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ABSTRACT

Data has been taken using the University of Glasgow 160 MeV
electron linear accelerator. Energy spectra and angular distribution
measurements of complex particles (alpha particles, tritons, deuterons
and 3He particlés) emitted from nuclei 27 € A £ 197 at an electron
energy of 120 MeV have been made for particle energies between 2.5 and
67 MeV. Excitation functions of complex particles emitted from 197Au
haye been measured for both electron and bremsstrahlung excitation at
three different particle energies for electron and bremsstrahlung end
point energies between 40 and 130 MeV. A comparison of angular distri-
bution data for elgctron and photon induced complex particle emission
has been obtained for the nuclei SSNi, 60Ni and 197Au at e1ec£ron and
bremsstrahlung end point energies of 60 and 120 MeV.

The energy spectra have been analysed in terms of the statistical
compound nucleus model and the pre-equilibrium exciton model. For-
mation factors were obtained from a comparison of the measured data and
the exciton model calculated spectra. The low particle energy angular
distributions were parameterised using Legendre'polynomiéls and the
high energy angular'distribution data compared to the results of a
simpleikingmatic calculation which assumes that the momentum of the
incoming photon is shared by a small group of nucleons. An estimate
of the proportions of El and E2 virtual photon absorption required
for high energy complex particle emission was obtained from a comparison
of angular distribution data for excitation of nuclei by electrons and
bremsstrahlung radiation. The measured, bremsstrahlung induced excitation
functions were unfolded to give particle emission spectra which were
compared with the results of exciton model calculations. The unfolded

cross sections were folded in with E1 and E2 virtual photon spectra in

an attempt to reproduce the measured electron induced excitation functions.
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CHAPTER I

INTRODUCTION

1.1 General Introduction to Photonuclear Reactions

The first references to photonuclear reactions were in 1934 when
Chadwick and Goldhaber observed the photodisintegration of the

(1)

- deuteron . In the same year Szilard and Chalmers reported on the
photodisintegration of 9Be (2). Gamma rays from naturally occurring
radioactive isotopes, with a maximum energy of 2.62 MeV yielded by
208T2, were used in these studies. Within a few years gamma rays,
produced by the capture of low energy protons, deuterons and alpha
particles from the first-cyclotrbns, were being used extensively in
photonuclear reactions. These early experiments concentrated on
measuringvparticle thresholds using photographic.émulsions or c1§ud
chambers to detect the emitted particles. Gamma'rays of energy up
to 17.6 MeV could be obtained from the 7Li(p,y) reaction and the -
first unambiguous observation of alpha particles produced in a photon
inducedvreaction was made by Hanni(3) in 1948 using photons from this
reaction. The lzC(y,Ba) reaction was observed following irradiatiomn
by 17.6 MeV and 14.6 MeV photons, using the photographic emulsion
technique.

(4)

Livingstone and 3ethe in 1936 were the first to suggest that

a study of photoalpha reactions would be of interest. Levinger(s)
suggested that the (y,d) reaction should also be regafded as an

important part of the study of photonuclear reactions. However, due
to the high thresholds for deuteron and triton emission, (y,d) and

(y,t) reactions were not observed until photons of energy > 30 MeV

were available in the late 1940's from betatrons.
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Development of betatrons 'and later synchrotrons made available
photon sources of enérgies well above the pion threshold (&160 MeV).
Electron lineér accelerators were in use for the study of photo-
nuclear reactions by the mid 1950's although they were limited, in

7
general, to a maximum energy of ~ 30 MeV. These accelerators enabled
studies of photonuclear reactions in the giant resonance region. It
was not until the mid 1970's that complex particle emission using
incident electron beams was studied; The much lower count rate for
electron induced reactions as compared to photon induced reactions,
in which a thick bremsstrahlung radiator can be placed in the electron
beam, meant that such experiments were not considered practical until
the emitted particles could be detected in solid state detectors
used in conjunction with magnetic spectrometers to reduce the high
béckground associated with electrons beams. )

Thus extensive measureménts of electron and photon induced com-
plex particle emission have been obtained in the giant resonance
region (Ey, Ee < 30 MeV) and for photon induced reactions above the
pion threshold (EY N 160 MeV)., Very little data was available on
the emission of complex particleé betwéen these two regions, and

238U and the nickel

that being mainly (e,a) reaction data for

isotopes, until work at the Kelvin Laboratory was initiated.

Measurements on the (e,a) reaction for nuclei 27 < A < 197 have
(6,7,8) .

been reported by Flowers et al. . The work carried out for

this thesis extends those studies to include an investigation of the

(e,d), (e,t) and (e,3He) reactions and a comparison between these

and their corresponding photon induced reactions.



1.2  Historical Development of Photon and Electron Induced Alpha

Emission.

(3)

Following Hanni's observation of the 12C(y,3a) reaction most

of the early (y,a) studies concentrated on measuring yields of alpha
emission from light nuclei, e.g. 120, 14N, ¥6O and from silver and
bromine. This reflected the-ease of observation of alpha particles
from these nuclei using photographic emulsions and the interest in the
alpha particle cluster model., |

Haslam obtained acfivation curves for the (y,o) reactions on

87Rb, 65Cu, Ag and 81Br (9,10,11)

using photons in the energy range

(12)

15-26 MeV. A photon difference analysis technique gave photon

energy dependent (y,a) cross sections which showed a pronounced
resonance shape at 20-24 MeV excitation energy. .Thus it appeared that
(vy,o) reactions proceeded through giant resonance absorption and

attempts were made to obtain alpha energy spectra for comparison with

)

the evaporation theory of Blatt and Weisskopf(13 which had already

been used to explain (y,n) and (y,p) reaction data in the giant

resonance region. Using emulsion track studies energy spectra were

(11,14,15)

obtained which showed reasonable agreement with evaporation

theory aithough the spectra were poorly resolved with high statistical

errors due to experimental difficulties,

(16)

Erdss presented a review of (y,a) reactions in 1957 which

showed alpha particle yields consistent with photon absorption to a
1
giant resonance centred at an excitation energy of 80/A3 MeV for 40 < A

£ 235 with the evaporation of alpha particles from the compound

nucleus, in agreement with statistical model calculations, at least

for light and medium weight nuclei. The high alpha yieldé for 203T2

and 205T2 could not be explained in terms of the statistical compound
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nucleus model and led to the proposal of a direct alpha knock-out

(17)

model for heavy nuclei . Further experiments in the 1960's using

solid state detectors measured alpha energy spectra for both medium

(18-23)

~and heavy nuclei for photon energies up to 35 MeV . The data

obtained for medium weight nuclei agreed with statistical model pre-
dictions, although normalisation to the data was required. The yields
and energy spectra observed for heavy nuclei could not be explained
in terms of the compound nucleus reaction model and, although a direct’
alpha emission process had been proposed, no theoretical predictions
of direct emission alpha energy spectra were (or are) available.
Studies of electron induced alpha emission begun in the mid
1970's gave energy spectra similar to those obtained for the (y,a)

reaction. Statistical model calculations successfully explained the

(6,24)

low energy alpha emission from medium weight nuclei although a

high energy tail, not predicted by compound nucleus theory, was ob-

60, (6) (7,8,25)

served in . Recent experiments show the presence of

a pre—equilibrium reaction component in both medium and heavy weight

nuclei., Alpha particle energy spectra have been explained in terms

of the pre-equilibrium exciton mode1(7’8). Experiments on electromn

238

induced alpha emission from U and Ni have been carried out to

investigate the giant resonance multipolarities involved in (e,a)

and (y,a) reactions. Surprisingly large alpha decay widths for

238 ,nd Ni have been reported(26’27).

(28,29)

the giant quadrupole resomance in

and other
(30,31,32)

Some of the data was later reported to be in error
experiments on these nuclei have not observed large decay widths

There is, therefore, some doubt as to the value of these results.
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1.3 Historical Development of Photon and Electron Induced Deuteron

Emission.

Byerly and Stephens(33)

were the first to report the existence of
photodeuterons in 1951. They measured the energy distribution of pro-
tons from copper following excitation by pﬁotons of energies up to 24“
MeV using an emulsion technique. An extra peak at 2.5 MeV was observed
and attributed'to the presence of photodeuterons. It was reported that
single deuterons could be distinguished from protons by counting the
last 40 pm of the photo—particle tracks in the nuclear emulsions used.
However, attempts to refeat this experiment(34’35) found that deuterons
and protons could not be separated using either common or fine grain.
nuclear emulsions and it seems probable that the reported peak was a
baékground effect.

The first unambiguous experiment which showe& the existence of
photodeuterons was performed by Smith and Laslett in 1952(36). A
thick copper target was irradiated with photons of maximum eﬁergy
65 MeV and deuterons separated from protons using a magnetic cloud
chamber. The measured deuteron yield to proton yield gave a ratio
(37)

(de) of 0.76 and, using the same experimental arrangement, Ring

obtained a value for R, of 0.15 for the irradiation of sulphur.

dp
These values are considerably higher than those later measured by
Chizov(38), using a two crystal telescope technique. Thus, although

cloud chamber experiments showed the existence of photodeuterons, the
high yield values obtained must be‘discounted as being due to diffi-
culties in the experimental technique.

Between 1952 and 1960 several experiments were carried out to
. investigate the photodeuteron reaction for photons of maximum energy

30 MeV, using either a particle track grain counting technique in
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nuclear emlsions (for example, references (33) and (34)), or an
activation method (for example,. references (39) and (40)). Neither
of these methods-clearly distinguishes detected deuterons(35) and
only the method of deflecting charged particles in a magnetic field
and detecting them by nuclear emulsions developed by Forkman(35)
could be used with confidence to investigate (y,d) reactions (for
EY N 30 MeV) until solid state semiconductof detectors were available
in the 1960's.
(41)

Chizov measured deuteron to proton yields for 6 < A < 197,
using photons of maximum energy 90 MeV. The particles were detected
using the techniques of deflecting charged particles in a magnetic
field and that of a two crystal telescope. Angular distributions and
excitation functions were also measured for light nuclei, e.g. Li, Be
"and B. High values of the deuteron to proton yield ratio, associated
with forward peaked angular distributions for .ED > 15 MeV meant that
the data could not be explained in terms of the statistical model.
A two stage reaction mechanism, where a pﬁoton is absorbed on a nucleon
which is fhen captured by another nucleon with sufficient momentum to
lead to the emission of a deuteron, was found to successfully explain
the data. Low energy photodeuteron yields (ED < 15 MeV) were con-
sistent with those predicted by statistical model calculations. |
Later work on photodeuteron emission has concentrated on light

(42,43)

nuclei either in the giant resonance region or above the pion

2 (44:49),

threshol Studies of electron induced deuteron emission,

below the pion threshold, have been limited to the measurement of
angular distributions of end point deuterons from 6Li and 12C for

electron energies between 40 and 60 MeV(46’47).



1.4 Historical Development of Photon and Electron Induced Triton

Emission.

The phototriton reaction was first observed in 1956 when Heinrich

and Wﬁffler(48)

measured total triton yields for A&, Co and Cu, follow-
ing excitation by 31 MeV photons, using an activation technique.

Further experiments by_the Darmstadt Group(Agfsz) for photon energies

up to about 60 MeV, showed that the total triton yield agreed well with.
evapbration theory for light and medium weight nuclei but was much larger
than predicted by theory for high A nuclei. Total triton yields

(53)

measured for a maximum photon energy of 90 MeV were consistent with

the results at lower photon energies.

. . . s 19 15
-Measurements on electron induced triton emission from ""F and "N

(54’55). The

have been made for electron energies less than 30 MeV
triton cross section exhibits resonance behaviour in the giant dipole
resonance region, while angular distributions of tritons in this region

are isotropic about 900, typical of evaporation following photon absorp-

tion to the giant dipole resonance.

1.5 Overall Review of Complex Particle Emission

Most studies of photon induced complex particle emission below the
pion threshold have measured the total yield of the emitted alpha par-
ticle, deuteron or tritonmn. No‘data on photon induced 3He particle
emission is available in this energy region for A > 4, The compound
nucleus statistical model successfully explains éomplex particle yields
at low particle and gamma ray energies for light and medium weight
nuclei but some form of direct reaction mechanism is required to explain

the high yields observed for high energy particles at photon energies



-8-

above the giant resonance region.
. ) /
Some electron induced alpha particle energy spectra and angular

(6,7,8)

distributioné have been measured for electron energies up to 120 MeV
The low energy data agrees with that predicted by statistical model cal-
culations, while high energy alpha data appears to be explained in terﬁs
of the pre-equilibrium exciton model. This model is discussed in

Section 1.10.

1.6 Relationship Between Real and Virtual Photon Spectra

The relationship between electron and photon induced disintegration

-

reactions can be understood if both the electron and photon induced

' total cross-sections are expanded as multipole series, i.e.

(k) | L

o (k = Lo
y ) WAy Y

wA

for photon induced reactions and:-

(E -mc®)/fic
. N (E_ k) .
c (E) = zJ o (k) 2A e Y g (1.2)
e e WA wWAY Y Kk Y
o Y

where'inkY is the momentum of a photon of energy ?ckY, Ee is the
incident electron energy, m the.electron rest mass and w denotes
an electric (E) or magnetic (M) transition of multipole A.
wa(Ee, kY)/k;hcdefines a virtual photon spectrum for multipole A,
type w.

A real photon of energy AEY and momentum kY transfers momentum q
to a nucleus on absorption where, by conservation of momentum, q =th.

Neglecting the recoil energy of the nucleus the excitation energy of the
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nucleus, E_= EY = t?ckY = ﬁcq, This condition is known as 'on the.
energy shell', An electron of initial momentum kl, may however be
scattered. through any angle 6 (O° < 0 < 1800), thus 1etting the

final momentum k2 have anY value between O and - kl. Thus when
an electron interacts with a nucleus the momentum transfer, q, -and

excitation energy of the nucleus Ex: for a 'virtual' photon, have

values different to those for real photon absorption as given by:

- 2 2 _ ' 4
q Rk, + ky . 2k1k2'cos 8)
and
Ex = ﬁc(kl - kZ)'
‘The 'on shell' relationship, i.e. E_ = heq, 1is achieved at 8 = Oo,
v X ) v

when the electrons are forward scattered.

An electron has an associated Coulomb field, thus in electron fnducéd
reactions a Coulomb interaction, wﬁicﬁ is not presént in é pﬁoton
nucleus interaction, must be taken into account. The photon‘eleétro—
magnetic field is purely transverse, while the Coulomb interaction -
introduces a longitudinal term. The longitudinal Coulomb matrix-elements
can be replaced by transverse electric matrix elements using Siegert's

(

Theorem >6) for 'on shell' interactions.

Thus for 6 ~ O° the transition matrix elements will be equal for
both electron and photon induced reactions and the two interactions can
be compared, as in equatioms (1.1) and (1.2), without any information
on the details of the nucleus, which could only be supplied by a model.
The approximation 6 ~ 0° 1is valid at low momentum transfers.

A longitudinal field is composed of the same multipole terms as a

transverse field, with the addition of an L = O term. Thus electrons

can excite nuclei to monopole resonances, which is not possible using
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real photons. A real photon spectrum consists of equal amounts of

each multipole whiie virtual photon spectra are enhanced for the higher
multipoles. Thus a comparison of data obtained in photon and electron
induced reactions can yield information on the multipolarities associated
with these reactions, particularly of the giant resonance states excited
by real and virtual photons. However this relies on the validity of thé
virtual photon formalism. Limitations of this formalism are discussed

in the next section.

1.7 Virtual Photon Formalism

The use of virtual photon spectra to explain the electron-nucleus

(57) and Williams(ss) in

interaction was first developed by Weizidcker

the 1930's. The plane wave Born approximation (P.W.B.A.) was used in

these early calculations. This approximation neglects disﬁortion of

the electron wave due to the Coulomb charge of the nucleus and assumes

that the electron does not penetrate the nucleus. Thus P.W.B.A. is

only valid for low Z nuclei (minimal distortion) and for electron

energies where the long-wavelength limit applies (finite nuclear size

not important). For a Aucleus with A = 240, Ee must be less than

about 30 MeV for the virtual photon formula to be valid to within 10Z.

The long wavelength approximation means that gqR << 1 and limiting

qR < 0.2 . leads to an accuracy for the virtual photon épéctrum to within

~10%Z. Thus for th; early electron induced reactions, using electrons

of energy ~ 30 MeV.which concentrated mainly on light nuclei, the P.W.B.A,

formalism was quite adequate to describe the electron nucleus interaction.,
Experiments were performed to investigate the multipole components

in the electrodisintegration cross section and were analysed using the

(59-64)

plane wave formalism in terms of electric dipole (El), electric
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quadrupole (E2) and magnetic'dipole (M1) virtual photon spectra. The
results obtained for light and medium weight nuclei were consistent with
~mostly E1 photon absorption, With up to a 127 E2 component. For heavy
nuclei an E2 component of 507 or more was indicated. These results were
somewhat surprising, as theory suggested that photon absorption was
primarily an El.process. They were thus assumed to arise from in-
accuracy of the plane wave virtual photon spectra at high Z wvalues.
Virtual photon spectra in the distorted wave Born approximation
(D.W.B.A.), which takes account of the distortion effects of the

(65). These

Coulomb field, were produced by Gargaro and Onley in 1971
calculations still assume that the Coulomb field is generated by a
point nucleus; thus there will be discrepancies at electron energies
where the long-wavelength approximation is not valid, i.e. abowe " 30
MeV for heavy ﬁuclei. Calculation of virtual photon spectra using the
D.W.B.A. formalism required long computer calculationms. Compufational
rounding errors were often introduced into the calculation of El spectra
as the sum of the partial waves converges very slowly. An analytic
expression for the El virtual photon spectrum was_developed(66) to’
relieve these problems and was used in the exciton model calculations
reported in Chapter 4. This formula agrees with D.W.B.A. calculations
to within 67 for Ee < 50 MeV and to within 107 in the giant resonance
region for Z ~ 28 at Ee>= 120 Mev(g).

Reliable El, E2, E3 and Ml virtual photon spectra can now be
rapidly calculated, using a method developed a few years égo(67)' It
was noted that only the first few partial waves are affected by the
Coulomb distortion. Thus for a given sum of partial waves the dif-
ference between the plane wave and distorted wave results quickly

becomes constant. An accurate distorted wave spectrum is obtained by

adding the result of this difference, once it has converged, to the
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analytic plane wave result.

ﬁxperimentally determined ratios of the cross sections for the
disintegration of nuclei, using both electrons énd positrons
(o—/o+) (at Ee = 27 MeV) have been compared to ratios calculated
using both P.W.B.A. and D.W.B.A. virtual photon spectra(6§). Coulomb
distortion effects are much more important for electroms than for
positrons as the electron passeé closer to the nucleus.. Ihis .results
in the increase of the ratio c-_./c+ with increasing Z which has been
experimentally observed. Good agreement between the experimental data
and D.W.B.A. calculations suggest that the theoretical treatment of
Coulomb distortions is fundameqtally correct.

As a second test of D.W.B.A. virtual photon theory the experi-
mentally measured o(e,n) cross section for 238U was compared to '
that obtained from the (y, n) cross section using an E1 D.W.B.A.

(68). The two cross sections were found to

virtual photon spectrum
agree to within 3%.? Both these tests refer only to the El virtual
phoﬁon spectrum and ﬁo tests have been made of the spectra for higher
multipoles. Large differences between plane wave and distorted wave
virtual photon spectra are observed, especially (as predicted) for
high Z nuclei. The difference between the two calculations is more
pronounced for the higher multipoles.

At high electron energies where the long-wavelength limit is not
satisfied, it is expected that the virtual photoh spectra will not be
correct unlgss some correction, which takes‘account of the finite size

(69)

of the nucleus, is applied. Shotter has used the generalized Helm

(70,71) in conjunction with plane wave virtual photon spectra to

model
estimate changes in the spectra due to the finite size of the nucleus.
For an El virtual photon spectrum the difference between the two cal-

culations for a finite and point nucleus is very small (< 10Z) even for
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uranium isotopes énd can be effectively ignored. The longitudinal
component of virtual photon spectra is much more strongly influenced
by finite nuclear size effects. This component is dominant in the-
case of E2 transitions and for A = 240, Ee = 100 MeV, EY = 10 MeV
effects due to the finite size of the nucleus cause a factor of five
reduction in the E2 virtual photon spectrum calculated assuming a
poént charge. Even for light nuclei, A ~n 10, finite nuclear size
effects cannot be neglected in the calculation of E2 virtual photon
spectra at electron energies above ~ 50 MeV.

Thus it seems that D.W.B.A. E1l virtual photon spectra can be
used with some confidence for electron energies up to 120 MeV. No
tests on the accuracy or applicability of E2 virtual photon spectra
have been carried out. At present the best available E2 virtual photon
spectrum calculation is .the D.W.B.A. calculation.of Soto Vargas et‘aI.(67)v
combined with correction factors due to the finite size of the nucleus
as calculated by Shotter(69). E2 virtual photon spectra calculated in
this way were used in this thesis, although their accuracy is not_ known.

At energies < 40 MeV photon absorption is doﬁinafed by absorption
on to the giant dipole resonance (G.D.R.). Sum rules, i.e. model inde-
pendent conservation laws which give the total integrated absorption
cross sections, for photon absorption to_ﬁhe lowest electric (E1,E2,
E3) giant resonaﬁces, together with their centroid energies, are
given in Table 1.1.

Aﬁove the giant resonance region photon absorption appears to be
dominated by absorption onto a correlated neutron proton pair, a
quasideuteron, which is a dipole process. Thus for most of this thesis
work only El virtual photon spectra, which can be easily and accurately

calculated, are required.



" 'TABLE 1.1

E A1/.3 odE
c E 2A-2
El isovector 80 60 NZ mb. MeV
T, . 1
3
A
. 22 ‘
E2 isoscalar 63 0.22 7 1b/MeV
3
A
E2 isovecter 130 0.22 X2 Lb/Mev
1/
A 3 '
_ ‘ 1/4
E3 isoscalar ~30 , : 0.31Z-A pb/MeV3
1

E3 isovector n110 0.312-A /" pb/Mev3
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1.8 Bremsstrahlung Spectrum

The real photon cross section was given in equation (1.1) as .

o (k) = Zo (k). In this thesis work a bremsstrahlung spectrum,
Yy WA wlY Y

produced by placing a radiator in the electron beam, was used as the
source of real photons. A bremsstrahlung spectrum consists of photons

of all energies up to the electron energy and is given by:

E -mc?
e o]

. - £ (E,,E)
g, (E) = I j o, (E) = dE
br' e W) ' wlY Y E- :
0 Y
k(Ee,E )
where E is the bremsstrahlung spectrum of real photons, which
Y

is the same for all multipolarities. The bremsstrahlung formula for

k(Ee,Ey) used in this thesis work was the extreme-relativistic Bethe-

(72)

Heitler formula with the Coulomb correction and intermediate screening .

(73)

The calculations of Deck et al. were used at the end point as the
Bethe-Heitler formula, being a Born—approximation formula, is not valid
in this region. The end point crosé section was joined to the Bethe-
Heitler cross section with a straight line tangential to this curve

.at the point of contact to produce a complete spectrum since a gap of

vl MeV is left between the two theories(74).

