mass of the yroton ond the
residuel nucleus (the proton and the cere in the final sinte)

k ie the nomentun of the photon.
Aleo let r be the coordinste of the proton relative to the core
R  be the coordirate of the centre-of-nass of the proten and the
core
k  be the momentum of the proton or the residucl nucleus (the core

in the final state) in their ccabined centre-of-mass frame
n  be the proton mass

be the photon polsrisation vector.

>

First-order time-dependent perturbation theory givesu6) the transition

rate between an initial state |i> and a two-particle finel state |
£

&v'&»a

deceribed by the parsmetersv, ,v, with-a density of final states

due to & perturbing Hamiltonian If, as

dw I { \ <+‘\u.\i> \Q £n QKEQ'E'\\J‘\’\‘L"&
dt L) dv dv,,



' iK . R
The initiel state is . e SV 7 o)

n

the Tinel state is q){‘ = e“.&{'E \){{ \QS \E'.\)

the perturbing Hamiltonien If, is the photon interaction epemtor:,’k)
{ e’C\ Qvﬁ\c n \{'Z*X' Ly
?:, € * ~f‘. )
kS
the parsmeters used to describe the finzl state will be tcken to be Kk,

2
N oy, = o B, BPkany
v, dig k@ﬁ}

The cross-section is the transition rate per unit ireident flux cof photonsas

= 3[R\ Anhe e "e‘gﬂ Ty
Xe (\W\c\J %:‘6 b“yo gg 7 A ke \\’F\'v)'-'S) 3

%, .
.Y’q’ e ~ ~ \‘(\NX\‘LZ!%J} \ % G-E-‘Xé\’s{ ‘Qt:)t)lel &319“

wiere % denotes the eum over the f£inal and the eversge over the initial

0
[N

substates,

and

It is convenient to change from TpsTe to r,R:

A-\
¢ o N | = € 4« 7
~ ~h ~c £¥ ~ & l‘;
= L A-t -2
S - A N‘ + A LC‘ e < = % .a_. i
dey, L) » '
oy, Lo —> —272 B Br = - S OR




ALk
and I, = S% (& ¢} e °® AFAE

iK-le's g : , 3
- f ety eewg (4 eln s

e
= € @n\ &o@&" E% %\IW‘E [ Ia\awg g\E;'E\\’e‘Q &*_ dEg

<N )
- F @n}z < %é\f. “‘g E-Ea'la\ ‘g E;-ES 2 ok A&
J d€ e
The most useful coordinate system is the one in vhich the éeutre-ofmass of

the final state is at rest ( K, = 0.) This means K; = -k s end, since the

rolarisation vector of a real photon is perpendicular te its direction of

a .\‘\Q&Q
propagetion, €.K; = 0. In this systen, €. =

do

d o any? A%g\x\g c-e) B e,

o [ferrie e

£=€
Q—\Qz I3 X
_Aﬂ_\.ﬂ_ﬂitc%1 \(t '\tT'“‘ 2
AN 9% A de IEE—K < Q\‘\)F Hs)g\g’e Y Mi\*‘ 3
r— 2 293
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Appendix 12 The plane-vave (¥,p) matrix elcaent -

electric term only - no spin

‘Let the initicl state be . (£)=R,(r) Yn(X) end the final state

be 4(4 L-‘-ﬁ: elX'T (a plene wave.) The matrix clement to be cvalucted is

o
k.o \T @ el IV
R-_—gLeN“S € e h ‘6~'1¥\£>k3£

-1 - My .5“ :
'ﬂe L Rk %) s

ﬁhere\y\;;)is the bound state wavefunetion, Since f',_ = & swB “,,\9&%, -5 0

f
™2

as r -» 0 qud J(\,-&} —> 0 fester than ;'—,a 88 P —~> o0 |, & is hermitien,

O may therefore be rewritten
k-4 \)-2,
B - a-gle -5 4 yle) Lo

n Arl ik~ ML L) e '
=-i§_"U{i" 'F(%Sx) e k A =¥ &\wtgﬁo@:‘
Since the pslerisation of a photon ig perpendicular to the direction of ites
propagation {;; feg=©
A EX | —{k&'M%VS'C
:.H:-ig~%£kvﬂ§9 — e ~ A ~ q;\sSEo

@y 2

= "‘%;i:‘- 2‘@“\)‘% q’\%";“ e:g‘{sg} 5

Q\c}“\ = Fourier trencform of \)(\;B (Appendix 15.)
o form < \H\2 with the ebove wavefunctions, it is necessary to average

£7
over photon polarisations and initial state apgular momentum projecticrs

® = e 12T e e



. | . .
Let k¥ = (sinBcos 4 ,sin0 sing ,cos6 ), the direction of the outgoinz proton,

end ¢ = (cos@’,sin ¢',0), the dircction of the pheton polerication wector,

A
where the g-axie is defined by %: 5

awjlg = sin@(coz;tbcosdg'+ sind sindg’) = sinf cos( ¢ -Q’)