1.9 Quasi-deuteron Absorption

Total photon absorption cross sections have not been measured for
photon energies above ~ 30 MeV except for a few recent measurements on
heavy nuclei for photons of energy up to ~ 110 MeV(75’76). A theoretical

estimate of the absorption cross section is necessary before the cross
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section for the emission of complex particles due to high energy photons

can be calculated using a suitable model. 'Levinger(77)

proposed that
photon absorption took place on a correlated neutron proton pair
(quasideuteron) in the nucleus and calculated the pﬁoton absorption
cross section in terms of the deuteron photodisintegration cross section.
High energy nucleons emitted from a nucleus have momenta far
above the Fermi momentum. In a photonuclear reaction the incoming
photon has considerable energy Hw, but comparatively little momentum
hw/c, .thus the emitted particleé can gain little momentum from the
photon. Assuming that momentum transfer cannot occur aftér photon
absorption (the Born approximation), the nucleon musf have had a high
momentum in the ground state. This is possible if the'nucleon_is
acted on by strong forces due to the proximity of other nucleonms.
If two nucleons are much closer than the average 'internucleon distance,
it is likely that no other nucleons will be close to these two nucleons.
Thus ngclebns of high momentum are likely to be emitted from a nucleus
following photon absorption onto a two nucleon cluster. The dipole
term is dominant in the photodisintegration of nuclei at high photon
energies, thus the two nucleons must be a neutron, proton pair. Complex
.garticles can be emitted from the nucleus by a further interaction
process occurring after quasideuteron absorption of the initial real
or virtual photon.
Levinger showed that the quasideuteron wave function is proportional
to.the ground state deuteron wave function, for small values of the
neutron-proton separation. The maximum possible number of neutron-proton

pairs in a nucleus is NZ which leads to the value of the quasideuteron

photon absorption cross section given by

= NZ,y E . ]
chfﬁ(E ) L ( A) cD( Y) (1.3)
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where oD(EY) is the deuteron photodisintegration cross section and
L 1is the Levinger parameter, a factor which takes account of the
momentum distributions of the neutron and proton. This paraheter was
first given a value of 6.4 by Levinger in his original work and later
amended to a value of 8(5 ). .

The photon absorption cross section as given by equation (1.3)
will be dn overestimate at photon ene;gies below ~ 150 MeV. It was
assumed, in the derivation'of the quasideuteron cross section, that
high energy photons only interact with closely correlated nucleons
of separation r and low relative momenta k, i.e. kr << 1.
Also no allowance was made for the Pauli blocking of many neutron
and proton final states at low photon energies. The addition of a

'quenching factor' to the expression given in equation (1.3) to

account for these effects is discussed further in-Section 4.1. 5.

1.10 *‘Pre-equilibrium Exciton Model

Several reaction models have been developed to try to explain the
| (78,79)

high energy cross section observed in particle induced reactions
which is not predicted by statistical model calculatioms. The cal-

culations which have been most successful in predicting this high énergy
tail involve some form of intranuclear interaction following the initial

(80’81). Complex particles may be emitted from a nucleus

photon absorption
in a process where the particle is formed from nucleons which have been
excited in a cascade process within the nucleus. The pre-equilibrium
exciton model is based on such a reaction mechanism. Energy spectra and
excitation functions of complex particles emitted following particle

. . . K . (79,82)
excitation have been successfully explained using this. model .

The pre-equilibrium exciton model was first proposed by Griffin(83)
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in 1966 and has since been developed by a number of authbrs(sa).

A computer code has been developed to perform exciton model
calculations of energy spectra for complex particles emitted in
. . (80) . '
electron induced reactions . The experimentally measured energy
spectra have been compared to spectra calculated using this com—

puter code. The results of this comparison are discussed in Chapter

4, together with a more detailed review of the exciton model.

1.11 Experimental Data

Energy spectra, angular distributions and excitation functions
for the emission of complex particles from nu;lei 12 < A < 197 following
excitation by electrons and gamma rays at. energies between the giant
resonance regi;n agd the pion-threshola (40 < Ee,.EY < 130 MeV) have
been measured during_the course of this thesis study. This work extends

(6,7,8) 5 include measurements

that already reported for alpha.emission
for the eﬁission of deuterons, tritons and 3He particles. Energy spectra
have been measured at one particular angle (30o to the beam direction)
for the nuclei 12C, 27A£, Ni, 92’94Mo, Sn, T2 and Au to establish the
systematics of electron induced complex particle emission at E = 120
MeV. Angular distributions have beeﬁ obtained at the same electron
eﬁergy for the nuclei 12C, 27A2, Ni, Sn and Au, for up to five different
particle energies between 2.5 and 50 MeV. A comparison between the
angular distributions of particles emitted following excitation by

both real and virtual photons for electron and bremsstrahlung end point
energies of 60 and 120 MeV has been made for the nuclei 58Ni, 6ONi

and Au. Excitation functions at three different particle energies

have been measured for both electron and bremsstrahlung excitation,
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at energies 40 g Ee $ 130 MeV, using a gold target.

The experimental data has been analysed in terms of the statis-—
tical and pre-equilibrium exciton models in an attempt to more fullé»
understand thé mechanisms involved in photonuclear reactions. Data
obtained for both electron and photon excitation is compared in the

hope that more information on the multipolarity of the virtual photon

absorption process can be deduced. ’
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CHAPTER 2

" 'EXPERIMENTAL ' 'SYSTEM

2.1 Introduction

A diagram of the experimental arrangement is shown in Fig. 2.1.
Target nuclei in a range from 12C to 197Au were bombarded with electrons
and photons of energies between 40 and 140 MeV. The incident electrons
were produced in an electron linear accelerator and passed through an
energy compression system,‘to reduce the momentum spread, before being
‘bent through a total of 90° and energy analysed by energy defining slits.
The electron beam then passes into the heavily shielded experimental area.

The electrons are then incident either om a target positioned in-
side the scattering chamber or on a bremsstrahlung radiator situated 10
cm upstream from the target, in the case of phbtoﬁ'iuduced'reactions.

The complex particles emitted from the target (i.e. alphas, deuteroms,
tritons and 3He particles), are detected by an array of ten silicomn
surface barrier detéctors mounted in the focal plane of a magnetic
speétrometer at angles between 30° and 150° to the beam. The amount

of charge delivered to the target or bremsstrahlung radiator is monitored
using a toroid system. The signals from the detectors are then pulse

height analysed. The pulse height spectra were transferred to a P.D.P.10

computer so that further analysis could be carried out.

2.2 Accelerator and Energy Compression System

The electron linear accelerator is a pulsed r.f. travelling wave

(s-band) type. It is made up of three sections, each powered by a 25 MW

~

klystron. The first two sections comsist of four cylindricdl wave guides o§
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length 1.5m, and the final section of four wave guides, each 2m long.
A maximum beam energy of approximately 160 MeV can be obtained from the
accelerator, the first two sections imparting about 40 MeV to ﬁhe elec-
tron beam and the third approximately 80 MeV.

The accelerator is pulsed at 100 p.p.s. with a pulse length of

3.25 us giving a duty cycle of 3.25 x 10—4. The voltage pulses applied

% phase
across the klystrons are charged from*fSO Hz power. supplies which are
phase rectified but have some 300 Hz frequency ripple on the outputs,
despite being smoothed. There is also 300 Hz frequency ripﬁle from the
electron gun 50 Hz A.C. power supply. This ripple can lead to a modula-
tion of the beam energy if the phases of the firing pulses are not the
same. This results in a substantial loss of current in the energy
analysis system due to two distinct energies of electrons being produced.
The accelerator is‘adjusted such tﬁat the klystron and electron gun power
supplies are all locked in phase to preveﬁt this occurring.

Peak currents of approximately 80 ma are used, giving a mean current
on the target of betweén 12 and 15 pA at 120 MeV, with an energy analysis
of 0.57. Attenuétion of the r.f. power in some of the accelerator sectioms
means that electron energies down to 80 MeV can be obtained. Below this
energy it 1is necessary to 'back-phase' the second section, thus decelerating
the beam in this part of the accelerator. The deceleration ensures beam
stability throughout the accelerétor and thus beam energies between 20 and
140 MeV can be readily obtained at mean currents on the target of 7 pa or
more.

At the accelerator exit the beam passes through an energy compression
system (E.C.S.) which reduces the momentum spread of the electron beam
leaving the accelerator. The improved energy resolution thus provided by
the E.C.S. facilitates beam handling and allows higher currents to be

transmitted through the beam handling system, resulting in a lower backgroﬁnd.
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There is also an improvement in beam stability after energy analysis as
the compression system automatically corrects for small changes in beam
energy. The»operation of such a system is described fully by Kaiser(ss).
The E.C.S. consists of three dipole magnets, a schematic view of
which is shown in Fig. 2.2, plus a section of r.f.wave guide. The
sharply bunched electron beam emitted from the accelerator passes through
the magnet system which makes the low energy electrons take a longer
route, resulting in a 'sheared' bunch, shown as area II of Fig. 2.3.
The initial electron beam is represented in the longitudinal phase space
by area I, drawn there as a rectangle although the real accelerator
emittance closely approximates an ellipse. The beam has width b and
length Gpl, where b 1s the electron bunch length and 6p1 the
momentum spread.

- On 1eaving the magnet system there is a linear relationship between
the momentum of an electron and its position in the bunch. The debunched
.beam.of low momentum spread, afea III of Fig. 2.3;is produced by passing
the beam through a short section of accelerating wave guide. The r.f.
field is adjusted such that the higher energy electrons at the head of the
bunch are decelerated, whiie the 1owervehergy electrons at ehe tail of the
bunch are accelerated. The final compressed beam is slightly distorted
due to the inherent non-linearity of the r.f. sinusoidal field.

Thus the bunched beam of momentum spread Gpl, which entered the
compression system, emerges with the much lower momentum spread of 692,

i.e. the momentum has been compresed by a factor:

F = = which is typically about 10.

Small drifts in beam energy are automatically corrected by the E.C.S.
due .to the action of the r.f. field which holds the centroid of phase

area III fixed on the 2Z axis for small driftsof the centroid of area I
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away from the momentum axis.

2.3 Beam HandliQEHSystem

After the beam has been compressed by the E.C.S. it enters the beam
handling and energy analysis system shown in Fig. 2.4. Quadrupole mag-
nets M1l and M2 focus the.beam through two sets of adjustable slits, Cl
and €2 which form é rectangular collimating aperture - the object for
the energy analysis system. These slits are water cooled as the spread
of the incident electron beam is usually greater than the aperture.

The energy analysis system consists of a 45° bending magnet D1 and
the energy defining slit C3. The energy resolution is a funétioﬁ éf thé
width of the energy defining slit and the size of the collimating
aperture Cl, C2. An energy resolution of 0.5% waé:used throughout
these experiments. The second 45° bending magnet D2, a mirror imagg
of D1, has as its object the slit C3. The beam which has been turned
thrdugh a total of 90° is further focused by quadrupoles H3 and H4
to produce an approximately parallel beam;

The beam then travels a distance of approximately 2.5m between the
beam deflection room and the experimental area and is finally steered
and focused on to the target, using steering magnets S1, S2 and quadru-
poles H5, H6.

A nuclear magnetic resonance (N.M.R.) probe situated within the
first bending magnet D1 is used to measure the energy of the electron

‘beam by assuming that the electron momentum is 1inear1y-re1ated to the
measured magneﬁic field. The position of the N.M.R. is reproducible
to 0.5mm ~ the equivalent of 0.0037 constancy in the magnetic field as

measured by the N.M.R. Once the system is calibrated (see Appendix 1)
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the frequency of the r.f. oscillator at resonance measures the electron

energy.

2.4 Toroid Charge Monitor

The charge monitor system used in this work was a non intercepting
beam current integrator(86). This system uses the signal from a toroidal
transformer ﬁo‘drive a current integrator. The toroid is positioned just
upstream of the scattering chamber (Fig. 2.1). The core and windings
together with the preamplifier are mounted within a copper shield which
is located inside the vacuum system but electrically isolated from the -
beam tube. ‘A toroidal mu-metal core acts as a current transformer, its
primary being the electron beam. The signal from the secondary windings
is amplified by a 10& input impedance preamplifief; before being tran;-
ﬁitted to the control room where the linear gate and current integrator
are situated. The preamplifier is heavily shielded with lead to prevent
radiation damage.

A block diagram of the charge monitor system is given in Fig. 2.5.
The linear gate is opened only for the duration of a beam pulse to remove
tﬁe undershoot, which has an area -equal to that pf the main pulse, and
to help reduce the pickup. The output of the toroidal transformer is
A.C. coupled to the preamplifier input. Similarly the preamplifier
output is A.C. coupled to the linear gate. The A.C. coupling of the
preamplifier limits D.C. drift. The digital output of the current in-
tegrator is accumulated by a scalar which has an automatic stop facility.
Thus for each experimental run the same amount of charge is incident
on the target. |

The toroid system was calibrated against a Faraday cup and showed

no deviations from linearity, or instability for mean currents up to
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19 pA within 0.67%  (see Appendix 2). The beam pulse shape is not
rectangular and frequently varies quite considerably in shape, thus
linearity in the toroid system is very important. The efficiency of
the Faraday cup was 0.996 for electron energies above 70 MeV, de-
creaéing by 1Z at 40 MeV due -to multiple scattering between tﬁe toroid
and the Faraday cup(86). |

A single turn calib;ation loop is wound round the toroid, along
with the twenty turns of signal winding, and is fed by a precision
pulser. This 'calibration' circuit was used after every two or three
experimental runs to check that there had been no drift in the toroid
system. Balance adjustments to the D.C. voltages in the linear gate

and current integrator, monitored with a digital voltmeter, were made

at similar time intervals.

2.5 Scattering Chamber and Bremsstrahlung Radiators

The scattering chamber, which is an aluminium.cylinder 10" high
with a diameter‘qf 18" is shown in Fig. 2.6. The target ladder is
situated at the centre of the scattering‘chamber and the bremsstrahlung
radiator 10 cm downstream. The chamber has mountings for windows every
7&0 such that complex particles can be detected by the spectrometer in
15° intervals from 30 to 150 degrees. A glass window on the opposite
side of the chamber to the spectrometer is used to enable the t;rgets
to be directly viewed and also to be observed by a television camera
which displays an image on a screen in the control room.

The chamber was evacuated to approximately 10-5 torr. and vacuum

coupled to the magnetic spectrometer. An aluminium foil, of thickness

150 or 180 ug cmfz,‘was used as a vacuum isolator between the chamber and
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spectrometer as the pressure in the spectrometer, approximately 10—4

torr., was not as low as that in the scattering éhamber. The exit port-
of the scattering chamber is of 0.01" aluminium foil after which the
beam travels through air for approximately 2m to the beam dump entrance.
The beam dump consists of a pile of iron at the end of a 0.6m square

and 4m long tunnel.

The bremsstrahlung radiators were mounted on a rotator consisting
of four radiator holders positioned at 90° fo each other on a vertical
shaft. The shaft is rotated by means of an electric motor which lies
on top of the scattering chamber. Any of the four radiator positions
can be moved into the beam path as required.

The radiator position is changed by remote control, using a
Wheatstone bridge arrangement which is accurate to 1° or 0.02% in
radiator thickness. One variable resistor is mounted on the mofor
shaft so that the resistance varies as'a function of radiator angle ,
while the other resistor of the bridge system is in the control room.

"This resistor was adjusted until a balance was achieved at certain
switch positions corresponding to each of the radiator mountings being
in a position of 90° to the electron beam. ,

Two tantalum radiators of thicknesses 0.1694 + 0.0012 g/cm? and

0.0813 + 0.0009 g/cm? were used, leaving two blank positioﬁs to enable

electron induced reactions to be carried out and aiso to enable visual
checks of the beam spot size and position using a BeO scintillator as
target. |

The radiators were chosen to be as thick as possible, while keeping
the size of the beam spot on the target less than ~ 10 mm in diameter.
This ensures that all of the particles emitted will be detected by the

counters of width 40 mm. The enlargement of the beam spot due to multiple

scattering in the bremsstrahlung radiator was calculated using the
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approximate formula(87)‘
20 ~
Ops ~ a ’
where ems = mean square spread of the bremsstrahlung spectrum.’
E = electron energy (MeV)
t = thickness of radiator (radiation lengths)
X
and 0 N tan © - L2
ms ms 1
where x = increase in spot size in cm. and L= 19cem (s Farget to radialor
(32) distance -

It has been shown that the loss in detected particles due to

the finite size of the detectors is below 1% in all cases.

2.6 Targets

The target thicknesses were chosen so that the energy loss of alpha
particles was less than 5% for all fhe measured particle énergies. Thus
it was necessary to use several targets of differing thickness over the
whole particle energy range to ensure that some particles could be detected
at high energy whilst restricting the energy loss at low emergies.
Although the energies of the tritons and deuterons detected are % and-%,
respectively, of the corresponding alpha energy, the much lower energy
loss for these particles means that the above 57 criﬁerion is quite adequate.

Téble 2.1 gives the target thicknesses and purity for the range of
nuclei used in these experiments.

The target thicknesses were determined by measuring the area and
weighing except for thin 120 and thin27A2 targets where this method
would be inaccurate. The thicknesses of these targets were determined

. . 238
using an alpha energy loss technique. For these measurements a Pu



TABLE 2.1

29.7

Target Thickness mg/cm? Z Purity
12, 0.386 % 0.019 Unknown
Polythene 10.6 % 0.2 "
2750 0.197 * 0.010 99.6
NS 7.9 £ 0.2 99.5
2754 30,1 £ 0.9 99.0
SsNi 4.5 £ 0.1 Unknown
60y1 5.4 £ 0.2 "
NATy4 3.1 *o0.1 99.95
NATNL 5.7 0.1 99.95
NATyi 11.3  # 0.2 99.9
NATyGi 39.4 .+ 1.6 99.9
92Mo 42 + 2 99
9o 48 £1 99
NATg, 5.7 t 0.1 99.75
NATgy 15.6 £ 0.3 99.75
181, 15.5 £ 0.3 99.9
197,44 21.0 + 0.8 99.9
1974 £ 0.3 99.9
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alpha source was placed directly behind the required target in the

scattering chamber. The number of alphaé observed by three detectors
spectrometer dekrector

at the centre of theAladder were counted on scalars as the magnetic

field of the spectrometer was altered, one Rawson unit at a time, to

sweep across ﬁhe whole energy range of the detected alpha particles.

In this way alpha energy spectra are obtained for the two targets.

The 238Pu source consists of two alpha lines very close together
at energies 5.4565 and 5.4992 MeV.. Thus by fitting two gaussian
curves to the alpha line spectra the energy loss for the mean of the
alpha lines can be calculated for each target. From Zeigler's(ss)
alpha energy loss tables the target thicknesses can then be directly
obtained.

The cross section for the energy -spectra and angular distribu-
tions of 120, for alphé'energies greater than 30 MeV, was measured
using a polythene target due to difficulties in obtaining a thick carbon
foil. As the begm intensity is slowly increased on the polythene
target it gradually blackens as the oxygen and hydrogen atoms are
"burnt' off to leave almost pure 12C a; the target.

Despite using avdefocused beam spot of a quarter of the normal
beam current (i.e. N 0.25 pA) it was found that the polythene target
had melted and split after completion of angular distributions taken
at alpha energies of.30 and 50 MeV. The two sets of distributions had
similar, irregular shapes, suggesting that certain of the data points
Qere too low due to the melting of the targét. At each angle data
was obtained for both particle energies, the angle then changed and
data measured again at the two energies. Thus the low data points
will be at the same angle for both sets of angular distributions and

so only the one for 30 MeV alpha particle energy was repeated using a

different target for each angle.
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Each ;arget, after being irradiated, was placed in a holder sand-
wiched between two Ge (Li) detectors to ascertain the activity of the
478 keV gamma ray (half life 53.4 days) from 7Be. The target holder was
arranged in such a way that the position of each target was exactiy re-

producible, so that a. direct comparison could be easily made between
the total counts in the gamma ray peak for each target. Corrections for
time of counting and delay between irradiation and counting were taken

into account using the formula:

N = -mlN 3T,
(e - e )
where N = Number of couﬁts measured
N = Activity /1
: Tl = Time of starting counting after end gf_irradiation
T, = Time of ending counting after end of irradiation

A= D:’smkeﬂmh'#ri“ganshn\— oS'-?-Ee

Thus by ﬁormalising the activities to the results of two targets
which remaiﬁed intact and gave the same counts, within statigtical in-
accuracy, factors can be obtained which, on multiplying with the spectra
from the surface barrier detectors, give the cross sections for the
angular distributions at Ea = 30 MeV, The cross sections for the 50
MeV alpha énergy angular distributions were obtained by multiplying each
data point by the ratio of the 'mew', corrected cross section to the
original value at each corresponding angle for the 30 MeV angular dis-
tribution.

Tin has a low_melting point (232°C) and thus for the thick target
(15.6 mg/cm?) it was necessary to use half the normal beam current
(v 0.5 pA) to prevent the target from melting. This was not necessary

with the thin target as the heat produced in the target is dissipated
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quickly for a thin foil and so there is less likelihood of melting.

The targets'are mounted vertically in five positions on a target
ladder which is at the centre of the scattering chamber. The lowest
target position has a BeO scintillator permanently fixed in place
whi;h is used for viewing the beam spot. Various groupings of the
targets listed in Table 2.1 are used as required for particular experi-
ments. The target holders used are made of thin aluminium 3" long by
14" high, with either a 1 cm diameter hole for the target at the centre,
for electron induced reactions or a 24" by 1" rectangular hole for the
bremsstrahlung induced reactions. A larger target is required due to
the increase in spot size because of multiple scattering of electrons
in the radiator.

The target ladder is operated remotely, being.raised and lowered
by a pneumatic piston bringing each target into position in the beam
line, with an accuracyvof 0.1 mm in the vertical direction. Using a
telescope mounted on the spectrometer the targets are accurately aligned
as they are put on to the target ladder. This is necessary in the case
of the BeO scintillator which is used when setting up the electron beam.
. A change in the position of the beam spot on the targetvmeans a change
in the position of the focused particles in the focal plane of the
spectrométer, i.e. an enefgy shift. The accuracy of positioning ~O0.lmm
is equivalent to a change in energy of 0.01%Z, which is a negligible shift.

The angular position of the targets is set so that the normal to
the target ladder is at 45° to the beam direction when particles are
detected at backward angles in the spectrometer, and at 135° to the beam
direction for particles emitted at forward angles. These angles are
chosen to minimize the energy losses of complex particles produced in
the targets, whilst ensuring that the beam does not hit the target

ladder. A correction is applied during the cross section calculation
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to account for the loss in energy of complex particles in the target

itself (see Section 3.2).