H
Avereging \%%\2 over photon polerisations is jJust averegirg cosa(&e -4) over &

1>

%\2 = s1n?8 cos?(4 - &)

cos®(§ -¢') = %

Averaging over initisl engular momentum projections m is forming ! 2

A+ w
S . . a- 2
G- ato s £ el 40l
= @"‘\3 st O 5 ¢ i‘; \Q“Q k\%ﬁ' &5\3 by m\ (Appendix-15)

n

2
. Q 2 . Q -1
i.e. {5{ I\ vl w0 & \ Qut (\“;’5-— 2 %3\3\

A

vhere Qv& \q\ = J_%; S j{\‘f} R“Q k¢§ < dx



Appendix 13 The distorted-wave (%,p) matrix elcment -

eleetric term only - no spin

The initiel bound state is § |¢) = Ry (r) T,.(2) .

]

The final continuum state ic \\u \ 3 ‘£S =4 S £ (( Q'-“St'

¢ ow
ALY \ oo .\~'3 (distorted weve.)
The operator Eel T% <, VU 15 expanded in multipoles:
n ks N
ce "L=J_Z B g e RN
(E‘G = 5 3
[t &) . € ‘ -
The matrix elcment \ L N %(.\\ix G is therefore

. .
CEER R sﬂ"c*\) 1o 18 Ve (1))
w & B AL ) B LRl T ) 2

Considering circularly polorised photons, f-_ .U =Ny, whereh=zt1,
Using the gradient formula (for this end other relations used herein, seo

refs. 47 and L8)
= S Qm\).s/a' % 2‘ QQ')* Lg-k%(')* S(l (4“\ \{{nmy \E’i\ \IZ;‘MI k%\
< L\\I—Qi:\ \\\\9‘:‘;‘: ‘:Kts\'xokg\
et e ¢ !
L‘IQ“ BQ ) LM&\\\ -vA —\/\3\‘(&\ ww\f\\ \t g\gnt

{ v - { ! A
-2 K‘B“M\A L“‘“‘"‘ - -\A\) N 1wk KL\K% *QF‘\)Q“Q Lf\\ Ly



Separsting iato radiel and engular imtegrals, with dor = r2drdS),

AL NP SN

1 X L W I ) (D) 29

0§ g, Bl B -4 e #ur
L&

g %' ‘Méx\k' by t)

end & runs over the two values Q-1 L+l

vhere & \u\ ‘Q ‘Q‘ ‘)\) (4\\

"

&\“\Q)U:X)Q") ’(-'L }Q Q \ € de 3

i

Usirg the cddition theorem for the product of three cpherical harmonice

of the ssme argument

. Q‘\\Qw\m\\ ATE 2@7"' (mﬂ N -\A\ %\r@“ (e} 8

(RN “\ w' ! %N a H
L o o \ k Q“)\)QB 3; Q—\S (-w\, o W\q—‘n\) \IQ‘W\t L &NB .

\E\® = B 4 required :

" _
w = \bw é% "\"L"\B (@« (ahe) ééb\ﬁz:u et
N o
a 3 1 b Q )
(_'M*\A - —\A\&M*‘/\ -W -\'\\ é,é. R+ \)QL“ L )
( ”‘“e‘\% % AN N S \L UvoNob
e.' e o o © o © (o]

KV\)Q‘Q'J\)QX ( Q L f\ \’S 2 é K‘X k>

\MM

'
¢! Y @ -L N A ¥ A
(‘M' ° \m\r\\(—v\’ o V\n\«\> \i{""' \ k\ \I\’“ ) \%3 :




Using the sddition theorem for the product of two sphericel hermonies of the

ssme argument end i 4 '
= O W+ Wi, &
(Ml "o g \& ' ° ® # °

on the terms involving m' and }',

Me¥ = ko é% LXKLAY_ (Dwny(an+1) %%P:‘ ERY
a ¢ L ¢ o |
LM*\" - -\\I\\Bl\ww\;\ - _\,\\ S < \}ge'ﬂ \,SL-"“ \.\Q 5* iL,

¢ U
_lsQ.S* EURREUR 5( A L\
Le € 0 o0 o © o o
\
Q’ )\ Q \L L’ A \)
{ \ ’ 3
Qk\l\‘e‘e )\\“3 (’2 k\l\)e ’L ) h- )‘a} k'M-\‘\ o W\N\f\ 'W\-‘A e w‘*\v‘j

! ) ol ! ¢
~-w-W — * t L <
éc: k“x bcn»{OQ'u J-QTII ('W\—\/\ wela © 0O 0o o Po \O(m@)
AT
vhere cos O = k.g .
At this point it is useful to note that, cinece

B3 B e o
LO o O\- 0 if 3\-&»3:-&33 = odd
end a,b= {+1 , the sums of the apgular momentum quentunm nuzbers in all the
1)
3)-eymbols ere even. This also implies ZN-N-€ 4L = even,
To form < \H\a with the above wavefunctions, HH* must be aversged over
X
photon polarisations and initial stete enguler momentum projections i.e.
| 2 *
SWM™ = 5— € LS uw

1
P Rl o W
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L‘o L ' % = \(L’. A \o}\ 'L c\\
rath —w k‘“"" o wlh \-'M-\n o mth J\ ik itk © j
Vriting cut S explicitly, the sum involvinz m end h becomes

W

S L A M| IR

WMyl WAy

¢ o« ~wel a Q\\X Lot \B
(-wx-l \*k\\ \W\-.l w0 (\\M-\ -t

wtl o
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My Wy wmg W) ~Wy oy

end, for all the 3j-symdbols, J1+ o~ .13 = even, the signs of the anguler

momentum projection quantum numbers in the second set of five 3j-symbols

mey be reverced. The cbove erpresscion then becomes
cwet | oo € \\k\: { \X TR “3( L N Lo c\\
%L“\ \M‘H - ) wmel oW o ~w-1 © wu\' -t 0 w4l Jlowe) g QJ:
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Consider i U\X U) AN k ) UB e - ; this ic cqual to

w;( % k\-(\-t‘*L'%wz kﬁd -SU\ - sw k% kx- N-2 L‘\B swh kge . SL‘>
+ism (5 (x-r\-euu\) eex (59 -S¢) vicos (g b.-!\—&'w‘ﬁ\ sm (SQ'-SU\\ .

N-h-e ! = even s'\mk% \x-}\-g'*\)}\) =
sin(sl'-st) is cntisyrmetric under exchange of ¢ ,U . The rest of & \Ei\a
is gymmetric under guch an exchenge since C+l's ¢ = even, Therefore vhen

forming & & the sin(s - g ) terms venish, 'This leaves
gt

m(%\SwK—Q +L‘§5 m(sel-SU\ (- B""b\ h- Q“'U) wsl{,el-sus ornly.
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Lppendix 1k Optical potentiel - eypproximate methods

The continuam state of & (%,p) reection is presumed to be & scattering
state of the opticol potentiel epprepriate to the residuel rucleus. The
effects of the rezl and imeginary components of the cptical potentiel moy
be separated. The real component mey be considered to relate the momentum
inside the nucleus just zfter the intcraction to the momentum observed
externelly (the mczentum of the photoproton at infinity,) whereas thé
imaginzary component msy be considered as merely providing en overall
reduction 11).

The simplest way of tresting the real part of the optiecal potentisl is
to evrluate the metriz elesent for a proton energy inside the nucleus vhich

is different from that outside by an emount equel to the depth of the resl

pert of the opticsl potential

Einternal = Pexternal * vzptical
an

or Kfnterney = kgxternal * optlcal .
This relotion is used (incorrectly) in refs. 16 end k9.

The imaginary component of the optiecal potentisl may be treated with
the essumption that the outgoing proton is a plane vave znd that the
imeginary component 1;€%égiry is constent out to a radius D (e.g. the
nuclear matter radius) and zero thereafter. The plene wave

elE'T = elXren1 L e Eimeginary X
\Mﬁgumb

- 2 o‘ht\\ o,
Kimoginary * =3 /1% I—P—W‘ (ret. 50)
- \1 o\.‘t\tk\

is attenuated as it edvances up to r = D but for r > D there is no attenuation.

After leaving the nucleus the attenuation is e’kimaginaryn. The cross-section

1s thus redvced by e'zkimsginaryn.



Appendix 15 Fourler trancforms

The Fourier transforn of a function ‘N‘J) is

. -~ (c&. .(:
4L§> - k;;g?ﬁ g e N kf.,3 Lo
Suppose ng\may be written d{kg =-‘Rm(r) Ylm(%) , vhere S \Q“Q L‘:) \:?&{c =1,

The cozplex exponenticl is expanded in partisl waves k7,48)

. ! |
Sz g g L) Y 1) ey ()
R A " B

Then using the orthogonglity relation for the sphericel harmonics

N
S\\QJW\‘ \le\ W= g(ﬁ' gwm' )

-

Qk%} = K—\‘)( Q“Q kt\_\ N QWLE\) wlhete QV\Q\‘&X = Eg 3{ k‘\') (Z“Q \\.—\v‘"o\r

2 2
ownd, \Q“Q \K\\ OL&L—“-‘
S cver the angular nomentum substates m,

R4y ™

o Q
<1< m<1 1is required. Using L8) ' \\} \ = Ry
wA WA L

Often the average
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