2.7 Magnetic Spectrometer

The magnetic spectrometer is an n = }, 80 cm radius, 'magic angle'
spectrometer based on a design of Penner(sg). Fig. 2.7 shows the
spectrometer and the position of the counter ladder. The spectrometer
is motor driven on a carriage running on two canentric circular tracks,
with the scattering chamber at the centre. The evacuated scattering
chamber is vacuum coupled to the spectrometer which is pumped to a
vacuum of approximétely 10_4 torr. At this pressure energy losses and
scattering are minimal even for the lowest energy'particles detected,
deuterons of emergy about 2.5 MeV.

Complex particles of the same magnetic rigidity -will be detected
together in thé focal ﬁlane of the spectrometer. For constant magnetic
rigidity (momentum/charge) the energy oflthe detected particles is pro-
portional to Z2/A where Z = charge of the complex particle and A 1is
the ﬁuclear mass. Thus for each alpha particle energy (Z2/A = 1),
tritons of emergy Eu/3’ deuterons of energy Ea/z and 3He particles
of energy: Ea'.%:will also be detected. The maximum magnetic rigidity
of a particle thch can be»fbéused by the spectrometer is approximately
-375 MeV/c, which corresponds to an alpha particle energy of’67'MeV.

The current for the spectrometer magnet Qin&ings is provi&ed by a 170V,
700 A power supply stable to 3 parts in 105. Both the power supply and
windings are water cooled.

An array of ten silicon surface barrier detectors is mounted in

the focal plane of the spectrometer. The detector ladder spans a range

of 67 in momentum, each detector having a momentum bite of 0.45% with
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0.67 spacing between counters. Due to the large momentum span there

is soﬁe loss of quality of the imagés produced for the detectors at
either end of the ladder. Relative counter efficiencies (see Appendix 4)
are used to eliminate this effect.

The effective solid angle subtended by the spectrometer at the target
is 9;94 millisteradians. A brass collimator, placed at the effective
pole edge of the spectrometer magnet, defines the solid angle aé 10.00 ms.
This is reduced due to the presence of the probe of a Rawson-Lush
rotating coil gaussmeter, near the outer edges of the pole pieces. The

gaussmeter has a stability of approximately 1 part in 105.

2.8 Detectors

fen n-type silicon surface barrier detectors are mounted on a
detector ladder positioned in the focal plane of the mégnetic spectro-
meter. The counters, which are héused in a casing of dimensioné
22mm x 55mm x 12mm, have a sensitive area of (nominal specifications)
15mm by 40 mm. The resistivity varies with each counter within a
range 4000-6000 ohm.cm. Operating at voltages between 8band 180V
gives depletion depths from 100 um to 500 um, breakdown occurring above
200V. The highest energy of alpha pargicles which can be fully
stopped by the detectors is about 33 MeV. For particle energies above
this maximum the energy deposited in the detectors will be less than
the incident energy. Despite this the different complex particles,
aparf from 3He particles which cannot be detected above 40 MeV, éan :
still be easily differentiated right up to the enmergy limit of the
spectrometer, since discrete peaks are still observed for each particle.

Protons and alpha particles of the same energy will be focused to
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the same place on the focal plane by the spectrometer and thus be
detected togéther. Protons, however, require. a much greater thickness
of detector to be fully stopped than alpha particlés of the same
energy. Thus by adjusting fhe depletion depth of the detéctors such
that alpha particles will be stopped but protons will only deposit a
small amount of energy in the detectors, the alpha and proton peaks
can be easily separated in the pulse height spectfum. The depletion

depth is related to the applied voltage as

d ~ 0.5(pv)}
where d = depletion depth in pm
P = resistivity of silicon in Q-cm
V = bias applied to detector in volts.

Thus at each particle energy the bias applied .to the individual
detectoré must be set according to.the resistivity of each detector
such that.the proton peak is positioned near, or.below, the threshold
of the pulse height spectrum so that distinct peaks are obtained for
the other, complex, particles detected. The lowest bias settings at
‘which the above condition is met are generally used to limit background
caused by neutron induced reactions in the sensitive area of the de-
tectors.

The resolution of the detectors is 40 keV or better, with a leakage
current of less than 2 uA.

Several of the older counters have narrow strips of film attached
to tﬁe sides of the detectors to act as qollimators due to slight
variations in uniformity at the counter edges. A low energy tail is
observed in the spectrum ob;aiﬁéd using an alpha paftiélé test
source, as a result of these variations. The use of collimators

results in a lower relative efficiency of the specific detectors,
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for which a correction is made.

The counters are mounted with their centres 2 cm apart along the
ladder, symmetrically about the central orbit and numbered O to 9
inclusive. The lowest—energy pérticles are detected in counter O for
a given magnetic field. The ratio of counter bite to counter spacing
is 0.75 for the non-collimated detectoré which have a sensitive width
of v 1.5 cm and 0.6 for the collimated detectors of sensitive width
~ 1.2 cm. The value of 0.75 is used throughout the data analysis,

a correction for the lower ratio for the collimated detectors being
introduced by the relative efficiency values. From the alphé calibra-
tion (Appendix 3) the relative momenta at the centre of each detector
~are 0.6% in momentum for counter spacing and 0.457 for the momentum
bite, for any ome spectrometer field setting.

- Each counter has a particular relative efficiency; a countef
if placed at position 4} on the ladder, having by definition a relative
efficiency of one, the other detectors having varying values - as low
as 0.7 at-the ends of the detector ladder. The relative efficiency is
dependent on the efficiency of the individual counter, variations in
dispersion across the focal plane and changes in the solid angle
(see Appendix 4).

| In order to reduce the background at the counters it is necessary
to have considerable shielding around the detectors and around the
sources of ba;kground radiation. Thé’shielding around -the counters
conéists of 10 to 15 cm of lead and 30 cm of borated paraffin wax. An
additional 8 cm of lead and 20 cm of paraffin is placed on top of the
scattering chamber which lies directly below the counter ladder.
Paraffin wax is placed around the beam pipe as it enters the experi-
mental area, and at the entrance to the beam dump. Also pulses are

only accepted from the counters for the duration of the beam burst
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which further reduces background. This, in combination with the
shielding, ensures that the background is reduced to almost negligible

proportions over the whole range of particle energies detected.

2.9 Electronics

A block diagram of the electronics for one counter in the detector
ladder is shown in Fig. 2.8. There are ten identical chaﬁnels as ten
counters are used.

The pulse from the counter passes‘first to a pre-amplifier positioned
within the shielding, as close as possible to the detector. This signal
is then transmitted to the control room where it is amplified and split,
one portion feeding a discriminator, the other a gated digitizer. The
discriminator cuts out small background pulses while the digitizer pro-
duces a train of output pulses, the number of pulses in the train being
proportional to the height of the input pulse. This number, when
recorded by a scalar, gives the pulse height spectrum.

The digitizer is gated by the output of the discriminator after it
has been fed through the dead time generator. This is a device which
reproduces at the output its input pulse (which must be short), only if
there has not been a similar pulse present in the last 50 psec. As the
duration of the beam burst is only 3 usec this ensures that only one
counter pulse above the discriminator threshold is digitized every beam
pulse. The delay preceding the input of the digitizer compensates for
the delay of the other signal portion in passiqg ﬁhrough the second
amplifier, discriminator and dead time generator.

The outputs of the discriminator (total counts) and dead time

generator (accepted counts) were read by scalars. The ratio of these
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two numbers gives the dead time correction which must be applied to the
~data. For most of the experimental runs reported in this work the dead
time corrections were kept below 37Z. Thus $here are thirty numbers -
three for each detector - which characterise the response of the counter
ladder. These numbers are stored in a Lecroy type 150 scaling system.
Scalers 1 - 10 contain the pulse height information, 11 - 20 the accepted
counts and 21 - 30 the total counts.

The scalars are interfaced to a D.E.C. P.D.P.8 computef, using a
system composed of commercial CAMAC modules and a custom built LECROY/
CAMAC interface. The computer controls the CAMAC controller as a
peripheral devicé. After each beam burst an interrupt signal, the
accelerator trigger pulse delayed by 50 usecs, is sent through the
interrupt-mixer to the computer and the scalars are inhibited so that
no further counts can be accumulated. -“The numbér contained in each
scalar is in turn presented to the Lecroy data bus and read by the
computer. The scalars are then reset to zero to await the next beam
burst.

The computer stores and displays a 200 channel spectrum, plus the
total and accepted counts, for each of the ten detectors. On re-
ceiving an interrupt from the LECROY/CAMAC interface, thé compﬁter
reads the scalars and then returns to the display mode. The contents
of the scalars are deposited in the accumulator and the memory updated
each time the séalars are read.

The spectrum of each counter can be displayed on the oscilloscope
screen as it accumulates. A typical pulse height spectrum showing
aipha particles, tritons, deuterons and 34e's is shown in Fig. 3.2.

Three canberra type 1492 scalars are used to record the charge
delivered to the target, as measured by the toroid, the number of

beam pulses and the time for each experimental run. The inhibit
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line of one of the scalars is linked to the inhibit line of the LECROY
system so that starting this scalar enables the whole data collection
system. Using the automatic stop facility of the scalars, the data
cgllection is stopped after a specified amount of chﬁrge has ﬁassed.

At the end of each experimental run the ten spectra are transferred
from the computer memory to storage on DEC-tape and difectly onto disk
of a D.E.C. P.D.P. 10 computer so that the pulse height spectra can be

analysed.
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CHAPTER 3

ANALYSIS AND PRESENTATION OF THE EXPERIMENTAL DATA

3.1 Determination of Complex Particle Peak Areas

The first part of the data analysis procedure is to determine the
number of complex particles incidént on the detectors, i.e. the raw
data. This is achieved by obtaining the areas of the peaks in the
pulse height spectra for each complex particle. bne counter spectrum,
from the set of ten spectra recorded for each experimental rum, is
displaygd on a visual display unit (V.D.U.) using the interactive
graphics of the D.E.C. P.D.P. 10 computer. Cursors are set, by eye,
at either side of a peak ﬁo obtain the peak area.

The peaks, in most of the experimental rums, 'sit on a backgrouﬁd
which must be subtracted from the peak area to give the true counts.

A second order Legendre polynomial is fitted simultaneously to a back-
ground region on either side of the peak. Theéé background regions are
set by eye using the cursors.

The fitted background curve is then drawn on the V.D.U. screen
and the x2 of the fit is also displayed. If this value is close to
1 and the fitted curve appears to give a. good fit to the background,
the next peak in the spectrum is integrated in this manner. However,
if this is not the case the background regions can be altered until
a good fit is achieved. |

Each counter has a 200 channel spectrum, ﬁhe data being gcaled
to map channels 0-200 onto the real axis between -1 and +1 such that
the Legendre polynomials, which are orthogonal over the interval

{=1, +1] are approximately orthogonal over the background fitted
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region. It was found that it was necessary only to go to a second order

polynomial to get a good background fit, i.e. the function fitted was:

aoPo + alP1 + a2P2 .

‘The background is thus interpolated under the peak (see Fig. 3.1)
and then is subtracted from the peak area to give the actual number of
counts in the peak. For each spectrum a maximum of four different peaks
. can be integrated in this manner. Thus, if all the complex particlés,
i.e. alphas, tritons, deuterons and 3He's are present, forty peak areas
are measured for each experimental run.

The procedure of setting the‘peak limits and background regions by
eye is necessarily a subjective operation. However testé have been
carried out which show that the change in peak aréa, for a peak being
integrated by several different people, lies'Withfniheassociated error
on the peak area. Most of the integrations were car;ied‘out personally
so this is only a minor problem.

The procedure outlined above gives the raw data for electron induced
reactions. For reactions induced by bremsstrahlung the radiator was
placed in the electron beam path before the target so that real photons
as well as electrons were incident on the target. The number of electrons
reaching the target is the same as for runs without the bremsstrahlung
radiator, assuming small scattering effects; Thus, to obtain the number
of complex particles detected which are produced By the bremsstrahlung
spectrum, it is necessary to subtract the 'radiator out' data from that
for the radiator positioned in the beam path. The subtraction is per-
formed by taking the difference of corresponding counter spectra,
normalized to the same charge delivered to the target or bremsstxzahlung

1

radiator, for 'radiator in' and 'radiator out' runs and then evaluating
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the peak areas as described previously. This means that only one back-
ground fitting is necessary, most of the background in fact cancels out,
and the same channel numbérs are usedlfor defining the peak limits. Thus
as long as there are no gain shifts between expe;imental runs this method
is far better than evaluating both sets of peak areas and then subtracting.
The pulse height spectra collected for low particle enmergies contain,

in general, four sharp, easily distinguishable peaks. These peaks corres-

E E
pond to deuterons of energy 53 » tritons of energy §ﬁ , 3He particles

of energy E;e%- and alpha particles (see Fig. 3.2). All the detected

particles have the same magnetic rigidity. As the energy of the particles
detected increases the deuterons cannot deposit all their energy in the
detectors, causing the deﬁteron peak to move closer to the triton peak

in the puise height spectra. The positiqns of the deuteron and triton
peaks become reversed for alpha energies above BO'MeV - as shown in

Fig. 3.3; Alpha particles and 3He particles are not fully stopped in

the detectors above energies of approximately 28 MeV. This results in
the broadeningvof the peaks. Above 40 MeV so little of fhe 3He energy

is deposited in the detectors that the peak becomes very flat and is

lost in the background.

The actual number of counts in each peak is multiplied by a factor
to correct for the dead time. The error associated with each peak area
is derived from combining the statistical uncertainty with a factor
which takes account of the goodness of fit of the background cur&e._-

The output from the integration programme consists of a péak area
and error for the ten counters, for each complex particle. These numbers
are then sorted, using a computer programme, into files containing the
run number, target name, name of particle, electron emergy, spectrometer

angle and Rawson setting plus the corresponding peak areas and errors



COUNTS

COUNTS

700

d

600 A

500 -

400 -

300 A

t

200 A

100 -
' I

Q. [J P ; T

Q Y0 108 150 220
CHANNEL NUMBER ‘
Fig. 3.2 Pulse height spectrum at Ed\< 30 MeV. All particles
fully stopped in the detector.
420
d
%
200 A -
200 A
T
190 S
-3
/‘/‘J \M JH@ '
Q P DOy = T
%) 50 100 150 200

= CHANNEL NUMBER

Fig. 3.3 Pulse height spectrum at E

and 3He particles not full

Yy stopped.

a > 30 MeV, Alphas, deuterons



_40_

%
for each of the ten counters . These files are the inputs for NSIGZ -

the computer programme which calculates the double differential cross

d2g

JE-d0 for the emitted particles.

section,

3.2 Calculation of Double Differential Cross Sections

The areas of the alpha particle, triton, deuteron and 3He peaks
from each pulse height spectrum were obtained as described in Section 3.1.
From this data the double differential cross sections (differential in
energy and solid angle), for the emission of the various complex particles,
i.e. —232— (ub/MeV.sr) were calculated.

dE-dQ

" The cross section is related to the peak area (C), for a particular

counter J (where J wvaries from O — 9 (see Section 2.8)) by the equation:

d2g ‘ol
TEdn % Cy/eEytan;

where CJ = peak area for counter J
AQJ = solid angle for counter J
AEJ = energy bite of counter J.

'The alpha calibration (App. 3) gives the momenta at each counter for a

particular spectrometer field setting as:

P = F@pR) . 3.1)

*
The spectrometer field is measured using a Rawson-Lush gaussmeter which is

.calibrated to give the energy of a particular particle focused onto the de-
tector ladder for a fixed spectrometer field, i.e. fixed Rawson setting. It
is convenient to use the Rawson settings rather than particle energies at
this stage. The particle energies are calculated in the cross section pro-
gramme where corrections for energy losses in the target and vacuum isolater

are applied.
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Thus it is necessary to evaluate the energy bite (AEJ)
momentum bite ApJ.

Using relativistic formulae:

ep?
BE' = B - ap
where E' =  total energy of particle
p = momentum of particle
m = rest mass of particle
E' = E+mc?
)
where
E = kinetic energy of particle
.'. AE = AE'
and p 2
AE = B;I.-C__.:_A—p:.]—
J E+ moc2

The momentum bite A_pJ can be written

. dp;
Apy; = 33 A
where AJ = width of counter in counter number space.

an. (3.1) with respect to J gives

in terms of the

Differentiating

dpJ o dFJ _
aJ = 3@ Pp®
dF _
i is obtained from the a-calibration and p(R) is the momentum on

the central orbit for a particular Rawson setting (R).

Thus, substituting for P and ApJ gives

RRF | ¥

. 02,
17 c AJ

AE

E +m c2
o
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o -—!
Using p2c? = E 2 - mozc“
i.e. p2c2 = (E + m c2)2 - m 2cH
o 0
p2c? = E? + 2E m0c2
where E = kinetic energy at central orbit.
. E2 + ZE'moc2 dFJ
AEJ = F(J) - 7 AJ in terms of
E + m.oc2

the particle energy. Rearranging gives:

E
1+ 2m cz) dFJ
A = 3l - —= .
EJ 2E F(J) i3 AJ
E
1+ m Cz
[o]
(1 + ——jijz) .
2 2m ¢ dF . - -1
- A O T °© lF@ 2.7 aa.)
* * dE-dQ J E J J
1+ IllocZ

The magnification of the spectrometer varies across the focal plane
causing changes in AQ away from the central orbit. Near the edges of
ﬁhe pole pieces the field deviates from the theoretical shape also causing
changes in AQ. The dispersion across the focalvplane is not constant
causing changes in %%(J) across the counter ladder.. These effects are
grouped vogether into a factor dependent on counter number and particle
energy = the relative efficiency (n(ﬁ)) which has a defined value of 1
for the central orbit, i.e. J = 4.5. Thus:

s *’21?5?2) CFQ= 4GP s T Yess

d2g _ =
was - Cs(E

E
Q+ ==
)

- 3\ !
A3 - 0 ()
where:
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dF '
F(J = 4.5, (=) R t and AJ have definite values
43’ s’ J=4.5
(see App. 3 and Section 2.7).
The number of electrons incident on the target of thickness t (mg/cm—z)

for one experimental run is Ne' Thus the final expression for the cross

section 1is

E
i q2 i+ 2m c2)
g _ — [e] dF -
i CJ(ZE E -G 83 + n;(E)
(1 + E ) J=4.5
m c?
o
N -t .N -1
e A . ;
.=t ) (3.2)
CA-sin(457) :
where:
NA = Avagadro's number
A = Atomic mass of target
DJ = Dilation factor.

The target is set at an angle of 45° to the beam direction so the actual

. . _ ’ ot
. thickness of target 'seen' by the electron beam is ———-——3- .
sin(457)

The emitted particles lose energy in the target itself and in the
aluminium vacuum isolator. The particle energies .in the above equation
are emergy loss corrected and a dilation factor DJ corrects for the
change in energy bite between the target and the detectors (see Ref. (8)).

‘Two reasonable assumptions are made in calculating the energyAloss
of the complex particles:

i) All the particles are produced at the centre of the target.

ii) The energy loss can be expressed as

dE _ B
= = AE ,(3 3)



target thickness

where X

E particle energy.

A and B are parameters which are obﬁained by fitting the above ex-

pression to the energy loss values as tabulated by Williamson(go) for

(88) for alpha particles.

deuterons, tritons and 3He,Aand by Ziegler
The energy of the particle at the centre of the target, EP, is

obtained by integrating equation (3.3), i.e.

E, t/,
. E—B
j = ' 9E = Idx
E o
P
E
) g Bl |7t ot
| (1-B) -A E 2
p
Y1-8
- _ _ o t (1-B)
glylng Ep = Al B)§~ Et
where Et = energy of particle outside target. Et is obtained in

terms of the particle energy measured at the detectors (Em), usihg the
above procedure to calculate the energy loss through the aluminium
window. Thus Ep can be calculated from‘the measured energy Em.

The error on the calculated cross section values is a combination
of the errors on the individual measured values. The two factors which
contributevmost to the final error are the error in the target thickness

measurement and the statistical error on the number of counts.
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3.3 Corrections Necessary Due to Au Targets Acting as Bremsstrahlung

Radiators.

1 . . .
The ”?7Au targets used i1n these experiments were of thickness

21.00 mg cm-2 and 29.68 mg cm%z. Thus the targets themselves act as
bremsstrahlung radiators and it is necessary to subtract from the cal-
culated differential cross sections the number of particles emitted due
to the bremsstrahlung produced in the targets. In the case of the excita-
tion functions and angular distributions this is a straightforward pro-
cedure since measurements have been made for both electrom and bremsstrah-
lung induced reactions. |

At each excitation energy or angle a factor, £, is subtracted from
both the electron induced cross sections and the bremsstrahlung yields
where f 1is given by

(8,E)

f - & I ® :

(8,E)
Target Ta. radiator

g
brem.

g- is bremsstrahlung spectrum (see Section (1.8).

From Fig. 3.4 it can be seen that dﬂ) /(E) can be
. E E .
target Ta. radiator

given by a single number, 0.131 for the thicker Au target, 0.0927 for
the other, for all gamma energies. This approximation is correct to
<< 17 except at the end point.

The energy spectra for gold'have only been measured for electron
induced reactions. However for each complex particle except 3He, a three
point bremsstrahlung induced energy spectrum can be obtained from the
excitatiop functions. Thus corrections to the energy spectra are cal-
culated for these three particle energies and the corrections at other
particle energies obtained by extrapolation from these values. The

corrections necessary to the 3He data are estimated from those calculated



120

D 4‘—:::'~..
~f~< .".
. [
> ¢l
Qv .o )
> o - Q
3 | -
™ b o
M, .l >
Ly N . Q
b _@Z
L} : ) —a
v 0
1 .
t : >
P Nt D
i .
b S Z
;o Ll
. ‘
t .
[ : Z
t : Ez
1 .
(i EXe
t : 1 <
¢ L
P al
N
! N
¢
¢ Q
! :‘ N
.
t b
; ;o
- : s
' J -
- l . L
I 1 1
- N ™ « Q
t 1 L i
Q Q R Q
b < h <
Fig. 3.4 Bremsstrahlung spectra for an electron energy of 120 MeV.
The solid line is the bremsstrahlung radiation produced by a

169 mg/cm? Ta radiator, the dashed line shows that produced
97Au target and the dotted line the '

in the 29.68 mg/cm?
radiation produced by the 21.00 mg/ cm?

97Au target.



_46...

for the other complex particles. The thickness of the Au targets

. . . t .
acting as a bremsstrahlung radiator is assumed to be —————— 1i,e,

2sin 45°
half the thickness of the target 'seen' by the electron beam.

3.4  Experimental Data

The measured data can be divided into three distinct groups,
i.e. 1) energy spectra, ii) angular distributions and
iii) excita;ion functions, where the cross section for the emission
of complex particles from nuclei is measured as the particle enefgy,
angle or electron or bremsstrahlung end point energy, respectively,
are varied. The data taken during the course of this thesis are sum-—
marised in Tables 3.1, 3.2 and 3.3. Energy spectra are presented in
Figures 3.5 - 3.13, angular distributions in Figures 3.14 - 3.39 and

excitation functions in Figures 3.40 = 3.44.

3.4.1 Energy spectra

The deuteron data has been divided by 10 and the 34e data by 100
in order more easily to distinguish the spectral shapes of the energy
spectra for 12C (Fig. 3.5). Similarly, the triton data has been

divided by 10 to separate it from the 3I-Ie data for the energy spectra

of complex particles emitted from 27A£ (Fig. 3.6). Only the low energy

(up to 15 MeV) part of the alpha energy spectrum was measured for 27A2,

the rest of the spectrum, also marked on Fig. 3.6 having been previously

7

measured by Flowers

Due to the low coulomb barrier of 120 not all of the low energy

peaks can be observed, due to experimental limitatioms. The coulomb



TABLE 3.1

Target Particle Particle Energy Electron Energy Angle to Beam Electron oY Fig. No.
E. (MeV) (MeV) o bremsstrahlung
X e) .
induced
120 3.0 < Ea < 56.0 120 30 Electron 3.5
12C 2.7 < E, < 33.6 120 30 Electron 3.5
120 t 2.6 < Ep < 23.8 120 30 Electron 3.5
12, Jhe 3.7 < Eyy < 14.3 120 30 Electron 3.5
27AZ 3.3.< E, < 14.9 120 30 Electron 3.6
2750 2.7 < Ej < 22.6 120 30 Electron 3.6
275y, t 306 < By < 21.2 120 30 Electron 3.6
27z, JHe 4.2 < E3He< 47.9 120 30 Electron 3.6
AT d 7.8 < Ej < 24.5 120 30 Electron 3.7
NATNi t 5.3 < E, < 21.3 120 30 Electron 3.7
: NATNi 3He 20.5 < E < 46.5 120 30 Electron 3.7
¥0 d 12.1 < E < 24.6 120 30 Electron 3.8
92Mo t 8.9 < E. < 21.2 120 30 Electron 3.8
7m0 JHe 34.3 <E < 48.8 120 30 Electron 3.8
94Mo d 12,7 < ED < 24.6 120 30 Electron 3.9
94Mo t 9.0 < ET < 21.2 120 30 " Electron 3.9
Y0 e 34,9 <E < 49.0 120 30 Electron 3.9



TABLE 3.1 (Contd.)

Target Particle Particle Energy Electron Energy Angle to Beam Electron oY ' Fig. No.
EX MeV) (MeV) (eo) brgmsstrahlung
induced
NATSn o 5.6 < Ea < 50.3 - 120 30 Electron 3.10 .
NATgn d 5.0 < By < 33.5 120 30 Electron 3.10
NATg, t 7.1 < ET.< 22.7 120 30 Electron 3.10
NATSn 3He 11.8 < E < 52.0 . 120 30 Electron 3.10
181, o 17.0 < E_ < 63.7 120 30 Electron 3.11
1815, d 11.5 < Ey < 33.5 120 30 Electron 3.11
181, ¢ 8.0 < E < 22.6 120 30 Electron 3.11
181,, 3be 22,1 < E < 46.5 120 30 Electron 3.11
181, a 17.3 < E_ < 56.7 - 120 150 Electron 3.12
181,, d 7.4 < By < 33.3 120 150 Electron 3.12
181, ¢ 8.3 < Ey < 22.7 120 150 Electron 3.12
197 40 d 7.7 < Ey < 27.1 120 - 30 Electron 3.13
744 £ 8.1 < E < 20.7 120 . 30 Electron 3.13
197 3 <E < 40.9 120 30 - Electron 3.13

Au He 19.8




TABLE 3.2 Angular distributions

Target Particle . Particle Electron ) Electron/ Fig.
Nucleus Energy Energy Photon
(MeV) (MeV) Induced

120 a 5.6 120 30 < 8 < 150° Electfon 3.14
12¢ a 8.0 120 " "L 314
12¢ o 15.0 120 " " 3.14
12¢ a 31.9 120 " " 3.14
12¢ a 50.7 120 " " 3.14
12¢ d 2.7 120 " " 3.15
12¢ d 4.0 120 " " 3.15
12¢ d 7.5 120 L " 3.15
12 d 15.5 120 " " 3.15
120 d 24.0 120 " " 3.15
12¢ t 2.5 120 " " 3.16
124 t 5.0 120 " " 3.16
12, t 10.7 120 " " 3.16°
12¢ t 16.5 120 " k 3.16
12¢ 3He 7.2 120 " " 3.17
12¢ e 10.7 120 " | " 3.17
120 3He 20.0 120 " " 3.17
12¢ 3He 41.6 120 " " 3.17
27pg o 4.9 120 " " 3.18
275 a 7.9 120 " " 3.18
2754 o 14.9 120 " " 3.18
27pg o 32.7 120 " " 3.18
275y o 51.8 120 "o " 5.18
27pq d - 2.7 120 " " 3.19
275y, d 3.8 120 " " 3.19
275 d 7.6 120 " " 3.19
27pg d 16.1 120 " " 3.19
27 py- d 23.0 120 " " 3.19
27pg t 5.0 120 " " 3.20
27pg . 10.5 120 " " 3.20
27 59 t 17.8 120 " " 3.20
278 e 7.2 120 " - " 3.21
LN 3He 10.2 120 " " 3.21
275y, 3He 20.0 120 " " 3.21

41.0 120 " " 3.21

N

~J
>
o

(9%}
s3]
1]



TABLE 3.2 (Contd.)

Target Particie Particle Electron é Electron/ Fig.
Nucleus Energy Energy Photon
(MeV) (MeV) ... . Induced
MATy: d 15.3 120 30 < 8 < 150° Electron 3.22
NATy4 d 24.5 120 " " 3.22
NATy: t 10.5 120 " " 3,23
NATy t 17.3 120 " " 3.23
NATy; 3He 41.5 120 " " 3.24
NAT $n 3He 20.0 120 " " 3.24
MTsn o 15.0 120 " " 3.25
MTsn a 31.0 120 " ’ " 3.25
NATg, a 50.3 120 " " 3.25
¥ATgn d 7.5 120 " " 3.26
NATq, d 15.1 120 " " 3.26
NATg, d 24.5 120 " oo 3.26
NATg, t 10.5 120 "o " 3.27
NATg, t 16.8 120 " " 3.27
197 pu d 24.3 120 " " 3.28
197 a4 £ 17.0 120 " "o 3,28
38y3 a 30.3 120 30 < 8 < 150  Electron 3.29
891 M 30.3 120 30 < 8 < 135 Photon  3.29
58Ni o 30.3 60 30 < 8 < 150 Electron 3.29
38ys o 30.3 60 " Photon  3.29
81 d 15.1 . 120 " Electron  3.30
8y1 d 15.1 120 30 < 8 < 135 Photon  3.30
38yi d 15.1 60 30 < 6 < 150  Electron  3.30
58Ni d 15.1 60 " Photon 3.30
381 t 10.2 120 L Electron 3.31
>8yi t 10.2 120 30 < 6 < 135 °  Photon  3.31
58Ni - t 10.2 60 30 < 8 < 150 Electron 3.31
SSNi t 10.2 60 o Photon 3.31
>8yi 3He 40.2 120 " Electron  3.32
381 e 40.2 120 30 < 8 < 135  Photon  3.32
6041 o 30.4 120 30 < 8 < 150  Electron 3.33
60y; a 30.4 120 " Photon  3.33
60Ni a 30.4 60 " Electron 3.33
60Ni a 30.4 60 " Photon 3.33



TABLE 3.2 (Contd.)

Target Particle Particle Electron - 8 Electron/ Fig.
Nucleus Energy Energy Photon
MeV) (MeV) ' Induced

60yi d 15.1 120 30 < 8 < 150 Electron 3.34
60Ni d 15.1 120 " " Photon  3.34
60y; d 15.1 60 " Electron  3.34
60y d 15.1 "60 " Photon  3.34
60y3 t 10.3 120 " Electron  3.35
60y; t 10.3 120 " Photon  3.35
60Ni t 10.3 60 " Electron 3.35
60yi t 10.3 60 " Photon  3.35
60y, 3He 40.3 120 " Electron  3.36
iggi SHe 40.3 120 . " " Photon  3.36
197AU o 31.3 120 " Electron  3.37
197Au a 31.3 120 " Photon  3.37

CAu o 31.3 60 "o Electron 3.37
197,54 a 31.3 60 " Photon  3.37
197 pu d 15.4 120 " Electron  3.38
19704 d 15.4 120 " Photon  3.38
19704 d 15.4 60 o Electron  3.38
197 54 d 15.4 60 " Photon  3.38
19704 . 10.4 120 " Electron  3.39
1974 t 10.4 120 " Photon  3.39
197 pu € 10.4 60 " Electron  3.39
197 pu t 10.4 60 " Photon  3.39



TABLE 3.3 Excitation Functions

Target . Particle Particle Electron 0 Electron Fig.
Nucleus , Energy Energy _ or Photon
MeV) MeV) . Induced

197 pu a 26.3 40 <E_ <130 30° Electron 3.40
197 04 o 26.3 " ' Photon .  3.40
197 54 a 36.1 50 <E_ <130 "  Electron 3.40
197Au a 36.1 " _ " Photon 3.40
197 p4 & 46.0 60 <E_ <130 " Electron  3.40
197Au a 46.0 " " Pﬁoton 3.40
197 4 d 12.8 40 <E_ <130 "  Electron  3.41
197y d 12.8 - " " 3.41
197 pu d 17.8 60 <E_ <130 " " 3.41
197 pu d 17.8 4 <E_ <130 "  Photon 3.42
197 pu d 22.7 " " " 3.42
197Au d 22.7 60 < Ee < 130 " o 3.42
197 pu £ 8.8 40 <E_ <130 "  Electron  3.43
197 pu t 8.8 " S " 3.43
197 pu ¢ 12.1 60 <E_ <130 " " 3.43
197 pu ¢ 12.1 L0 <E_ <13 " Photon 3.44
197 pu t 15.4 " " " 3.44
1970 . 15.4 60 <E_< 130 " " 3.44
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Triton data has been divided by 10.
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barrier heights were calculated, using the formula

1.45 2122 (91) ‘
EC(MeV) = T 1 and positions of the giant dipole
/3 /3
B T AT
"1z (92) ,
resonance (G.D.R.) at 77A MeV are given in Table 3.4. At values

below A = 40 the G.D.R. position is not given accurately by the above
formula.

The experimental measurements are probably not accurate enough to
pick out any possible structure due to the emission of pafticles from
the lgw lying states of 12C.

The alpha particle data for NATNi, 92M0§ 94Mo and-»197Au have

(7

been previously measured by Flowers and are nét included in the
respectivé energy spectra diagrams. The high alpha cross section
observed for SATSn (Fig. 3.10) below 8 MeV alpha particle energy is‘
most probably due to oxygen contamination of the target and is thus
not considered further.

Due to the very low cross section it was not possible to obtain

measurements for the emission of 3He particles from 181Ta at 150°

(Fig. 3.12).

3.4.2 Angular distributions

Angular distribution measurements were made at alpha particle

energies of 5, 8, 15, 30 and 50 MeV for 120 and 27A£, at 15, 30 and

.50 MeV for NATSn, at 30 and 50 MeV for NATNi and at 50 MeV for 197Au.
It was not possible to obtain data for the emission of 1.7 MeV tritons

(Ea = 5 MeV) or 66.7 MeV 3He particles (Ea = 50 MeV) due to the very

small cross sections. Similarly data could not be obtained for the



TABLE 3.4

(122)
Nucleus Coulomb Barrier (MeV) Q value (MeV) _ Peak Energy (MeV) G.D.R. Energy
3 ) 3 e (MeV)
o t d He o t - d He o t d
12¢ 3.74 1.94 2.04  3.88  -7.4  =27.4  -25.2  -—26.3 3 - - -
2740 5.6 - 2.9 3.1 5.7  -10.1  -18.2  -17.1 -23.7 5 - 3 -
NAT... : . ' '
Ni  10.0 5.15  5.33  10.3. -6.3  -20.1  -17.8 -19.2 - 8 - - 19.7
)
190
NAT,
S 15.1 7.7 7.9 15.4 ~4.4  -16.8  -14.3  -16.3 15 . 10 11 17 15.6
18ls  19.7 101 10.3 20.1 1.4 -11.1  -11.3 -13.3 21 13 13 - 13.6
197

Au 20.9 10.7 10.9 21.3 0.9 -11.4 -11.5 -13.6 - 13 13 27 013.2
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3

emission of 2.7 MeV tritons (Ea = 8 MeV) from 27A2 and of 40 MeV “He

particles (Ea = 30 MeV) from both NATNi and NATSn. Angular distribution-

measurements for the emission of alpha particles from NATNi and 197Au

@)

Measurements of angular distributions

for complex particles emitted from 58Ni, 60Ni and 197Au following both

have been repoited previously

electro and photo excitation have also been made.

3.4.3 Excitation functions

Excitation functions have been measured for the emission of complex

197Au following both electron and photon excitation.

particles from
Data were obtained at electron and bremsstrahlung end point énergies
between 40 and 130 MeV at alpha particle energies‘of 25, 35 and 45 MeV.
Measurements were taken in 10 MeV steps. A 181Ta bremsstrahlung
radiator of'thickness 0.0813 g.cm_—2 was used at electron energies of

40 and 50 MeV and the data normalized to the thicker 181Ta radiator

(0.169 g.cmﬁz) used at higher electron energies. No data was obtained

. . 3 . .
for the emission of “He particles due to the very low cross section.
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CHAPTER 4

DISCUSSION OF EXPERIMENTAL RESULTS

4.1 Energy Spectra

4.1.1 Introduction

The éxperimentally observed energy spectra reported in Section
3.4.1 all show a basic similarity in shape - i.e. a low energy peak
plus an exponential decrease in cross section with increasing. particle
energy. The cross sections for thé emission of tritons, deuterons and
3He particles are of approximately the same magnitude in the case of
120 but for the other nuclei studied the cross sections generélly in-
crease in magnitude as 3He <t <d<a for low particle energies.

The alpﬁa particle spectrum falls off more rapidly with increasing
particle energy as compared to the other complex particles. The rela-
tive deuteron to alpha particle cross section for 27A2 is typical.
Although the deuteron cross section is a factor of ten lower than the
alpha cross section in the peak, the deuteron cross section exceeds
that for alpha emission above about 20 MeV. |

The high energy part of the measured energy spectra does not appear
to be a continuation of the tail of the low energy peak. This is most
marked in the spectrum of alpha particles emitted from 120. There
appears to be a change in slope of the energy spectrum at an alpha
energy of approximately 7 MeV with the cross section remaining highgr
than an extrapolation of the low energy peak would predict. This can
be interpreted as a two component reaction mechanism, a statistical com-
ponent which givgs rise to the low energy peak and some form of direct
component which accounts for the high energy cross section.

The statistical compound nucleus model has been used successfully

to give good agreement with low energy data for many particle induced
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and photonuclear reactions - see the review articles of Bérman, Thomas
and Bodansky, references (93), Q4) and (95) respectively and references’
(20) and (22). Statistical model calculations'aceurately predict energy
séectra, angular distributions and excitation functions, particularly
for emitted particles of low energy,-on.the basis that these particles
are 'evaporated' from the target nuclei. Good agreement between statis-—
tical model célculations and the low energy alpha peak following
electro—-excitation of 60Ni has also been observed(6).

The angular distribution of complex particles emitted in a statis-
tical reaction is predicted to be symmetric about 90°. However, if the
particles are emitted in some. form of &ifect or pre—equilibrium reaction,
a forward peaked angular distiibution.is predicted. The angular distri-
butions‘for the emission of complex particles from Sn and Au, presented
in Section 3.4.2, are all forward peaked, even when measured at the
peaks of the particle energy spectra. This suggests that the low energy
peaks are not statistical in nature, as expected for Au dﬁe to the high
coulomb barrier. In the case of Sn, however, the coulomb barrier for
alpha particles is at approximately the energy of the G.D.R. (see
Table 3.4).

A comparison between the two sets of energy spectra measured for
181Ta at 36? and 150° to the beam direction show that the two sets of
spectra are ﬁot identical as would be expected if the complex particle
emission was due wholly to a statistical mechanism. Only at the lowest
measured particle energies are the cross sections at the two angles
comparable. The cross section measured at 150° becomes increésingly
lower than that measured at 30° as the particle energy increases, con-
sistent with an angular distribution which becomes increasingly forward

peaked as the particle energy increases. This indicates that a pre-

equilibrium reaction mechanism is necessary to explain all but the lowest
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energy data.

A statistical model calculatioﬁ was carried out to estimate the
alpha particle energy spectrum for Sn due to a compound nucleus reaction.
This nucleus was chosen as being the he;viest nucleus for which energy
spectra were measuredehere'the coulomb barriers for particle emission
were not tookhigh to almost entirely inhibit the evaporation of par-

(82)<have observed that in the

ticles from the nucleus.‘.Wu and Chang
case of proton induced reactions nearly all of the energy spectra for
tritons and deuterons emitted from Sn can be explained by pre—equilibrium
calculations, although for alpha emission the low energy peak cannot be
predicted. Thus a statistical model calculation was performed for the
emission of alphé particles from Sn although the coulomb barrier is
higher for alpha emission than for the emission of tritons and deuteroms.
Statistical model calculations were perférme& to estimate the
‘differential energy spectra for the emission of alphas and tritons from
A%2. These calculations should indicate whether.the.low energy peaks in
~ the energy spectra of complex particles emitted from light nuclei can
be explained by the evaporation of complex particles from a compound
nucleus. The experimental data for Ni and both Mo isotopes did not
extend to low enmergies so a statistical model calculation was not carried
out for a medium weight nucleus.

(7,20) that for heavy nuclei (Au and In res-

There is evidence
pectively), statistical model calculations greatly underestimate the
peak cross section for alpha particles emitted following bremsstrahlung
and electron excitation. In heavy nuclei the coulomb barrier height
exceeds the energy of alphaAparticles emitted following giant resonance

excitation (see Table 3.4) - effectively inhibiting statistical

emission of alphas. Statistical model calculations cannot predict the
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high energy tail observed in the energy spectra reported here, or the
high energy cross section observed in (p»X) (where X = p, d, t; 3He, a)
reactions for a range of nuclei(78). Several reaction models have been
developed in an attempt to explain the high energy continuum of emitted
particles observed in particle and photon induced reactions.

Two main types of model have been developed to explain the emission
of high energy paréicles forAphotén or electron induced reactions. A one

(17)

step direct knock out process has been suggested by Carver who ;howéd
that ratios of (y, ai to (v, p) yields for heavy nuclei-were comparable
to those calculated on the basis of direct particle knockout. The other
type of model assumes some form of intranuclear interaction following
photon absorption on to a quasideuteron. Calculations, including intra-

nuclear interactions(so’sl)

, give good agreement with experimental
measurements of high energy photonucleon spectra while calculations
omitting such interactions éverestimate the data.

The intranuclear interaction may involve:
i) A Quasi-free scattering (Q.F.S.) process.
i1) -One step pick up of a cluster of nucleons by a nucleon.

iii) Formation of a complex particle after the constituent nucleons

have been excited in a cascade (Quasi equilibrium process).

(81 have developed Monte-Carlo

Bertini(96) and Gabriel, Alsmiller
cascade calculations for nucleon and photon induced reactions based on
the quasi-free scattering model, whiéh have been successfully'applied
for nucleon emission. The equilibration proceeds via a series of two
body collisioné in the nucleus. Complex particle emission is only
considered in the evaporative stage of the calculations of Gabriel and
Alsmiller and Barashemkov et al.(97) and these are the only two cascade

calculations at present applicable to photon induced reactioms. Thus,

such calculations cannot explain the high energy particle spectra
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presented in Section 3.4.1 of this thesis.

An alternative quasi-free scattering mo&el in which particle decay
rates are calculated by considering the phase space available, and is
thus not geometry dependent, has been successfully applied to (p, a)

reagtions(gs’gg)

by Scobel, Blann and Mignerey. This model has not as
yet been applied t§ photonuclear reactions.

Pick up reaction amplitudes leading to low lying final states in
(p, a) reactions have been shown to dominate knock-out components(loo)
and this may be important in the emission of high energy complex par-
ticles following a nucleon cascade. Experimentally observed (p, X)

spectra, (where X = a, d, t, 3He), have been predicted by combining

calculated pick-up spectra with exciton model results(lol). However
normalisation factofs are required in these calculations and the in-
clusion of a pick—up component contradicts the calculations of .
Scobel(gs), who assumes.that cascade nucleons interact with a pre-

' formed complex particle. Alpha particle energy spectra obtained by
Scobel using this assumption agree feasonably well with experimental
data. There are therefore doubts as to the validity of the pick-up
model which is also at present inapplicable in the case of photon
and electron induced reactioms.

In a pre—equilibrium reaction particles are emitted during equili-
bration of the nucleus, while a quasi-equilibrium condition assumes
particle emission from a particle-hole étﬁte which 1is itself at
equilibrium. The pre—equilibrium exciton model uses a quasi4
equilibrium condition in its formalism. The pre-equilibrium exciton

(83)

model first proposed by Griffin and since developed by a number of

(84)

authors has been used successfully to explain energy spectra and

excitation.functions of complex particles emitted following excitation

(80,82,102)

by protons, neutrons and alpha particles and references therein.
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Wu and Chang‘so) have had some success in prédicting neutron cross
sections for bremsstrahlung induced reactions and have.deve;pped an
exciton model code PREQEC, which will calculate energy spectra dif-
ferential in energy for electron and bremsstrahlung induced complex
particle emission. Using this code good agreement between experi-
mental alpha particle energy spectra for electro excitation of Au and
Ni and exciton model calculated results hag been obtaiued(7).

Exciton model calculations use an equispacing approximation to
the Fermi gas model to calculate the level densities in the nuclei.
This approximation is obviously invalid for such a light nucleus as
120, thus exciton model calculations were not attempted for 12C.
Exciton model calculations of particle energy spectra were performed
for AL, NATNi, . 92Mo, 94Mo, NATSh, Ta and Au fpr the emission of
alphas, deuterons, tritons and.3He particles.

Comparisons between the results of statistical and exciton model

calculations and experimental data are made in the following sections.

4.1.2 Statistical model

The statistical compound nucleus model, as applied to photonuclear
reactions, assumes the formation of an excited nucleus, due to the
absorption of either a real or virtual photon, which then de-excites
by evaporation of one or more particles. It is assumed, for electron
induced reactions, that El virtual photon absorption is the dominant
process. This assumption is valid to approximately 107 for photon

. (6,32) . .
energies up to about 120 MeV . The (y, X) cross section is usually

given in terms of the total reaction cross section. It can, however,

be given in terms of the total photonmeutron cross section, which has
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been experimentally measured for many nuclei. This is the form used

in the statistical model calculations carried out for this thesis work,

i.e.
' (103)
Gy,n(Ey)rX(Ey’EX)dEX
4oy, x ) (4.1)
frn(Ey’En)dEn
where FX = complex particle channel exit width
Fn =  npeutron channel exit width.

The total photonmeutron absorption cross :section is approximated by the
measured single photomeutron cross section [o(y,n) + o(y,pn)]. The
values used for the photoneutron cross sections in the statistical
model calculations performed are shown in Fig. 4.1. 1In the energy
. region used in these calculations -(EY ~ 10 - 30 MeV)-the (y, pn)
cross section 1is very small, thus the approximatién is valid. The
photoneutronvcrOSS sections are known for most cases only up to a
photon energy of_about 30 MeV. Thus a limit of 30 MeV is imposed on
the calculation of the particle emission cross sectionms. |

The (e,X) cross section is then calculated from the (y, X) cross

section using the expression:

30
~do_ L(E ,E)) = J El -1
e, X "e’X doy,X(Ey’EX)N' (Ee’EY)E? dEY
—Q .

n

assuming only El virtual photon absorption.

Qn = photoneutron Q value

NEl = electric-dipole virtual photon intensity spectrum calculated

using analytic expression of Nascimento(66) (see Section 1.7).

The neutron and complex particle channel widths were calculated

(104) (105)

using a modified form of the computer coder HAUSER The
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transmission coefficients which give these exit channel widths were
calculated, using the relevant optical potentials for the various
decay channels. The optical model parameters used in these calculations

were taken from the tabulation by Perey(lo6)

and are given in Table 4,1
where
V,R,A are real optical potential, radius and diffuseness.
W,RW,AW - Imaginary volume potential, radius, diffuseness.
WD,RD,AD - Imaginary surface potential, radius, diffuseness
VSO,RS0,ASO = spin orbit potential, radius, diffusnesé.
RC - Coulomb radius parameter.

The transmission coefficients must be summed over all possible decay
channels. However, the individual levels of the residual nucleus are
only known fully up to a certain, low excitation energy (typically 3 MeV).
Above this energy the level density formulae of Gilbert aﬁd Cameron(lq7)
are used to estimate the energy levels. Gilbert and Cameron use an
enpirical forﬁula, which gives a good fit to the experimental data,
up to an éxcitation energy of approximately 10 MeV. For high excita-
tion energies, a level density formula derived from the Fermi Gas
model of the nucleus is used. These two formulas are represented as
curves and fitted tangentially to give values for the level density
over the complete range of excitation energy. The parameters used to
calculate these level densities are taken from Gilbert and Cameren and
given in Table 4.2.

The cross section formula (equation (4.1)) applies for target
nuclei of spin zero. Thus, in calculating the (e, o) cross section
for NAISn'(A = 118.69) the optical model parameters, level density
parameters and Q value for a 1188n target nucleus, a spin zero

nucleus, are used. The inherent uncertainty in the whole evaporation

calculation (* 50%) is so large that the approximation of using the



TABLE 4.1

Optical Model Parameters

v R A .w Ruw Aw wD RD - AD VSO RSO ASO RC
27 pg(e40) 54,94 1.656 0.589 10.36 1.656 0.589 O 0 0 0 o 0+ 1.2
pee,t)  126.0 1.4 0.64 34.6 1.4 0.64 d 0 0 0 0 0 1.25
Par(e,n)  49.9 122 0.65 0 0 0 7.14 1.24 0.48 8.0 1.22  0.65 1.2
Sn( e,a) 46.2  1.523 0.574 11.8  1.523 0.574 0 0 0 0 0 0 1.3

Sn(e,n) 46.0 1.35 0.4 4.6 1.35 0.4 0 0 0 0 0 0 1.2
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23Na

24

117Sn

114Cd

AL

Pairing energy
corrections

P(Z) + P(N)

4.26
5.13
5.13
2.51

2.68

TABLE 4.2

Level Density
Parameter a

3.65
3.68
1 3.82
16.7

17.43

Excitation Energy

Ey

6.8
11.9
"13.0
4;3

7.5
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1185n isotope in the calculations is valid. The ground state of 27A£

+ .
is of spin % , thus there are three possible spins of the compound

3517
2 2? 2°

. 27 . .
Calculations for the AR (e, o) evaporation spectrum are carried out

nucleus state following El virtual photon absorption, namely

for thé-% and %-cémpound nucleus states. A comparison of the two cél-
culated spectra with the experimental data, is shown in Fig. 4.2, The
two calculated spectra are within * 507 and it is assumed that the cal-
culated (e, a) spectrum, when all three compound nucleus states are
taken into account, would lie somewhere between the two spectra. It

was thus only felt necessary.to perform the evaporation calculation

of the AL(e,t) spectrum‘for one of the compound nucleus states (namely

3 .

% spin state).

To énsure that the e§aporation calculation only considgred particles
resulting from excitation of the giant dipoleiresonanCe region, a cut
off of ~ 30 MeV photon energy was imposed on the virtual photon absorp-
tion. Above this energy the cross section for photon absorption
resulting in compound nucleus. formation is uncertain - the dominant
mechanism for photon absorption being the quasideuteron process..at
higher photon energies (& 40 to 150 MeV).

Isospin selection rules state that excitation of the G.D.R. results
in é change of isospin of AT =1 for N =2 nuclei and AT = 0 x1
for N # Z nuclei. On the basis of isospin allowed transitions both the
T and T> giant resonance states may neutron decay but only the T<

<

states may alpha decay where T, =T, and T, = T_+ 1 for N # Z.

Thus only the. T_ neutron channel should be considered in the application

of equation 4.1. ‘However there is evidence of almost complete isospin
' , X . . (108
mixing of the T, and T  states in medium and heavy nuclel( ).

Statistical model calculations performed, assuming complete isospin

. 8
mixing, agree well with experimental (e, a) energy spectra( ) and
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thus total isospin mixing is assumed in these calculations and the total

(y, n) cross section is used.

4.,1.3 Comparison of the results of statistical model calculations

with experimental data.

Fig. 4.2 shows the experimental energy spectra for alphas and tritoms

emitted from 27

A% together with statistical model calculation results.
The statistical model calculations give angle integrated cross sections'
which are divided by 47, assuming an isotropic angular distribution, to
enable compagiéon with double differential cross sectionms, as in this
case, where data has been taken at 30°. The position of the calculated
aipha peak 1is about 1 MeV BelowAthe measured result, while its magnitude
is a factor of 3 times greater tham the experimenéal data. The fit to
the alpha peak is reasonable éonsidering the large uncertainties in the
calculation. Above Ea = 10 MeV, the discrepancy between the measured
and calculated results becomes increasingly marked as the alpha energy
increases. Some.other reaction mechanism clearly dominates at high
alpha energies. Attempts have been made to predict this high energy
component using the pre-equilibrium exciton model. This is discussed
further in Section 4.1.4.

Measurements of the cross section for t:itons emitted from 27A£
with energies < 3 MeV could not be obtained due to experimental limitations.
Thus the péSition of the peak of the triton energy spectrum eould not be
ascertained. The coulomb barrier for the emission of tritons from 27A2
is at an energy of n 3MeV. The peak of the tritom spectrum is thus ex-—
pected to be positioned at about this energy, and from a consideration

of the data, it appears likely that the magnitude of the peak will not

exceed 10_2 ub/MeV.sr.
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Thus it seems that the statistical model calculation result gives
good agreement with both the position and magnitude of the peak, within
the uncertainty of the calculation. Above Et = 7 MeV there is a large
discrepancy, increasing with triton energy, between the calculated re-
sults and the data. Pre-equilibrium exciton model calculations have
been carried out in an attempt to explain this high ehergy tail (see
Section 4.1.4).

A comparison of the statistical model calculation for the emission
of alpha particles from NATSn with the experimental data is shown in
Fig. 4.3. It can be seen that neither the peak position nor the magni-
tude are explained by the statistical model results.

The predicted peak position (& 11 MeV) is in good agreemént with

(20)

the calculations of Menneghetti and Vitale who predicted peak positions
of 11 MeV and 12 MeV for Ag and In, A = 107.9 and 114.8, respectiveiy.
The energy of alphas emitted following giant resonance excitation is
approximately the same as the coulomb barrier height for Sn. Thus the
statistical component will be much reduced as in Fig. 4.3.

Some other reaction mechanism is therefore required to explain both

the peak and high energy tail. The results of pre-equilibrium exciton

model calculations for Sn are discussed in the following sections.

4.1.4 Pre—equilibrium exciton model

‘The pre-equilibrium exciton model first developed by Griffin(83)

(84)

and extended by many authors assumes that equilibrium between target
and projectile is achieved by a succession of two body interactioms. A
composite nucleus is formed in an initial particle hole state which then

proceeds to a series of more complex states via energy conserving two

body interactions until statistical equilibrium is attained. Particles
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may be emitted from each intefmediaﬁe state dqring the equilibration
process. - The exciton model calculation used in this work is that of
Wu and Chang and a detailed description of the model is given in references
(80) and (82). |

The generai expression for the pre-compound decay probability per

unit time of a particle .B of channel energy e, from a given par-

ticle (p) hole (h) state is given by(sz)
rB(pahsE9 €)
wg(psh,E,e)de = ——e——— de.
w(p~pg,h,U)

———— c
- oo RePvpe (P 0,E-U)AE| Ag(e)

2S_+1 w(p—pB,h,U) w(pB,O,E-U)

=B 1,0, (e)de

Ra(P)vg
(4.2)
C . .. . .
AAB(e) is the emission rate of particle B at energy € 1nto

the continuum. S

B’ Hp’ OB and &g are the spin, the reduced mass, the

inverse cross section and single particle state density for the emitted
particle B, U and E are the excitation energies of the residual and
composite nuclei and w the particle-hole state densities. RB(p) gives
the probability that any random Py nucleons from p excited particles,
have the right neutron proton combination to form the emitted particle B,
Y is the formation probability of particle B, 1i.e..the probability
that a particle formed from the.excited nucleons has the right.momentum
to be emitted as a particle B.

The transition widths for creating a particle-hole pair (Ap = Ah = +1),
annihilating a particle-hole pair (Ap = Ah = -1), and for remaining in a

given (p,h) state are given respectively by:
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L enE) = e fu® (Tﬂ%ﬁ)’ (8E = Gy ha1)”
r_(p,h,E) = m-|M|2 gph(p+h-2)
T (p,h,E) = M|2 g(gE - Cp,h)‘ -.p(p-1;+ﬁp§+§.(h—1)
where Cp,h is a correction due to the Pauli exclusion principle aﬁd is
given by:
Co,h = 4(p? + 1?)

and |[M|2 1is the square of the average two body transition matrix.

The term ABC(e) in equation (4.2) is given by(ao)

C _ C
Ag () = og(e)vgPp (e)/ g,V
2¢e 4
where vg = (;—0 is the velocity of particle B
and PBC(e) -o= ¢ v )(ZSB+1)(2uB)3/2 81/2
4283

is the density of states of the particle B in the continuum. V 1is
the laboratory volume.

The dominant process for the interaction of photons with a nucleus
in the energy range between the giant resonances and the pion threshold
(v 40 - 150 MeV) (see Section 1.9)-is thought to be the absorption of a
photon by a neutron-proton pair (or quasideuteron). The quasideuteron

a7

mechanism first proposed by Levinger is thus used as the initial
interaction in exciton model calculations of photo and electro induced

reactions for emergies Ee, Ey < 150 MeV. For electron and bremsstrahlung

end point energies below ~ 30 MeV, the dominant mechanism for photon



_62_

interaction is absorption to the giant resonance region. The total
photoabsorption cross section for E'e,EY < 35 MeV is approximated by
the experimental photoneutron cross sections obtained with momoenergetic
photons as in the statistical model calculations (Section 4.1.2). The
input parameters to the exciton model calculation are the Lorentz para-
meters Em’ o and Pm obtained by fitting the experimental cross

section to a Lorentz curve, i.e.

‘ -2
o(E) = oo EYZ/(EXZf,I'm (EYZ - Em?)2)

where Em = resonance energy
o, = peak cross section
Pm =  full width at half maximum.

It is not possible to accurately fit a Lorénti shape resonance line
to the Az‘data, thus the experimental data is used as a direct input.

In the statistical model calculations, this is also the case, Lorentz
.parameters being used for the photoabsorption cross section for Sn
while for A% the experimental data itself is used.

Two slight alterations to the coﬁputer code PREQEC were made. One
was the amending of the quasideuteron cross section used, as described
in the next section, the other the substitution of a distorted wave El
virtual photon spectrum calculated using the analytic formula of

(66) in place of the El plane wave formula used by Wu and

(69)

Nascimento

(82)

Chang . Finite nuclear size effects on the virtual photon
spectrum were ignored. The expec;ed change in spectrum shape and
absolute magnitude is negligible (< 10%) for an El virtual photon
specfrum (see Section 1.7).

The inverse reaction cross sections are calculated from empirical

formulas(log). No essential differences have been found for the inverse
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reaction cross sectiomns calculated using the empirical formulas of Wu

(80)

or from optical model calculations , thus the empirical formulas
are used to give all the inverse cross sections required. An initial
exciton number of n_ = 4 1is used, corresponding to the formation of
a two-particle, two-hole state after absorption of a photon onto a
quasideuteron. The choice of the initial exciton number o, is very
important in determining-the shape of the pre—equilibrium spectrum(llo),
the division of the excitons into particles and holes being much less
important. As the initial exciton number is increased the relative
number of high energy particles decreases rapidly. High'energy par-
ticles tend to be emitted early in the equilibration process, coming
‘mainly from states of low exciton number, thus a reasonably low initial
exciton number is necessary to predict the data discussed here, which
show a pronounced high energy tail. Use of a lower initial exciton
number Qould result in a flatter spectrum shape which would not improve
theAfits obtained to the data in this case. In the giant resonance
region the initial exciton number is n, = 2 due to interaction of the
incident photon with the dipqie moment of the target nucleus. However
to simplify the calculations an initial 2-particle, 2-hole state was
used over the whole electron energy range. No significant changes in
the calculated energy spectra are seen(so) if a 1p - 1h 1initial state
is assumed over the giant resonance regiomn.

The square of thé average two—body tfansition matrix element [M]|2,
used to calculate exciton state decay rates, is approximated using the

(111) i

empirical formula of Cline .e.

M2 = kA E?

where A and E are the mass number and excitation energy respectively,

of the system. The value of 'K used for electron induced reactions was
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(80)

100 in all cases. Various values of k were used for exciton model
calculations of photon induced neutron emission. A value of k = 100
was chosen as giving good agreement to the data over a large range of
A values. Due to uncertainties in the value of k, and in the for-
mation factors, absolute cross section values cannot be accurately
calcuiated for electron induced reactionms.

The particle binding energies are either taken from the tabula-

(112)

tions of Mattauch, Thiele and Wapstra or calculated using a semi-

empirical mass formula of Wing and Fong(113). The particle-hole state

density is given by

p+h-1
E - A

il

w(p,h,E)

(114)
pihl(p+h-1)!

where Ap h = 1(p2 + h2 + p - 3h) 1is a correction term which takes into
b
account first order effects of the Pauli exclusion principle. g 1is the

single particle state density in the equi-spacing model and is given by

6a

g = =7 where a 1is the level density parameter and is taken to be
% where A 1is the mass number of the composite nucleus.
Small changes in the single particle state density, g, will not
~affect the calculated pre-equilibrium spectra(llo). Thus this approxi-

mation for a is quite adequate for all the exciton model calculations

considered here.
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4.1.5 Quasideuteron cross section

The process of absorption of real and virtual photons onto a proton
. . . : . a7y .
neutron pair, or quasideuteron, first proposed by Levinger , 1S now
thought to be the dominant mechanism for photon absorption above the
giant resonance (Section 1.9). Levinger showed that the cross section
for the absorption of a photon onto a quasideutron within a nucleus

(OQ-D)’ is proportional to the cross section for the photodisintegra=-

tion of a free deuteron (oD), i.e.

%9-D = aop
NZ ,
= L 2 % (4.3)
where o = proportionality constant.
L = Levinger parameter.
NZ = No. of proton-neutron pairs in the nucleus.

Values of 6.4 and 10.3 have been obtained for L by Levinger

(115)

and Garvey et al. respectively. Several authors, including

(80)

Levinger(77) and Wu and Chang , have suggested that some quenching

of the quasideuteron croés section should be introduced as the photon
energy decreases. Thus the reduction of the quasideuteron cross section
at low energies has been taken into account by multiplying equation (4.3)
by an appropriate quenching factor. Levinger originally proposed a

value of e—3O/EY (77)

e—60/EY (116)

which he has recently amended to a value of
to take account of blocking of some of the final states
of protons or neutrons directly emitted by the quasideuteron, due to
the Pauli exclusion principle. In the computer code PREQEC Wu and

Chang use a quenching factor of (1 - which assumes a

low energy cut off of 40 MeV for the quasideuteron process. This is
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a somewhat arbitrary cut off value(117) s

o a calculation based on
Fermi energy level considerations was carried out to determine a

quenching value.

4.1.5.1 Fermi gas model considerations

At low photon energies not all of the protons and neutrons in the
nucleus can be excited to sufficient energy levels to produce a quasi-

deuteron. In the case of either a proton or a neutron the energy

E
available for excitation is El (see diagram 4.4). The number of
energy levels in the nucleus up to the Fermi energy, EF’ is '%
where N = number of neutrons. If the number of levels up to the

. E
energy of (EF - 51) is X then the number of neutrons within the

. energy range of is 2(% - X). The Fermi gas model gives the

h1<m

number of levels in-a momentum range p -+ p + dp- as

V4ﬂ22d2
h3

1l

where \'4 volume of nucleus

= %-nro3-A assuming a spherical nucleus.
2 B -3 4,
E = P /2m .. p2 = E2m and dp = medE _ E ‘m +dE
v2mE V2
m = mass of neutrom.
E
Thus the number of levels up to the energy (EF'— 519 (i e X) is
given by E
B 3 1, 3
J Vedm T/ T/2 2 (E
h3 V2
o
32/5%2ri; A E. 3/2

- 3/2 Y
= m " " (E; - )
on Er =3



Fig. 4.4 Fermi gas well
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. 3h3-N 213
where the Fermi energy is given by EF = () -—
L 3 2m
811"43 *Ar
o
from the Fermi Gas Model.
Using values of r, = 1.24 fm and m = 2335 MeV
EY 3/2
X = 0.00143-A(E; - 5)
N 2/3

and EF = 49,63 QK) MeV.

, E
If N' = number of neutrons excited by photons of energy 71 then
N' = N-2X

N 2/3 E_ 3/2
i.e. N' = (N - 0.00286A(49.63 () - 3D
carrying out a similar procedure for protons leads to
7 2/3 E_3/2

Z' = (z - 0.00286A(49.7 &) - =D

and gives a quasideuteron cross section of
N'Z'
%D L A %p - (4.4)

This method of calculating the quasideuteron cross section uses the
Fermi gas model, which gives a reasonable approximation to the nuclear
_ energy levels of the nuclei for whicﬁ these exciton model calculations
are carried out. The nucleus is assumed to be spherical, which will
not be true for heavy nuclei such as Au, However these approximations
should not invalidate the method.

The Oak Ridge cascade evaporation code (PICA) calculaﬁes quasi-
deuteron quenching factors using a Monte Carlo technique. The calcula-

tion uses the formula:
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and discounts any excitation process which is forbidden by the Pauli
exclusion principle. Table 4.3 gives a comparison of the quenching

factors calculated, using the code and those obtained using the method

197Au. The main differences between

described here, for the nucleus
the methods are i) the factors calculated using the Fermi gas model
are considerably higher at all photon energies and 1ii) wusing this
model quenching is not taken into account above N 60 MgV, while with
the PICA code some quenching is apparent even at 120 MeV.

The experimental cross section data of Partevi(lls) for the photo-
disintegration of a free deuteron was fitted, using an exponential
function, i.e. |

(a + BE_ + cE 2 + dE 3.+ eE_")
Y Y Y Y

% * ¢

where the factors a, ... e are given by:

7.927 b

(')
It

-0.0949 ' ¢ = 0.00104

[
]

-0.0000058 e

0.0000000125

to an accuracy of 27Z.

Fig. 4.5 gives a comparisbn of the quasideuteron éross—section
calculated using the above exponential approximation to the photo-
deuteron cross section, and a value of 6.4 for the Levinger parameter

with the following quenching factors:

i) factor calculated as outlined above using the Fermi Gas Model.
' (80) -O.I(EY - 40)
ii)  quenching factor of Wu and Chang , i.e. (1 - e )
-30/E
iii) e Y
-60/E
iv) e Y (Ref. 119)
v) no quenching factor

All calculations are for the nucleus 118Sn.



TABLE 4.3

Comparison of quenching factors calculated by PICA and

using equation (4.4) for 197Au.
EY Q from PICA Q from equation (4.4)
40 0.254 0.533
60 0.494 1.09
80 0.649 1.01
100 0.767 0.99
120 0.883 0.92
TABLE 4.4
f'
Target 3
Nucleus @ d t He
2758, 0.00336 0.00112 0.00121 0.000735
NATy; 0.000639 0.000935 0.000510 ° 0.000500
926 0.000658 0.001304 0.000555 0.000428
940 0.000474 0.000922 0.000355 0.000353
NATg, © 0.000660 0.00123 0.000555 0.000251
181y, 0.000382 0.00111 0.000372 0.000145
197 yu 0.000218 0.00122 0.000562 0.000145
£
Target 3
Nucleus o d t He
27 '
AL - 0.0086 0.0103 0.0075
NAT¢; - 0.00393 0.0087 0.0036 0.0032
NATq, 0.00313 0.0100 0.0043 -
Q
Y 0.00126 0.0092

0.0042

.0012




Fig. 4.5

PHOTON ENERGY (MeV)

AW rad

Quasideuteron cross section for Sn. The upper solid line

118

shows. no quenching and the dashed line is calculated using

equation (4.4). The calculations using quenching factors.of
-30,.- -60 -0.1(E_ =40)
e \m<. e \m< and (1 - e Y ) are given by

the dotted, dot—-dash and lower solid lines respectively.
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At energies above n 40 MeV the quasideuteron cross section, calculated
using the Fermi Gas Model, is higher than any of the other quenched cross
sections which still quench the cross section even at 120 MeV. Below
40 MeV the quasideuteron cross section of Wu and Chang is zero by
definition. A comparison of .the Pb(y, xn) Qata of Lepetre(75) and the
quasideuteron cross section calculated by the above method shows good
agreement at high photon energies, although the calculation predicts
somewhat more cross section at low photon energies (< 60 MeV) than
experimentally observed.

Fig. 4.6 shows the exciton model calculated results of electron

197Au, using the quasideuteron cross

induced deuteron emission for
section of equation (4.4) and that of Wu and Chang, - the results being
normaliéed at Ed = 22 MeV. From a comparison of the spectral shapes, it
is seen that tﬁe,calculation using the quasideuteron cross section of
equation (4.4) gives a better fit to the experimental data than the
cross section calculated using the quasideuteron formula of Wu and Chang.
This is also true for the other nuclei considered here, as the use of
equation (4.4) increases the cross section at low pgrticle energies
producing a spectrum which is not as flat as that obtained using the
original computer code.

The quasideuteron cross seciion calculated using equatioﬁ (4.4)
was used for all the exciton model calculations perfprmed for the data
presented here. This method'giveé some cross section below 40 MeV, in
agreement with reference (119) and has no quenching above 100 MeV photon
energy, in agreement with measured (Y, xn) data at high photon energies(75).
Intuitively, it seems unreasonable to have a low energy cut off at 40 MeV;
also a spectrum shape is obtained which is in more agreement with the

experimental data. A value of 6.4 was used for the Levinger parameter

for all the calculations carried out, although a change in magnitude
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u. Solid line is the exciton model result using
the quasideuteron cross section as given by eqn. (4.4).
Dashed line is tHe result obtained using the quasideuteron

cross section given in reference 80.
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will not alter the calculated spectral shapes. . ’

4.1.6 Formation factors

Within the exciton model code PREQEC formation factors égéf)are
used to describe the probability of a certain complex particle B being
formed from among the excited nucleons. Wu and Chang(gz) have obtained
formation factors for the emission of alpha particles, deuteronms, tritons
and 3He partiéles_from nuclei in parficle induced.reactions; They define
the formation factor as the probability that a particular state has the
correct combination of neutrons and protons with the right momentum to
form a complex particle.

The high energy section of a particle energy spectrum is made up of
particles emitted mainly during the early stages of equilibration - when
only a few simple particle-hole state§ are involved. Assuming that the
highest section of a measured differential energy spectrum is a result
of particle emission from the simplest particle-hole state from which
that particular particle can be emitted, Wu and Chang obtain a factor
relating the exciton model calculated energy spectrum for the simplest -
(p,h) state to the experimental data at one particular particle emissionh
energy.

The constant NB’ which is a fﬁnction of all the formation ﬁactors

and transition widths, of the equation:

emp

do ZSB + 1 w(p = Pgs h, U)

B 73 Y3 989 TLpm,E)

(p,h,E,e) = N

de

w(pB’O’E - U)

x R,(p)
gp B

NB ¢B(P9hsE’ E)/h
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do emp

is pbtaihed by setting ——gz—— (p,h,E,e) _equal to the experimentally
measured value of the differential energy spectrum of particle..B at

a high particle emission energy e. This equation is derived from the
general expression for the pre-compound decay probability of particle B,
with energy ¢ from a certain (p,h) state, given in Section 4.1.4.
Values for the state densities (w) and = aée given in reference (80),

SB"“B’ and o are the spin, reduced mass and inverse reaction cross

B

section for particle B. RB(p) is a combinatorial probability and E

and U are excitation energies of the residual and composite nuclei.
The total reaction cross section for the emission of a particle B

from the simplest (p,h) state is obtained by integrating ¢B(p,h,E,e)

. emp e

over g, 1i.e. O - (p,h,E) = NB QB(p,h,E)/h» The empirical

estimate of the fraction of the total reaction cross section, resulting

from this simplest (p,h) state is defined as

fBemp(P,h,E) = cBemp(P,h,E)/GR (E) . Using the values- of fBemp

obtained in this way, the values of the formation factors, for the

-YB 3

emission of complex particles from a range of nuclei are calculated

using:
emp :
fB (p,h,E)[ZYVQv (p,h,E) + F+(p,h,E) + T'_(p,h,E)]
Yy = - — — (4.3)
@5 (p,1,E) [P(p,h,E) - T £ “°F(p,h,E)]

u

where particle 3 is a particle with Py nucleons, the sum v 1is over
all partiéles which can be emitted from the (p-1, h;l) state, the sum
u 1is over all particles which have the state (p,h) as the simplest
state from which they can be emitted and P(p,h,E) 1is the probability of
populating thg (p,h) state: I, and T_ are transition widths, as given
in Section 4.1.4.

The experimental differential energy spectra of Bertrand and

(78)

Peele at a bombarding energy of Ep = 62 MeV were used by Wu.and Chang
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to obtain formation factors for the emission of alpha particles,

deuterons, tritons and 3He particles from 12C, 160; 27A£, 5éFe, 89Y,

1208n, 197Au and 209Bi, using the above method.

The formation factors are dependent on the type of particle emitted.
and the target nucleus but assumed to be indepenéent of particle and
_projectile energy. From comparisons of data and calculations- for several
different bomb;rding energies it appears that_the formation factors are
nearly independent of proton bombarding energy but may not be independent
of emitted particle energy. Good agreement between exciton model cal-
culated results and data for proton induced reactions, using formation
factors obtained in this way, has been observed in those cases that have
been studied.

For electron induced reactions the factor | Be p(p,h E) the empirical
estimate of the fractlon of the reactlon cross-sectlon resultlng from
the simplest (p,h) state is very small (typically ~ 0.001 ). Thus it
can be seen from equation (4.5) that the formation factors enter linearly
into the exciton model calculatioﬁs of cross sectioms. Tests, usiﬁg the
computer code PREQEC, showea that the formation factors (entered as IEE
in the code) caused linear changes in the high ‘energy portion of the ?
cross section for a factor of ten change in the value of the formation
factors in the case of deuterons and about a factor of 3 change for the
other complex partic;es. Deuterons can be emitted from the initial two
particlé two hole state, unlike the other complex particles, thus simpli-

Yg8

fylng the calculation of —Er- .
B

Thus, for this thesis work it was decided to calculate the formation
factors from a direct comparison of the calculated and experimental high

energy section of the energy spectra. This process allows formation

factors to be quickly and easily calculated for electron induced reactionms.
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An initial calculation is performed for one particular nucleus using
the formation factors required for the proton induced reaction and the
calculated spectra normalized to the high energy part of the experimental
energy spectra. The calculation is then repeated using new formation
factors obtained from the normalization, aésuming the formation factors
enter linearly into the calculation and a renmormalization to the data
is performed if required. Once a set of formation factors is obtained
for one nucleus, these can then be used as the initial factors required
in the calculations for other target nuclei. If the normalizatiomn to
the déta then required is less than a factor of ten for deuterons and
. less than a factor of three for the other particles, the new formation
factors can be calculated directly from this normalization. If this is
not the case the exciton model calculation must be repeated once more
to obtain the correct formation factors.

vThe exciton model calculationé yield angle integrated'energf spectra
which have been directly compared to experimental data taken at 6 = 30°
and 150°. Thus the formation factors obtained in this way must be
adjusted before comparison with formation factors calculated for proton
and alpha particle induced complex particle emission. If £ 1is the
formation factor obtained by comparison of angle integrated experimental
data to angle integrated calculated results and £' the formation
factor obtained by comparing double differential experimental cross

 sections to the calculated exciton model results then:

do yegr = _d%o
ag (cale)-f - - dE-da-
do _ do
and iE (calce) £ = iE
PR . - do * ., 1
dividing gives b IE £ Ny

dE«dQ



e

do . . . . . .
IE 1S obtained from angular distribution measurements since:

do 4
o = L AU Pv(cos 0)
v=0

where. pv(cos 8) are Legendre Polynomials

do

iE is given by 4nA° .

If f differed from f' by ~ a factor of 10 (as with tritoms and
3He particles), corrections had to be made to £ to account for the
slight nonlinearity of . £' in the exciton model code.

Thus values of £, formatien facfors which can be directly compared
to the values of the formation factors .IEE calculated for proton in-
duced reactions can be calculated from a czmparison of the measured
double differential cross sections and exciton model caléulated angle
integrated spectra.

Exciton model calculated spectra which have been normalized,
using the formation factors f' as a parameter, to the high energy part

of the experimental spectra, are compared to the measured energy spectra

in the next section.

4,1.7 Comparison of energy spectra to exciton model calculated results

Figures 4.7 to 4.10 show the comparison between angle integrated
exciton model calculation results and experimental energy spectra
measured at 6 = 30° for the emissipn of alpha particles, deuterons,
tritons and~3He particles, respectively. It can be seen that the
exciton model calculations predict most of the cross section above the

low energy peak. For heavy nuclei such as 181Ta and 197Au where the
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high coulomb barrier inhibits evaporation from the giant resonance region,
nearly all of the cross section is predicted by the ‘exjlionmodel calcula-
tions. A light nucleus such .as 27A2 is expected to have a large statis-
tical feockion component, as discussed -in Section 4.1.2. At high particle
energies statistical modél calculations cannot predict the measured

cross section and it is expected that these parts of the energy spectra
can be explained in terms of the exciton model. However, the calculated
exciton model spectra do not predict the high energy portioné of the
measured energy spectra for 27Al except possibly for the high energy
deuterons. This is discussed further in Section 4.1.9.

Exciton model calculations for the emission of deuterons appear to
predict the energy spectra for all the nuclei studied here somewhat better
than for the emission of other complex particles. fhis may be because
deuterons can be emittedifrom‘simpler particle hole states. In the case
of alpha emission the exciton model results predict a peak of greater
magnitude than the experimental data. This is not really a problem
though, as the high énergy part of the calculated spectra agrees with
the measured cross section. Similar characteristics are observed in the
comparison of the exciton model predictions and experimental data for
proton induced complex particle emission presented by Wu and Chang(80).

Table 4.4 lists the formation factors f' used to produce the
exciton model fits shown in Figures 4.7 to 4.10 plus the values of £
obtained by fitting Legendre polynomials to the angular distributions
measured at E = 50 MeV, Ej = 25 MeV, Ej = 17 MeV and E3Hé = 40 MeV
for certain of the target nuclei. The A dependence of the formation
factors f' and f are determined from plots of 2n(f) against fn(A)
and fu(f') against n(A), Figures 4.11 and 4.12 resfectively. From
X

these plots it seems that the curves follow a power law, i.e. f = kA

where k and x are constants. Thus #nf = k + x2n(A) and the slope
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of a straight line fitted by eye through the points gives the A de-
pendence of the formation factors.

Approximate values for the A dependence of f' and f for alphas,
deuterons, tritons and 3He'p.articles are given in Table 4.5.

The values of the formation factors obtained for 27A2 are not used
in calculating the values of the A dépendedce in the cases of alpha
particles, tritons and 3He ﬁarticlesf For 3He'particles the formation
factor appears to be rather low in comparison with the factors calculated
for the heavier nuclei. As the exciton model calculation seems to have
problems in the calculation of energy spectra for 27A2, this value for
the formation factor is disregarded. The formation factors chosen for
the cases of alphé particles and tritons emitted ffom 27A£ have an
arbitrary value dependent on particle energy as the calculation does not
predict‘the experimental data at any particle energy other than that
chosen for the normalizatiom.

The uncertainty associated with each of the formation factors is
due to the rather arbitrary choice of particle energy at which the
calculation and experimental data are normalized.

The formation factors, once they have been corrected for any
angle.dependénce, decrease with increasing mass number for alpha par-
ticles and 3He particles and are approximately independent of target
mass in the case of deuterons and tritons. Formation factors calculated
for use in proton induced reactions have a much greater dependence on
mass number than those obtained in this thesis work for electron induced
reactions as shown in Figure 4.13. A comparison between the actual
values of the formation factors for proton and electron induced reactioms

197Au is given in Table 4.6.

for the target nuclei 27A1, Ni, Sn and
It can be seen that the two sets of formation factors are of the same

order of magnitude for all the emitted complex particles. This can



TABLE 4.5.

Values for the A dependence of f and f'

Emitted x for proton induced x for f' x for f

Particle reaction '

Alphas -1.2 -0.3 -0.8

Deuterons -1 ‘ 0 0

Tritons -1.3 ' -0.1 +0.1

3He's -1.3 -1.0 -0.8
TABLE 4.6

Comparison of formation factors for proton and electron induced

reactions: at Ep n 62 MeV, Eé = 120 MeV.

Target

Nucleus (py &) (e;.a)b, v.(P;_d) . (e, d)
275y, 0.0305 0.0086
Ni 0.00932 0.00393 0.0268 0.0087
Sn 0.00228 0.00313  0.0178 0.010
197,44 0.00096 0.00126 0.0139 0.0092
Target 3 3
Nucleus (p, t) (g’ F) ) .,(P? B?) ,,,,,, (?f Hg)
Ni 0.00919 0.0036 0.00485 0.0032
Sn 0.00398 0.0043

197 s  0.00236 0.0042 0.00076 0.0012
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onlyvbe an approximate comparison as the formation factors for the
electron induced reactions are calculated from data angle integrated
at one particular particle energy, whilst the factors are obtaingd from
fully angle integrated data in the case of incident protonms.

The formation factors can be interpreted as parameters used to fit
the calculated results to the experimental data. Thus ;ny differences .
in the mass dependence of the formation factors between proton and
electron induced reactions might be reflected in differences in the
mass dependences of the expefimental data. The mass dependence of
the electron induced data obtained for this thesis is discussed in the

next section.

4.1.8 Mass dependence of experimental data

The mass dependence of 17 MeV tritons, 40 MeV 3He particles and both

(d20)
dE «dQ

" 15 and 25 MeV deuterons can be obtained from the plot of 2#n against
fn(A), showﬁ in Figure 4.14., Sufficient experimental data was only avail-
able at these particuiar particle energies. For most targets the cross
section increases with increasing mass number but not for 94Mo and 12C.
The cross section values obtained for the Molybdenum isotopes do not
agree with the systematics observed for the other nuclei. There was

some uncertainty about the values given for the Mo target thicknesses,
although this was thought to be only 10%. Whatever the cause for the
unpredicted value of the Mo cross sectionm, these results were ignored
when calculating the A dependence of the high'energy cross section

for the emission of deuterons, tritons and 3He particles. The cross
section for tritons emitted from 12C is greater by a factor of about

3 than that predicted from the systematics. Similar results for

(7)

electron induced high energy alpha emission show, as here, an increase
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in cross section with increasing mass number. However, the value of
the cross section for high energy alpha particles emitted from 12C,
predicted from the systematics of Flowers et él., is about a factor
of 2 less ﬁhan the measured experimental value.

The large cross sections observed for the emission of alpha par-
ticles, tritons and 3He particles from 12C could be a result of alpha

(121)

clustering within the nucleus. Brenner sqcceszully predicts
'yields of neutron, proton, deuteron and triton emission, following pion
- absorption on 160, assuminé that stopped pion absorption on 160 can be
treated as occurring on an alpha cluster. These calculations have not
yet been adapted to include the calculation of cross sections for
electron induced complex particle emission assuming photon absorption
onto an alpha particle.

From Figure 4.14 values for the mass dependence of the high energy

cross section were obtained on the basis that the cross section follows

a power law, i.e.

3%%’—9 (a) = kA"
where k = a constant
and n = 1.2 for 17 MeV tritons
n = 0.8 for 15 MeV deuterons
n = 1.1 for 25 MeV deuterons
n = 0.7 for 40 MeV 3He's.

Data obtained for the emission of alpha particles agree with the mass

()

dependences reported by Flowers et al. , i.e. at Ea A~ 30 MeV the

A1.5 2.0

(e, a) cross section varies as and as A at Ea n 50 MeV, with

12

the exception of the ~“C data as mentioned previously.

The above values relate to the mass dependence of the cross section
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above the low energy peak for all the complex particles - i.e. in the
energy region where the particles are likely to be emitted due to a
pre-equilibrium reaction process. The yield of low energy statistical
photoalpha particles peaks at about mass 60 and then falls off rapidly
with increasing A. No data is available to obtain the mass dependence
for the statistical emission of photo deuterons, tritons or 3He par~
ticles. However data for alpha induced complex particle emission shows
a mass dependence for low energy complex particles similar to that for
statistical photo alphaé 9)- The high energy component of the electron
induced complex particle emission spectra thus has a differen£ mass
dependence than the statistical component, indicating that a different
reactiqn mechanism is involved.

The high emergy cross section for electron induced complex par-
ticle emission shows a similar smooth increase with mass number to that

(78) 79)

for proton induced and alpha induced ( high energy complex par-

ticle emission, although the actual values of the AP dependence are

1/3

quite different. In the case of alpha induced reactions an A de-

. .. . 3
pendence is observed for the emission of deuteroms, tritons and "He

1/3 dependence is seen in (p, a),

particles, while a similar A
(p, 4), (p, t) and (p,3He) reactions above A v 27, for energy and
angle integrated cross sectioms.

The Al/3

dependence for proton and alpha particle induced re-
actions suggests a peripheral reaction. The quasideuteron process for
photon absorption, thought to be the dominant mechanism for .electron
induced pre-equilibrium particle emission, has an appFoximately volume
dependent cross section which increases almost linearly with mass
number, at high photon energies. Thus, to explain the observed mass

dependences of >1 a second stage A dependent reaction is necessary.

The fast proton or neutron produced in the quasideuteron reaction may
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initiate a cascade process of a particular mass dependence, depending
on the energy of the emitted particle.

A complex particle produced by a quasideuteron reaction at the
" centre of a nucleus has less likelihood of being scattered or fragmented
on its way out of a nucleus the higher its energy, since the mean free
path of a particle increases with emergy. This will result in an in-
crease in the value of n with emitted particie energy, as observed
for deuteron emission. The mean free path lengths for deuterons of

15 and 25 MeV were obtained using the expression(123):

o 3
A(g) = %ﬁ-[ gé%%zl e+V >> W

where V and w are the optical model réal and imaginary volume poten-
tials, € 1is the energy of the deuteron in the nucleus, relative to the
top of the potential well, and A is the mean free path length. Values'
of A for ED = 15vMerand ED = 25 MeV were calculated, using épproxi—
mate values of the optical model parameters V = 114 MeV and w = 19 MeV.
For ED = 15MeV A = 1.93 fm and for ED = 25 MeV A = 2.00 fm. Thus
only a_relatively small change in mean free path length occurs between
the two‘deﬁteron energies, not enough to account for the variation in
mass dependence.

Significant differences are obéerved between the high energy cross
section mass dependence for electron and proton induced reactions. How—
ever, if the mass dependence is a result of a pre-equilibrium reaction
mechanism, the exciton model calculated spectra should also show the samé
mass dependence calculated using‘haés dependent formation factors -
factors which are obtained from the experimental data. All the formation
factors for‘the proton induced réactions show a strong dependence on

mass, although this is not so for electron induced reactions.
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The difference in mass dependence of the ﬁigﬁ energy complek particle
emission data for proton'aﬁd elecffoﬁ:inaﬁééa}réégfisggfféﬁréfiécfea5'
in some way wﬁiéﬁ is not fﬁll?-ﬁnder§£oéd, in fﬁe~differént'mass
dependenceé of the formation féctors.

Thus, although the exciton model calculations use approximations
for the transition matrix elements and assume that photon absorption
is.entirely on to a quasideuteron, they appear to explain well the
high energy‘part of the experimental energy spectra for electron in-

duced complex particle emission.

4.1.9 Data not explained by exciton or statistical model calculations

The exciton model calculated results give good fits to the experi-
mental data, especially for high A nuclei where most of the cross

s . . 2
section is predicted. For ’

A2 only the very_high energy parts of the
deuteron and possibly 3He energy spectra were predicted. Thus it.seems
that the calculated energy spectra show good agreement with the high
energy portions of the experimental energy spectra for nuclei in the
mass range 27 - 120 and predict nearly all of the cross section for the
heavier nuclei.

Statistical model calculations were performed for the nuclei 27A£
and Sn. Good agreement with the low energy portion of the experimental

27A£(e, t) reactions but

spectrum was observed for the 27Al(e, a) and
for Sn the calculated low energy peak for the emission of alpha par-

ticles did not agree either in position or magnitude with that measured
experimentally. Thus a large part of the high energy spectrum for 27A2

is unexplained by either the statistical or exciton model calculations

as is the low energy portion of the energy spectrum for Sn.
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Omissions or errors in the statistical model and/or exciton model
calculations, or the presence of a further reaction component, may
‘account for the unéxplained cross section. The statistical model cal-
culation for Sn agrees with the peak positions calculated by Meneghetti

(20)

and Vitale within‘the uncertainty of the calculation. The same
statistical model computer code has been used successfully to predict
both the peak position and magnitﬁde for eléctron induced alpha emission
from NATNi (6); Thus, it is thought unlikely that there are many major
deficienéies in the statistical model calculations used here.

The exciton model calculation used does not include multi-chance
effects. It is assumed thaf no other particles can be emitted from the
particular state from which the particle under consideration is
emitted. At high photon energies the probability that both a complex
particle and a nucleon can be emitted is much greater and thus it isv
expected that better agreement to experimental data will be observed at
low photon energies. A few-point energy spectrum for the emission of

197Au,at an electron bombarding energy of 60 MeV

complex particles from
has been measured‘and the data compared to exciton model.calculated
results. Good agreement with spectral shapes and magnitudes was observed
using formation factors ~ 20Z less than those required for the same
reactions at an electron energy of 120 MeV. A further tést of the
reliability of exciton model calculations at a large range of photon
energies is the comparison between measured excitation functions and

the exciton model calculated results discussed in Section 4.3. How~

ever the inclusion of multi chance effects will not increase the

number of low energy particles which would be necessary to explain the
Sn data.

There may be some error in the exciton model calculations in the

region of the coulomb barrier which may account for the failure of the
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calculation to predict the low energy contribution for Sm even though
~adequate consideration does seem to have been given to the problem of
particle penetrability. A comparison of the spectral shapes produced
by statistical and exciton model calculations close to the thresﬁold
energy shows that whereas the evaporation spectrum falls very rapidly
to zero, the excitoﬁ model spectrum does not have such a sharp cut off.
The shape of the spectra at low energies is dependent on the coulomb
barrier and should thus be similar for both the theoretical calculatioms.
The evaporation spectrum shape is consistent with a sharp fall in cross
section due to particles being unable to leave the nucleus because of
the height of the coulomb barrier. A better fit to the Sn data would
be obtained if the exciton model spectrum had a sharper low energy

cut off and this may be one reason why a good fit has not been obtained.

The failure of the exciton model calculations to explain the high
energy portions of the energy spectra for 27A£ may be a result of the
small number of ﬁucleons available to intéract within the nucleus. The
worst fit to the data is found for the most complex of the emitted
particles. The low probability that four particles of the correct type
and momentum to be emitted as an alpha particle will be found in a
particular particle hole state may make the use of the exciton model
invalid for such nuclei when complex particle emission is being con-
sidered.

A quasi free scattering process or one step pick up of single
nucleons or a cluster of nucleons may contribute to the reaction mechanism
(as discussed in Section 4.1.1) and explain the measured energy spectra
moré fully. As yet there are no calculations available for these re-
action mechanisms applicable to photonuclear reactions, thus the magni-
tude of these possible reaction components cannot be estimated at

present.



4.2 Angular Distributions

4.2.1 Introduction

Angular distribution data for the emission of alpha particles,
deuterons, tritomns and 3He particles, following electron and bremsstrah-
lung excitation of nuclei 12 < A < 197, was presented in Section 3.4.2.
Some of the low energy angular distributions are approximately isotropic,
particularly those for the emission of low emergy tritons and 3He par-
ticles. Many of these distributions show structure, although this may -
be due to the large statistical errors associated with some of the data
points. The distributions measured at high particle energies show no
pronounced structure other than forward peaking - the degree of forward
peaking increasing with particle energy.

A forward peaked angular distribution is indicative of a direct or
pre-equilibrium reaction mechanism, while an angular distribution sym—
metric about 90° is expected for a compound nucleus reaction. All the
angular-distributions for the emission of alpha particles from 12C are
forward peaked. Thus it appears that even at low energies the reaction
mechanism for alpha emission has a large pre-equilibrium component
which becomes increasingly more dominant as the particle energy increases.
The shape of the alpha energy spectrum suggests that a statistical com-
pound nucleus reaction is dominant below about 8 MeV emission energy.
(This is discussed in Section 4.1.1). The lowest alpha energy at which
an angular distribution has been measured, i.e. 5 MeV, is somewhat above
the peak of the emergy spectrum which is at approximately 3 MeV. Although
alpha particles of energy 3 MeV, i.e. in the peak, are probably emitted
in a compound nucleus reaction it is likely that a pre—equilibrium re-
action mechanism will begin to dominate the emission process above this
energy. Thus the forward peaking of the angular distribution for the

emission of 5 MeV alpha particles from 12C is not particularly surprising.
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Measurements for the emission of deuterons from 120 show similar forward
peaked angular distributions, even at low particle energies.

The lowest energy angular distributions measured for tritons and 3He
particles emitted from 12C are approximately isotropic, consistent with
particle evaporation from the nucleus. The coulomb barrier is somewhat
higher for 27A2 than for 12C and so the peaks of the energy spectra are
positioned at higher particle energies. The alpha particle angular dis-

27A£ is thus sampling alpha particles

tribution taken at 5 MeV for
from the peak of the ene?gy spectrum. If this peak is indeed due to
evaporation of alpha particles from the target nuclei, it is to be
expected that the angular distribution is symmetric about 90°, which is
indeed the case. Similarly, the angular distribution for 2.5 MeV
deuterons from 27A£, approximately at the peak of the energy-spectrum,
is very nearly isotropic.

Pre-equilibrium exciton model calculations which were usgd to explain
the measured energy spectra cannot‘at present Be applied to angular dis;
tribution data. The high particle energy angular distributions were,
however, compared to results of a kineﬁatic calculation of Flowerscs),
which uses the basic tenets of pre—equilibrium formalism as its basis.

Angular distributions for complex particles emitted following
statistical decay of a compound nucleus exhibit shapes which are charac-
terised by the particular resonance excited in the initial real or
virtual photon absorption. Legendre polynomials can be used to para-

meterize the data, the values of the coefficients giving an indication of

which multipoles are significant in the photon absorption.
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4.2.2 Low particle energy angular distributioms

Some of the measured low energy angular distributions are nearly
isotropic in shape, while others show some signs of structure (see
Figs. 3.14 - 3.275. Both types of distribution are indicative of a
compound nucleus reaction. The angular distributions were fitted with
Legendre polynomials of up to fourth degree, being parameterized by the

coefficients AL:

4

2
d”o I AP (cos 0)
L=0

dE-dQ

Smearing effects due to the finite solid angle of the spectrometer are
negligible(s) and therefore ignored. Legendre polynomial coefficients
obtained f?om fitting angular distributions for the emission of deuterons
from 12C and alphas from Ag are shown in Fig. 4.15. For pure El
‘virtual photon absorption the only non zero term, apart from Ao’ is A2
whilst for a mixture of El and E2 absorption, A1 and A3 are E1, E2 inter-
ference terms. Aé.represents E2 only and A2 is dependent on El + E2.

The coefficients Aj.and Az.are the only non zero terms for the emission
of particles from an Ml giant resonance(lza).

For both alpha particle and deuteron emission theAlon term rises
sharply from ~ O at low particle energies to n 1 for alpha emission, or
0.5 for deuteron emission, at high particle energies. The coefficients
K%§ and ;%- are approximately zero within the experimental uncertainties
at all particle energies, as is the coefficient A, in the case of
deuteron emission. The AZ/Ab term is‘also zero at low energies but
rises sharply above ~ 20 MeV to a value of. ~ 0.7 at 50 MeV, for the
emission of alpha particles.

Thus at low particle energies, where the reaction is more likely

to proceed via compound nucleus formation, none of the coefficients

have significant values and no information on the virtual photon absorption
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can be obtained from the parameterization of the angular distributionms.
A

The Ké " term increasingly dominates the angular distributions at high
o
particle energies, indicative of the increasing forward peaking of the
A

experimental data. These high A% values may be a result of El, E2

o
interference or may indicate that the emission of high energy particles

is a pre—equilibrium process rather than a compound nucleus reactionm,
as at low energies. Measurements on the 56Fe(a,yo)6ONi reaction(103)

at excitation energies between 15 and 20 MeV showed an absence of

‘A A - o
interference terms. Thus the large Xl< and XZ terms seem to indicate
) )

the inapplicability of the statistical compound nucleus model at high

. particle emission energies.

4.2.3 High particle emergy angular distributions

High energy complex particles are likely to be emitted following
absorptioﬁ of high energy photons. Thus particles emitted isotropically
in the centre of mass frame may have forward peaked angular distributions
in the laboratory frame due to the large forward momentum of the nucleus
in the centre of mass frame due to the large forward directed momentum
transfer of high energy photons. Electron scattering angular distriﬁﬁtion:
data exhibit very strong forward peaking, suggesting a high probability
of forward momentum transfer.

Assuming that high energy alpha particles were emitted isotropically
(8)

Ay

values for the ratio of the Legendre polynomial coefficients .
)

These were found to be at least a factor of 30 lower than the ratios

in the centre of mass frame from a compound nucleus, Flowers calculated

obtained from fitting the experimental angular distributions with
Legendre polynomials.. Much larger ratios would be obtained if the

photon momentum was assumed to be shared only by a small number of



nucleons, rather than the whole nucleus, at the time of particle emission.
A ’

Large values of Kl are also observed for the emission of high
~0

" . energy deutefons, triténs and 3He particles (see Table 4.7) which cannot
be explained in terms of a compound nucleus reaction. Thus angular dis-
tributions for the emission_of high energy particles were calculated,
assuming photon absorption onto a small group of nucleons.

Assuming an isotropic distribution in the centre of mass frame, the

measured, laboratory frame angular distribution, is given by:

d?2g = _ P d2o
Eam & O 7 5 TEawm &% 4.8
where:
52 2
E 2m . E 2m

p = ;Tcoseo + -/’52r2cos290 + p2-2I'p2cos?8

P = emitted particle momentum in the laboratory frame.
eo = angle at which laboratory frame energy spectrum
2

3%7%5 (E, 60) is measured.
T = _ﬂ-nl—

P My
m = mass of emitted particle.
MT = mass of group of nucleons sharing incident

photon momentum q.

This expression is developed by Flowers(s) assuming the forward
scattering approximation in which the momentum transfer between photon
and nucleus is directed forward and that the photon momentum is shared
between only a few nucleons at the stage for which particle emission
occurs. In the virtual photon formalism the target nucleus can be

excited by photons of all energies up to the electron energy, i.e.



TABLE 4.7
A

Values of -Kl for Ee = 120 MeV electron induced reactions.
o
i) Alphas
Al
'Ex (MeV) i for target nuclei:
o
12, 2753, Ni NaTq, 1974
5 0.36 0.04
0.32 0.21
15 0.70
30 ' 0.84 0.96 0.99 0.86
50 0.97 0.94 0.95
. ii) Deuterons
2.5 0.10 0.17
4 0.16 0.08
7.5 0.17 0.25 0.33
15 0.34 0.34 0.41 0.54 0.60
25 0.48 0.54 0.59 0.72 0.72
iii) Tritoms
-5 . 0.23
10 0.40 0.51 0.55 0.57
17 0.33 0.55 0.73 _ 0.75
iv) 3He's
6.7 0.15 0.05
10.7 0.11 0.12
20 0.68 0.69 0.28

40 0.79 0.82 0.68 0.62
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120 MeV in this case. At E

120 MeV a reasomable upper limit to the

e
E
average momentum transfer (q = ﬁ% ) is q = 100 MeV/c. Assuming this

value for <q when Ee = 120 MeV angular distributions calculated using
eqn. (4.6), were fitted to measured high particle energy angular distri-
'butions varying the parameter MT' Table‘4.8 lists the values obtained
for MT for the emission of alpha particles, deuterons, tritons and
4 3He particles for Ea = 30 and 50 MeV. The calculated angular distri-
butions are sensitive to the values of MT as shown in Fig. 4.16 for
the’emission of 25 MeV deuterons from NATSn.

The angular distributions are calculated at particle energies for
which the cross section decreases sharply for increasing particle
energy. At forward angles lower values of p are sampled, yielding
a higher cross section which results in a forward peaked angular dis-
tribution in the laboratory frame fo; a fixed laboratory frame particle
energy. The value of MT is interpreted as the average number of
aucleons which share the energy of the incoming photon at the particular
stage in the reaction when a particle is emitted. The value of MT
decreases with increasing mass number for all the complex particles and
in the case of deuterons and tritons, lower values of MT are necessary
at the higher particle energy.

The values of MT obtained from fitting the angular distributions
of tritons emitted from 12C show that this kinematic model cannot be
applied here. It has already been noted (Sectiom 4.1.8) ;hat the yield
of tritons from 120 is much (~n factér of 3) greater than that predicted

. .. . . 12
from systematics. This is not true for tritons emitted from °C,

(78) (79) induced reactions.

following either proton ‘or alpha particle
Obviously a reaction mechanism, other than pre-equilibrium emission,
which appears to be the main reaction mechanism for the emission of

high energy complex particles following photon absorption, dominates



TABLE * 4.8

Values of MT

i) Ea = 30 MeV, E_ = 15 MeV, E_ = 10 MeV, E_ = 40 MeV.

D T H
Target Nucleus 4 a d t 3He
12 10 10 22 9
27A2 - - 10 11 9
%
NATy4 10 7
*

ii) Ea = 50 MeV, E_ = 25 MeV, E_ = 17 MeV.

D T

Target Nucleus a d t

12C 9 7 15

2759, ‘ - 7 11
*

NATy; 10 7 7

NATSn 4 6
: *

197 44 8 4 5

Values taken from Flowers (ref. 8).
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the emission of tritons from 12C. Such large values of MT are obtained

as the angular distributions are only §1ighcly forward peaked, indicating
a statistical mechanism where the energy of the photon is shared amongst
all the nucleons in the nucleus. The large high energy tail observed in
the ~“C triton energy spectra suggests, however, a strong pre-equilibrium
or direct component. Possibly direct triton knock-out is especially
important for 12C, although this hypothesis cannot be investigated at
present due to the lack of models‘applicabie to the emission of complex
particles from light nuclei. -
Excluding the values of MT for tritons from 12C, it appears that
the smallest values of MT are required to fit the deuteron data, the
values of MT being slightly larger for both fritons and 3He particles
and largest for alpha particlés. This is consistent with exciton model
calculations in which high energy particles are emitted mostly during
the early stages of equilibratidn. Thus high energy deuterons will be
emitted-from lowef particle hole states than alpha particles as the
initial photon absorption is to a 2p 2h state, i.e. absorption onto a

quasideuteron.

4.2.4 A comparison of angular distributions for electron and bremsstrah-

lung induced reactions at E, = 120 and 60 MeV.

Angular distributions for the emission of complex particles from 58Ni

and 60Ni, following excitation by both electrons and photons, are. shown
in Figs. 3.29 - 3.36. There is little difference in the shape of the dis-
tributions for all the complex particles for the two different isotopes -
the electron cross séction and bremsstrahlung yield being slightly higher

for 6ONi. Where measurements have been made at both 60 and 120 MeV
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electfon and bremsstrahlung end point eneréies,'it can be seen that both
the electron and bremsstrahlung angular distributions are more forwa:d
peaked at 60 MeV than at 120 MeV. The two distributions have approxi-
mately the same shape at 60 MeV but at 120 MeV the electron distributioms
are more forward peaked for all the complex particles.

The ratio (bremsstrahlung yield: electron cross section) increases
ffom ~ 1.0 at 120 MeV to between 1.3 and 1.5 at 60 MeV, depending on the
complex particle. The change in ratio is greatest for the highest energy
particles studied, i.e. the alphas, and lowest for tritons (_Et = %Ea).

A comparison between the bremsstrahlung spectrum incident on the
target and both El and E2 virtual photon spectra, produced in the target.
at - Eé = 120 MeV and 60 MeV, is shown in.Figures 4.17 and 4.18 res-
pectively for the target nucleus 60Ni, At both electron energies the
bremsstrahlung spectrum and virtual photon spectra are integrated above
30 MeV and the ratios of the integrated bremsstréhlung yield to both
integrated El and E2 yields are compared to the measured angle integrated
yield ratios for 60Ni of particles emitted following real and virtual phpton
excitation. The experimentél yield ratios and integrated spectrum
ratios are given in Table 4.9.

Assuming that the cross section for particle emission from a nucleus
is the same for both real and virtual phdton absorption, the experimentally
measured real to virtual photon yield ratios can be explained in terms of
the bremsstrahlung to virtual photon yields. The bremsstrahlung and
virtual photoﬁ spectra are integrated from 30 MeV upAto the.end point.
The lower energy cut off is a somewhat arbitrary point chosen to approxi-
mate the photon energy range for which 10 MeV tritoms, 15 MeV deuteronms
and 30 MeV alpha particles can be emitted from the nucleus. Thus the
yield ratios obtained from integrating the spectra will only approximate

the yield ratios of the real and virtual photons whoce absorptiom actually
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TABLE 4.9

60y;

E = 120 MeV
e

Experimental angle integrated Integrated: bremsstrah—- Integrated:bremsstrah-

yield ratios: photo/electro lung/El yield. - lung/E2 yield
a d t

1.08 1.10 0.98 1.42 0.84

E = 60 MeV

e

1.51 1.66 1.62 1.78 1.18

1974 E, = 120 MeV

0.82 0.82 0.82 1.43 . 0.30
E = 60 MeV
B

0.68 0.78 0.71 1.50 0.51
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caused the emission of the complex particles of these particular energies.

From Table 4.9 it can be seen that at 60 MéV electron energy pure El
virtual photon absorption or mainly El with a small amount (< 207Z) of E2
virtual photon absorption will account for the measured photo:electro yields.
However, at the higher electron energy (120 MeV) the photo:electro yield
ratiovof approximately 1 can only be explained in terms of a significant
(% 50%) E2 virtual photon component. The magnitude of the E2 component
cannot be accurately calculated due to possible interference effects be-
tween the El and E2 components. ‘

Interference between the electric multipoles would result in a change
in shape of the electron induced angular distribution. This is observed at
120 MeV where the electro data are more forward peaked than the equi-
valent photon induced angular distributions. At 60 MeV, however, both
sets of angular distributions have the same shape, suggesting that the
virtual photon absorption is a pure El process.

Similar angular distributions have been measured for the emission
of complex particles from 197Au, following excitation by electrons and
photons at electron energies of 120 and 60 MeV, presented in Figures
3.37 - 3.39., At both electron energies the electron data is more forward
peaked than the photo data and both sets of angular distributions are
more forward peaked at 60 MeV than at 120 MeV. The ratio of bremsstrah-
lung yield:electron cross section does not change with electron energy,
neither do the relative shapes of the angular distributions. From a
consideration of the magnitudes of the bremsstrahlung and virtual photon
spectra iﬁtegfated from 30 MeV up to the end point, it seems that the
virtual photon absorption is approximately 507 El and 50% E2 at both
electron energies. At both electron energies the electro data is more

forward peaked, suggesting interference between the two multipoles.
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4.3 Excitation Functions

4.3.1 Introduction

Excitation functions for the emission of aléha particles, deuterons
and tritoms have‘been measured at three particle energies for electron and
bremsstrahluné end point eﬁergies between 40 and 130 MeV, measurements
taken at 10.MeV intervals. The data is presented in Figs. 3.40 - 3.44.
The electron data is greater than the equivalent photo data at all three
particle energies and for all three complex particles. In the case of
alpha emission the electron cufves all have the same shape as do the
bremsstrahlung yield functions, with the two sets of data also having
very similar slopes. This is not so in the.case of the other particles;
for tritons in particular the slopes vary quite considerably with particle
energy. |

From virtual photon theory, particle emission cross sections fpf
nuciei excited by both electrons and real photons should be identical.
Thus differences in the measured electron excitation and bremsstrahlung
yield functions will result from differences between the bremsstrahlung
spectrum and the relevant virtual photon spectrum. The electric dipolé
. (E1) component is thought to dominate virtual photon absorption at the
high energies considered here with electric quadrupole (E2) and electric
monopole (EO) components perhaps contributing slightly.

A comparison of the El, E2 and bremsstrahlung spectra incident on
the Au target for electron energies of 120 MeV and .60 MeV, Figs. 4.19
and 4.20, shows that the El1 and bremsstrahlung spectra are quite similar
in shape, with the E2 spectra considerably different. .This suggests
that the similarity in shape of the electro and photo curves is a result
of pure El virtual photon absorption. Where the two slopes are not

the same, this suggests that pure E2, or more likely, a mixture of El
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~and E2 virtual photon absorption is reqﬁired. Below about 60 MeV elec—
tron energy the electron data falls away quite rapidly in the case of
alpha emission. Thus it appears that above 60 MeV the virtual photon
absorption is pure El, while below this energy multipole mixing is re-
quired. An EO virtual photon spectrum could not be easily obtained with
any accuracy and thus the possibility of EO virtual photon absorption

is not discussed.

The electron and bremsstrahlung yield functions for the emission
of deuterons (Figs. 3.41 and 3.42) follow the pattern of alpha emissionm,
having a strong similarity in shape except below 60 MeV, where the
electron cross section falls away rapidly. For tritons (Figs. 3.43
and 3.44) the electron cross section does not appear to have the same
shape as the bremsstrahlung yield, even at high electron energies.

This is true for all three measured triton energies.

The electron cross section for 15 MeV tritonms slightly exceeds that
for the 11.7 MeV tritons above an electron energy of about 80 MeV. Below
this energy thé cross section for 15 MeV tritons falls away quite rapidly,
indicating a change in energy of the peak of the triton enmergy spectrum
from ébout 10 MeV at low electron energies to about 13 MeV at electron
energies above 80 MeV (see also Table 3.4). One possible explanation is
_that there are two distinct reaction mechanisms, having different peak
energies, possibly a statistical piocess and a pre-equilibrium process -
the statistical reaction component being dominant at low electron energies
and the pre-equilibrium component becoming dominant as the electron energy
increases.

The bremsstrahlung yield functions have been unfolded, using a method
of Flowers(s) to produce a reaction cross section which has then been
folded in with a virtual photon spectrum and the result compaied’to the

measured electron excitation functions. The statistical uncertainty
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(~ 10Z) and large interval (10 MeV) between the data points means that
great care must be taken in unfolding the yield functions.

The bfemsstrahlung yield Y(Ei) is related to the photon absorption
cross section O(BY)

E.
i
y(Ei) = I dEYc(Ey)N(Ei, Ey) i = 1,2,... n

E,

where Ej is the threshold energy for the reaction and N(Ei’ Ey) is the

bremsstrahlung spectrum. The yield function is not measured continuously

but for a number n, of energies at intervals Ej - Ej—l’ Thus assuming
that N(Ei’ Ey) is slowly varying over each energy divisionm, the yield
(8)

can be expressed

: E.
2N[E (B, _ |+ Ej/2)] j j

n N
y(Ei) ~N o(EY)dEY

nm~mp

1 E. . +E,
j-1 b Ej-l

which can be written
S ‘
(E.) ~ I N.. 0. AE
y(E{ z . C. 3

where Nij is the photon intensity at the centre of the energy interval,

AE. = E. - E.
] h| i-1

in this energy'interval, i.e.

and 55 is the average photon absorption cross section

- b
0. AE = j g(E )dE
] Y Y
By
n
and . = K%— z Ni’ 1 o x(Ei)
Sqe1 MO
where OY x(Ei) is the experimental cross section (x=a, t, d, etc.)
b}

When this expression is used to unfold excitation functions with

random statistical errors on the data points, large fluctuations are
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(120) used a least

observed between neighbouring values of o.. Cook
structure method to smooth the values of E} and limit the oscillatioms -
produced in the unfolding.

Flowers follows Cook's procedure and defines a structure function

s(E}) where

- _ - I ”
s(oj) ﬁ (0:,1 20, + cj_l) .

N
]
™
-

Optimum smoothing is attained when |X2" nl is minimised. A smooth
photo—particle spectrum is obtained from values of 53 calculated by
the above method for each of the unfolded cross sections. Values of

the yield y(Ei) are calculatéd from the Qalues of 55 obtained in"
this way by folding in the bremsstrahlung cross section and compared

to the experimentally measured yields. The calculated yield functioms
agree very well with the measured data, indicating the validity of the

unfolding technique.

4.3.2 Cross sections obtained by unfolding the excitation functions

Cross sections for the emission of alphas, deuterons and tritoms
from Au, at three particle energies, are obtained from the measured
bremsstrahlung excitation functioms, using the unfolding technique
described in the pre&ious section. The variation of these cross
sections with photon energy is shown in Figures 4.21 to 4.23 for alpha

particles, deuterons and tritonms, respectively. The cross sections are



35 MeV

Ez

> \
c
=
m o
; (@
4]
uf
| ! ] ]
Q Q Q Q
Q Q Q Q Q
L0 Q L0 Q Q
N N ~ - w
NS A W7EN
Fig. 4.21 Alpha particle emission nnommtmmnnwonw4ownmwdma by

unfolding the measured photo” excitation functions

for ku»b.

130

PHOTON ENERGY (MeV)



6=30"

Deuterons

130

300

Fig. 4.22

o500 -

200
1500
10
500

338 "ASW/78N

Deuteron emission cross _sections .obtained by

the -measured photo excitation. functions for

&
- Q
o
-
N
-
Ln
~Q
™
T
o]
unfolding

Hmu..»c .

PHOTON ENERGY (MeV)



130

-}
(@)
™
"
@
e
S <
c
O
=
T .
B
o
B
N
-Q
LD
-Q
&
_ T T Q
S
> Q
S 3 S g
S L - A ®
&S "ASI/EN
Fig. 4.23

Triton emission cross sections obtained by unfolding the

. . . 197
measured photo excitation functions for 2 Au,

PHOTON ENERGY (MeV)



_97..

not angle integrated, Using values obtained from angular distributioms
measured at 60 and 120 MeV end point energies and interpolating between
these two values, is not sufficieﬁt.

At all three alpha particle enérgies the cross section increases
almost linearly with photon energy, the slope increasipg with decreasing
particle energy. The deuteron cross sections also increase almost
linearly with photon energy, but only above about 70 MeV. Below this
energy the cross section increases much more slowly and for 12 MeV
} deuterons is approximately independent of photon energy. The 17 MeV
and 22 MeV cross sections have the same élope at high photon energies,
while the slope for the emission of 12 MeV deuterons is somewhat steeper.

The unfolded triton emission cross sectioms are similar in form to
the deuteron emission cross sections for the emission of 8 and 11 MeV
triténs. The cross section curves can be approximated by straight lines
above about 70 MeV, the slope of the 11 MeV line being the steepest. A
rather different emission cross section is obtained from unfolding the
excitation function for the emission of 15 MeV tritons. This cross
section increases smoothly with photon energy until about 120 MeV and
then appears to be constant with increasing emergy.

Pa;ticle emission cross sections have been calculated for photon
energies between 30 and 140 MeV, using the pre-equilibrium exciton model.
A.conétant value of 10 mb was assumed for the photon absorption cross
- section in this energy region, to avoid the use of the quasideuteron
model. The cross sections for the emission of complex particles from
197Au, calculated using the exciton model code PREQEC, are shoﬁn in
Figures 4.24 — 4.26 for alpha particles, deuterons and tritons respectively.
All the cross section curves have the same basic shape - that of a
broad peak, the péak position being at a higher photon energy for the

higher particle energies. These calculated spectrum shapes are obviously
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incompatible with those obtained by unfolding the bremsstrahluﬁg
excitation functions.

Complex particle emergy spectra for Au measured at 120 MeV electron
energy can be well explained in terms of the exciton model (see Section
4.1.7). High energy complex particles from heavy nuclei are expected to
be mainly produced in a pre—equilibrium reaction, as explained previously.
A calculaéion of the alpha particle emission cross section, based on
particle evaporation from a compound nucleus, has been performed by
Flowers(s) for electron energies between 40 and 140 MeV for 60Ni. The
calculated cross section undérestiﬁates that obtained from unfolding the
data and does not reproduce the unfolded spectrum shape. Thus for Au,

a nucleus nmch.heavier than Ni, it is very unlikely tha; the cross section
could be explained in terms of a compound nucleus reaction. There remains
the possibilities of errors and or omissions in the éxciton model calcula-
tion or the presence of a further reaction mechanism, as discussed in
Section 4.1.9. The alteration of the exciton model calculafion to
include multichance effects, would not enhance the calculated spectrum

at high photon energies as would be required to produce a spectrum shaée
similar to that obtained by unfolding the expgrimental data.

Thus, although the pre-equilibrium exciton model can be used success-—
fully to explain particle emergy spectra measured at a fixed electron
energy, good fits to the data are not obtained for the cross sections
for the emission of complex particles at particular photon energies.

For measurements at a fixed electron energy, it is necessary to fold into
the cross section a virtual photon spectrum which may result in a better
fit to the data. Thus the more stringent test of the exciton model is a
comparison with data taken at ome particular electron or photonAenergy.
By unfolding the excitation functioms,. cross sections at single photon
energies are obtained which do not seem to be predicted by the exciton

model.
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4.3.3 Calculation of Electron Excitation Functions using the Unfolded

Cross Sections

The particle emission cross sections for nuclei which have been
excited by both electrons and bremsstrahlung radiation can be expressed
as 0 = L NIFIK where oL is the cross section due to photon absorp-
tion of mu%kipolarity L 'and N

L is the bremsstrahlung or virtual photon

spectrum. In the case of electron absorption the virtual photon inten-
sities vary with L . Thus, provided that i) the concept of virtual
photon absorption is valid, ii) the unfolding technique used to obtain
the cross sections is reasonably accurate and iii) there is no EO
virtual photon component as monopoles are not present in the bremsstrah-
lung spectrum, the electron induced excitation functions should be re-
préduced by folding the particle emission cross sections, obtained from
the bremsstrahlung excitation functions, with theiéppropriate virtual
photon spectra.

At electroq energies between 40 and 130 MeV, the energy range con-
sidered here, electric dipole virtual photon absorption is, most pro-
bably, the dominant absorption mode, as discussed in Section 1.7.
Particle emission cross sections for the emission of alpha partiéles,

tritons and deuterons at three particle energies (Ea = 25, 35 and 45

'MeV) were obtained from unfolding bremsstrahlung excitation functioms
These cross sections were then folded with an El virtual photon
'spectrum and compared to the measured excitation functions. For all
the complex particles and at each particle enérgy, the excitation
functions produced in this way are about a factor of 3 lower at 120 MeV
than the measured excitation functions. The measured and calculated
excitation functions for the emission of 35 MeV alpha particles from

197Au are shown in Fig. 4.27. The shapes of the spectra are typical of
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those for the other particle energies and other complex particles. All
the calculated excitation functions can be approximated by two straight
1ines with an increase in slope occurring at approximateiy 80 MeV photon
energy but only the measured alpha particle data can be similarly fitted,
the slopes of the straight lines being much greater in the case of the
experimental data. The electron énd photon induced angular distributions
are somewhat different in shape, but correcting for this difference will
not significantly improve the result.

In an attempt to explain the large discrepancy between the calculated
aﬁd measured electron excitation functions pure E2.virtual photon absorp-
tion was assumed. The unfolded cross section for 35 MéV alphas was folded
with an E2 virtual phoﬁon spectrum calculated using D.W.B.A. and applying
corrections due tolthe finite nuclear size (see Section 1.7), to produce
the electro excitaﬁion function shown in Fig. 4.27.  This calculation gives
a result much closer to the measured da:a, being lower than the.experimental
cross-section by about 20%. The shape of fhe calculated excitatiqn function
differs slightly from tﬁe measured data, the slope of the curve being
steeper at high photon energies. Similar results have been obtained at the
other éarticle'énergies when pure E2 virtual photon absorption is assumed.

Assuming that high energy alpha emission is a result of pure E2
virtual photon absorptioﬁ exhausts approximately 2007 of the E2 sum
rule. Most of the E2 strength is concentrated in resonances below
30 MeV, see Table 1.1, thus it seems unlikely that high energy alpha
emission arises solely from E2 absorption. There is some uncertainty
in the calculation of the E2 virtual photon spectrum due to the
necessarily approximate»treatment of the corrections due to the finite
size of the nucleus, especially at high photon energies. If the multi-
polarity of the virtual photon spectrum-is O, representing an electric

monopole, it is not likely that the electron excitation functions can
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be reproduced. The isoscalar electric monopole strength is concentrated

in a resonance at about 14 MeV(lzs)

, thus there will be little strength
above 30 MeV to produce high energy complex particles. The-unfolded
cross sections once folded with a bremsstrahlung spectrum will reproduce
the photon induced excitation functions which suggests that the un-
folding technique is valid.

Thus it seems that complex particle emission from 197

Au following
electron excitation proceeds through a combination of E1 and E2 virtual
photon absorption. The.amount of each multipole contribution cannot bé
obtained from this data since the'shapes of the excitation functionms,
calculated using both El and E2 virtual photon spectra, are similar.
Magnetic multipoles are assumed to be unimportaﬁt as magnetic resonances
are only weékly‘excited in electromagnetic reactions.

Some measurements have been made on similar excitation functions
for the emission of complex partigles from 58Ni and 60Ni. Not enough
data has at present been ﬁaken to allow the photon induced excitation
functions to be unfolded. However, preliminary calculations show that
electron excitation functions calculated on the basis of E1 virtual

photon absorption are of the same order of magnitude as those measured

experimentally,
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CHAPTER 5

"CONCLUSIONS

The systematics of electron induced complex particle emission at
an electron energy of 120 MeV can be obtained from the data taken for this
thesis work. Previous measurements at electron energies above the giant-
resonance regién and belo; the pion threshold have concentrated mainly on
alpha particle emission. All the measured energy spectra show a low.
energy peak plus a high energy tail. Attempts have been made to explain
the low energy peak in terms of the statistical model, at least for low
and medium weight nuclei where the Coulomb barrier height will not in-
hibit evaporation of particles from the nucleus, and the high energy
continuum in terms of the pre—equilibrium exciton model. The experi-
mental energy spectra are well explained by combining the statistical
'and ekciton mbdei results except in the cases of complex particle

27A2 and SnNat, where some part of the measured spectra

emission from
cannot be predicted. This is thought to arise mainly from slight problems
with the exciton model calculations for light nuclei and near the Coulomb
barrier.

| Low particle energy angular distributions are mostly symmetric about
900, consistent with statistical emission from a compound nucleus,'while
at higher particle energies forward peaked angular distributions are
observed, the degree of forward peaking increasing with particle energy.
These forward peaked angular distributions can be predicted, using
kinematic considerations if the incoming photon is assumed to be absorbed
by a small group of nucleons. The mass of the cluster on which the photon

is absorbed increases with increasing A value of the emitted particle,

in keeping with exciton model-ideology.
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The high particle energy mass dependence of the cross section
measured at Ee = 120 MeV for the emission of comﬁlex particles from a
range of nuclei, 27 < A < 197, is significantly larger than the
approximately ‘All3 dependence observed for proton induced complex
particle emission(78).‘ This suggests that the initial photon reaction
occurs within the body of the nucleus rather than at the surface as for
protons. ~Similarly the formation factors obtained from a comparison of
the exciton model calculations and measured energy spectra have mass
dependences which differ slightly from the mass dependence of formatiqn
factors used in proton and alpha particle induced reactions.

Although the electron induced formation factors are corrected for
angular dependence using angular distribution data taken at only one
particle energy, they can be directly compared to formation factors
obtained using angle integrated energy spectra, as for proton and alpha
particle induced reactionms. Tes;s showed that the formation factors
once corrected for angular dependence, were not strongly dependent on
particle energy. The differences observed between the mass dépendence
of formatién factors for electron énd proton ér alpha particle induced
reactions may be due to the presence of a direct reaction component
in the emission of complex particles from nuclei excited by protons or
alpha particles. Such a direct component should be calculated and
subtracted from the experimental data before comparison with exciton
model results to determine the formation factors. Due to the low
momentum transfers involved in photon induced reactionsany direct
component is likely to be very small and the formation factors can be
obtained from a direct comparison of the data and exciton model cal-
culated results.

Exciton model calculated results appear to explain much of the complex

particle energy spectra measured at one particular electron energy.
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However exciton model calculations of particle emission spectra using
monoenergetic photons do not predict the emission spectra-obtained by
unfolding the measured excitation functions for 197Au following bremsstrah-
lung excitation. The reasons fgr this are not at present understood and
require further investigation.

The measured high yield of tritons emitted from 12C is an as yet
unexplained result. Angular distributions of high energy tritons emitted
from 120 show only slight forward peaking, in contrast to the data
obtained for.othef coﬁplex particles and for tritons from other nuclei.
These results may indicate alpha clustering, or absorption of a virtual
photon onto an alpha cluster in 12C.

Comparisons of angular distribution measurements for 58Ni, 60Ni and

: 197Au following excitation by electrons and bremsstrahlung radiation
indicate that there is a significant E2 virtual photon absorption com-
ponent in the emission of complex particles, particularly at high
electron energies. A similar result is obtained from a comparison of
measured high energy particle,'electfon induced, excitation funétions
with those calculated by folding tﬁe cross sections obtained by un-
folding the bremsstrahlung induced excitation functio§s, with E1 and E2
virtual photon spectra. This is an interesting result as it had been
assumed that particle emission in electron induced reactions follows
absorption of a virtual photon onto a quasideuteron, an electric dipole
process. The exciton model calculations which gave good agreement with
the measured energy spectra were calculated assuming pure El virtual
photon absorption. Calculations assuming E2 absorption have not been
performed due to the long computer time required to calculate exciton
model energy spectra using distortéd wave, finite size corrected, E2

virtual photon spectra.

There are several further experimental measurements which may be
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useful in the better understanding of electron and photon induced complex
particle emission. Energy spectra and angular distribution measurements

1OB may indicate whether the

for complex particles emitted from
anomalously high yield of tritons from 120 is due to alpha clustering
within that nucleus. Measurements in which the.emitted complex particle
and scattered electron were detected in coincidence would yield infor-
mation on the multipolarity of the virtual photon absorption leading to
complex particle emission. Such coincidence experiments are ﬁot
possible using a low duty cycle electron linear accelerator such as

the University of Glasgow electron linear aécelerator, used to obtain
the experimental data presented in this thesis. However, such experi-
ments shbuld be feasible using one of the high duty factor microtrons

- now being developed in Europe and elsewhere, although the count rates

will still be very small.
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APPENDIX 1 Calibration of the Electron Beam

The -momentum, and hence energy, of the electrons in the eleétron
beam is determined from a measurement of the magnetic field in the
first bending magnet of‘the energy analysis system made using an
N.M.R. probe. The magnetic fields in this magnet are kept well below
saturation and the pole gap is narrow compared to the size of the pole
pieces, thus it is reasonable to aséume that the magnetic field is
uniform and linearly related to the N.N.R. frequency. Only one measure-
ment of the bending magnet's field, for a known electfon‘momentum, is
therefore required to give the energy calibration.

Electrons of energy ~ 100 MeV were scattered fo a thin aluminium
foil placed in the scattering chamber, and detected in one of the two
ceﬁtral detectors in the focal plane of the magnetic spectrometer. The
spectrometer is calibrated using 5.499 MeV.alpﬁa particles (see App; 3)
which have momenta per unit charge of 101.25 MeV/c. Tﬁus the spectrometer
field setting at which alpha parficles used in tﬁe spectrometer calibra-
tion are detected in the central counters- will be very close to that for
which the energy calibrétion électrons are detected. The momentum of the
detected electrons (pe') is therefore determined from the alpha calibra-
tion of the spectrometer. The electromn Beam'momentum (pe) is tﬁen
calculated from a consideration of electron energy losses between tﬁe

scattering chamber and the detectors and of the nuclear recoil cor-

rection. This calibration gives the electron momentum, P, in
terms of the N.M.R. probé resonance frequency £, 1i.e. pe' = f/k
where kK = 233.67 £ 0.07 kc/s/MeV/c ° (ref. 8)

The electron momentum is given in terms of the magnetic field of the

first bending magnet (B) by pe' = k'B.
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The N.M.R. probe frequency (f) and magnetic field (B) are related by

f '= _ggg_
2me2m
P

where g, 4q, mp are the proton spin gyromagnetic ratio, charge and mass
respectively.

Thus k' 1is given in terms of k by

K = —BL - 1.8199 + 0.0005 10 2 MeV/c/gauss.
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APPENDIX 2 Toroid Calibration

The non-intercepting beam current integrator (toroid system) used
to monitor the charge delivered to the target or bremsstrahlung radiator
was calibrated using a Faraday €up of 99.67% efficiency. The charge
collected by both the Faraday cup and toroid system was monitored using
a Brookhaven current integrator thch was calibrated to give 1 logic

/ coulombs of charge. The ratio of logic pulses, for

pulse per 2 x 10°
a given amount of charge delivered to the toroid, was measured for mean
currents between O and 20puA, as measured by the Faraday cup. A cali-
bration carried out in May '78 showed that the toroid was stable to
within 0.5% up to ~ 19 pa mean current. A later calibration in Sept.
'79 found that the toroid was stable to within lzydp to ~ 15'ﬁa mean
current. This change in toroid performance was probably a result of
radiation damage to the preamplifier.
The toroid calibration is obtained from tﬁe ratio of integrated

charge collected by the toroid (X) to that collected by the Faraday

cup (0.996).

. _ -7 _
1 Toroid count = 0.99¢ x 2 x 10 coulombs.

All the experimental runs were either carried out for 105 toroid counts
or normalized to this value. Thus the number of electrons incident on

the target or bremsstrahlung radiator per experimental run (Ne) is

:given by:
_ X = ‘ -7 5.
N = Googg x2x10 10778,
where Ee = charge of electron = 1.6 ™ 10—19C.

The values of Ne obtained for the two calibrations are

N = 1.95 * 0.0l x 10'7 electrons May '78

17

N = 1.86 + 0.02 x 10™" electrons Sept. '79.

+
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APPENDIX 3. Spectrometer Momentum Calibration

The calibration of the magnetic spectrometer is performed in two
parts. One is the determination of the momentum of a particle at the
central orbit of .the spectrometer as a function of field setting,

P(R), and the other is the determination of the momenta Qf particles
incident on each detector, relative to the central detector, at a fixed
magnetic field setting. The primary calibration of the spectrometer
is the élpha particle calibration from which the energy analysis system
is calibrated (App. 1). The alpha calibration provides one value of
P(R) and gives the relative momenta at each deteétor. Once the energy
analysis system is calibrated further calibration points can be
provided by proton end points and elastic electron scattering peaks

so that the functional form of p(R) can be determined.

A 238Pu alpha source, which emits alphas of energies 5.4992 and
5.4565 MeV, is placed at the centre of the scattering chamber. Scalars
are used to count the total number of alpha particles detected in each
counter per unit time for small changes 'in tﬁe magnetic field in the
spectrometer. A spectrum of counts against Rawson value (R) is obtained
for each detector and is fitted with a function of two Gaussians such
that the Rawson value R(pa, j) necessary for an alpha particle of
momentum P (Ea = mean energy of15.4992,and 5.4565 MeV)‘ to be in-
cident.on the centre of detector J, is obtained for eacﬁ counter.

The ten detectors are mounted symmetrically on the focal plane
of the spectrometer with counters J =4 and J =5 on gither side
of the optic axis. Thus the primary calibration point of p(R) can

be obtained from this alpha calibration since

?(R) p(R, 4.5)



which is ‘equal to p(R, 4) ; p(R, 5) to Qithin an accuracy of 1 part
in 10%. |

The functional form of p(R) 1is obtained by fitting a 3rd degree
polynomial which has a zero comstant term, i.e. p(0) = 0 as physically

required,throﬁgh the values of p(R) obtained from the alpha calibration,

proton end points and elastic scattering peaks,

. by - 2 4, 3
i.e. p(R) alR + aZR + a3R

where p(R) is the momentum of a singly charged particle on the optic axis

R Spectrometer field in gauss/2.

The values of a;, a, and a, are found to be:

2

a; = 5.2269 x 10
.. _7
a, = -6.3410 x 10
ay = 1.2249 x 10710
and p,(R) = z2p(®)
where z = charge of particle detected on the optic axis. Clearly the

particle momentum is only slightly non linear Witﬁ respect to the mag-
netic_field, the deviation from linearity being only n 47 for the
highest obtainable particle momentum (E; = 700 MeV/c). Tﬁus

) (R(pa’ J) can be approximated by cR(pd, J) where 'c_ is a constant
from which |

P, = pR(p,, D, N = R, 4.5) eqn. A3.1

p(R,J) 1is related to P(R) by F(J) parameters

F(J) p(R) where F(4.5) is defined as 1.
vp(R(Pa,J),J)A ,.R(pd,,4.5) ,
= - = . ‘ "Using (A3.1)
p(R,(p s I)) R(p > J)

p(R,J)

. FQ)



The values of F(J) obtained in this way from the alpha calibration

"are:

]

F(J)~

0.9693
.9769
.9839
.9903
.9968
.0031
.0092
.0152
.0209
.0269

W 0 ~4 O un1 & W N = O
- = = - 0O O O O

3F
EX]

taken as the differential of a fourth degree polynomial fitted to the

(4.5), as required in the differential eross, section (Section 3.2) is

F(J) values and is given by: v.%é-(é.s)' = 0.00621 .
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APPENDIX 4 Detector Efficiencies

AN

4.1 Relative efficiencies .

The detector relative efficiencies, rj, are obtained from a
detailed study of theAparticle count rates measured using a target
which yields smoothly decreasing energy spectra over a certain energy
range. Pulse height spectra are collected for small changes in the
spectrometer field setting, such that the energy ranges for neigh=-
bouring counters overlap slightly. Smoothly decreasing spectra should
be observed for each complex particle, However the spectra obtained
for each detector differ from each other by a normalisation factor
due to the differing efficiencies. The detector relative efficiencies
are calculated as factors which enable a smootﬁ curve to be fitted
through the spectra measured for each detector. A relative efficiency

of 1 is assigned to the mean of the two central detectors, i.e.

Spectra are measured for a total of N - (about 10) spectrometer
field settings (j = 1, N) and the counts CjJ in each detector

@ =0, 9) are determined.

Taking logarithms of equation (3,2) , setting ei =1 and
D(EJ, EJ.) = 1 yields:
Ln CjJ 7
— s . 2\
Ej(1 * qJ 2) S L O 2 Xn(rJ) + constant
£MoC™ - dE; 1dQ
— iJ (A4.1)
L a s+ 1=y, @=10G-1+ D
4 o

where Ej = energy of particle at J = 4.5 at field setting j
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Ej = energy of particle in detector J at field setting j.

The left hand side (L.H.S.) of eqn. (A4.1) can be calculated for each
detector and field setting (Sections 3.1 and 3.2), while on the R.H.S.
only r; varies as J. The ry values are obtained by fitting an

Lth degree polynomial to the measured spectra,

420 - S L
i.e. fn|———| + fn(r.) + constant = a, + I a
[dE. dé] | J J g Mo
- JJ
9+L
= z f
0 etk
: = 8 =
where fk T (k 0, 9)
_ pk9 -
= EjJ (k = 10, 9+L)

the coefficients a, are determined by minimising the quantity

9+L 2
108-1 Poad oy
z k-]. ’
i= o.
i
where o, = error in y.
i i
ak(k = 10, L+9) do not change with J
ak(k = 0, 9) vary with J.
Thus Qn(rJ) - Qn(rJ) = aj; - aj J, J'=0-+29
eaJ
and Iy = a, a, normalised to 1'4.5 = 1.
e "+ e )

Relative efficiencies were determined for all the complex particles

at low and high energies and the values obtained plotted in Fig. A4.1.



RELATIVE EFFICIENCY
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Fig. A4.1 Relative efficiencies for 8 MeV alphas (stars), 35 MeV
alphas (squares), 18 MeV deuterons (circles), and 11 MeV

tritons (triangles).
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No systematic differenceslwere observed with respect to particle or
energy and a set of values used for all particles at all energies were
estimated from the_graph. Two sets of relative efficiency values for
the two different detector configurations used for this thesis work

are given in Table A4.1.

4.2 Absolute efficiencies

The area of the particle peak in tﬁe pulse height spectrum may be
less than the total number of particles incident on Fﬁe detector if
the absélute efficiency of the detector is less than 100Z.

Particles may lose energy in tﬁe detectors as am;eSult of multiple
scattering and inelastic nuclear interactioms, resulting in a low energy
tail below the peak which, during tﬁe integration process, may not be
included in the peék, resulting in the 1§ss'of particles. Flowers(s)
showed that the absolute efficiency of the detectors.ﬁsed for this
thesis work with respect to alpha particlés 1s greater thaﬁ 99.47.

Nuclear interaction losses are approximately 0.062 greater for
deuterons than for alpha particles, the losses for tritoné and 3He
particles being less than 0.37, the value calculated for incident
alpha particles. Loss of particles due to multiple scatéering in the
detectors varies approxiﬁately as 22 if 2Z is the charge of the
incident particle. Thus multiple scattering losses for deuteronms,
tritons and 3He particles will be the same as, or less than those for

alpha particles. The absolute efficiency of the detectors will therefore

be greater than 99.47 for all the complex particles detected.



TABLE A4.1

Detector Relative Efficiencies

a) May '78

Counter

W 0 N O UL &~ W N = O

b) September '79

Counter

O 00 ~N O U~ W N = O

0.74489
0.76434
0.83773
0.99565
1.00019
0.99981
0.95837
0.76607
0.85932
0.69408

0.95405
0.77645
0.84551
1.00843
1.00870
0.99130
0.98548
0.81990
0.88456
0.89591

T

J

+ ++ H+ 1+ I+ + I+

I+

H M W O W+

1+

0.00686
0.00731
0.00742
0.00739
0.00777
0.00810
0.00870
0.00976
0.00984
0.01096

0.01140
0.01147
0.01113
0.01116
0.00619
0.00630
0.01096
0.01256
0.01254
0.01686
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