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RBSTRACT

The (n,n*Y) resction at £,= 14,1 MeV has been studied for 0'°
and Co‘o. Cifferential croes sections were abtainsd for the scat-
tering by ths ground states snd several excited states. The
excitation of the lowest 3- state was guite strong for easch nuclida.
This is evidence thot the collectivse octupole description is velid for
these 3- states, The elaatic cross sections were successfully fitted
using the opticsl model. The optical pasramsters which resultad wers
employec in DWB cslculations to predict scattaring cross sections for
the lowast 3- states of 016 and Ca40. For thess celculations, the 3-
stetes wers represented by collective octupole vibrations., The
agrasment with experiment was good in the case of Ca‘o but poor in the
case of 016. The latter result mey be due to the inadeguacy of the
OwB method for such a light nucleus.

Ensrgy, yield and snguler distribution messuremants were mads For
the deexcitation gemme rays. Ffor 016 the results wers used to deduce
excitation croass sections which were in good agreement with the nsutron
daste., It wes observed that states highsr than the first 3- levels in
016 and Cs‘o seldom decay by diract ground state transiticns but rather
by cascade events which procesd through the first 3- state.

This result is in sccaord with the sssumption of s collective

vibrational nature for these states if it is assumed that some of the

higher statss ors formed on top of the 3- level.
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STATEMENT OF ORIGINALITY

In so far as the author is sware, the following parts of the
preaent work are original,

1) (Excitation of the lowest 3- state in Ca‘u using 14,1 MeV
neutrons and demonstration of the dirsct nature of this excitation
by the use of & DUB calculation.

2) Comparison of the excitation cross section for the lowest
3- state in 016 with & DuB calculation snd demonstrstion of a rough
sgresment betwsen theory snd experiment.

3) Determinstion of the cross sections for 14.1 ReV neutron
excitation of the 016 states up to 11 MeV using both neutron and
gamma rsy yisld measuremsnts.

4) Determination of the cross sections for 14.1 WeV nsutron
excitation of Cl40 states up to 7 MaV and the yislds for the
corresponding desxcitation gamms rays.

5) Wessurement of the anguler distribution of gemme rays
emitted by the lowest 3- states in D16 and C.‘O following 14.1 MaV

neutron scettering.
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" CHAPTER 1

INTRODUCTION

a) Object

The energy levels of nuclei are interpretsd at the prazent time
by clessifying them in two brosd groups, ths cloud sxcitationa and
the core excitntlona”. The core consiets of the nucleons in filled
shalls. In eguilidbrium it has aphsrical symmetry ond 1o quite
resistent to changes in ite configurstion. Ths cloud consists of the
extrs nucleona (or holes) required to make up the total number of
nucleons, A. Such a division follouws neturclly from the indspendent
perticle model, which pictures each nucleon of & nucleus && moving in
s potentisl well that reprsssnts the net force of ell the other
nuclsons in the nucleus on that one. Uith the correct choics of
potentisl this model gives rise to the shell structure of nuclei in
shich groups of lsvels callec shells ars sgperated from the neiqhbqur—
ing shells by fairly lsrge ensrgy gaps. Thus, a perticulsrly steble
configuration (the cors) occurs whenever s shell is complatsly filled,
Extra nucleons (or holes) added to the closed shall form a loosely
bound and fairly deformable cloud. It is the excitations of the cloud
which have baen ths subject of mpst nuclesr spectroscoplic study to date.
In the case of & single cloud particle, whers particle stonds for
nucleon or hole, singls particle excitations accur. If there are only
e few perticles in the cloud, residusl forces which are not taken into

sccount by the aversgs potentisl well tend to couple thes into pairs
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having zero angular momentum. This tends to promote a sphericsl
squilibrium shape for the cloud, However collective vibrations of
the whole cloud can occur. They couple, in ths cess of sn odd number
of cloud-particlos. with the spin of ths last odd one to form
aultiplets., If the number of cloud perticles is lsrge, the residual
forces tend to dsform ths cloud in its lowest state thus permitting
collective rotationesl excitations to occur. These can also couple
with the spin of a last odd perticle to form multiplets, Tha
distinguishing feature of all the cloud spectra is a strong depen-
dence on the number of cloud particles and thaerefore on the magic
nucleon numbers at which closed shells occur,

It is interesting toc nots that both the single particle snd col-
lective atates arise quite naturally cut of the independent particls
picture. Formerly it wes necessary to postbloto two models, the
extrsme singls particle model which was based on the sssumption of
weak inter-nucleon interactions, snd the collective model which
requirad that theee same inter-nucleon interactions be so strong, that
the nucleus could be thought of as 8 drop of liquid. The sppsrent
contrediction of these two models is resolvad by tha independent
particle model,

There has besen much interest recently in ths cors sxcitstions,
which sre distinguished by a smooth varistion with atomic number
indespendent of shell closure. The giant dipole resonance which
occurs for all nuclei st an excitstion of about 20 MeV is interpreted
8: 8 cors state in which all the neutrons vibrate collsctively sgeinst
all the protons., In addition there is convincing evidencs for a

callective octupoli vibration of the core st sn excitation energy of
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about 3 MeV in many nucloiz) and a little indirect evidencs for a
qguadrupole vibration st sbout 12 n-vs).

The purpose of the present work was to investigate the existence
and propsrtises of the octupole vibrastion in the two closed shell
nuclei 016 and 5340 using inelestic scattering of 14 MeV neutrons to
produce the excitstion., These two nuclei are doubly closed shell
cores upon which meny light end medium weight nuclei sre built, and
hance sny collective vibrations which thay exhibit sre of importance
in understending the spectroscopy of a whole series of light end
medium weight nuclei.

C.‘O has @ state at 3.73 MeV of the propsr spin end parity (3-)
which appears to conform to the octupole vibration picturnz). It
was hoped that the present investigation would help to confirm this
snd would provide additionel facts concerning the nature of the
octupole vibration.

0‘6 slso has a 3~ state which has bsen discussed in terms of the

2) at 6,13 MeV, Howaver it is a very light nucleus

octupole vibration
having only 16 nucleons, snd the replacsment of thess nucleons by an
incompressible fluid which is necessary for the collective model
description of en octupole state may be a bad assumption. However
collective correlations do occur in the motions of nucleons in light
nuclei ss evidenced by the whole spectrumr of rotational states

20 by Litherland et ald). Progress hes been wmade in

uncovered in Ne
understanding these correlations within the fremework of the
independent perticle model by using the symmetry properties of the

group SU3 to choose from the large number of possible statss which

L.
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cen be built using single particle wave functions, those which have
the greatest spstisl symmetry to represent the low lying states of
the actusl nuclnuss). it is to be hoped that such an spproach may
permit tﬁ' description of sn octupole-like state in light nuclei
within the framework of the independent particle model. In any svent
the properties of the lowest 3~ stats in O16 requirs closs investi-

gation in order that the praedictions of the various thsories can be

tested,

b) ®Method

The mscheniem which has bsen used in the pressnt cess to excite
states in 015 and Ca‘o is the inelmstic scattering process using
14,1 eV neutrons. The ussfulness of this process is emphasized by
a phenomenon cbhserved by Cohen for inslastic proton lcattnrings)
whereby snergetic nucleons profcrontlally‘exolto those nuclear states
which have a collective nature through diract interactions with the
nuclesr surfacse. Pinkston and Satchlor7) have shown that this reeult
is in agresment with the prediction of the distorted wave Born (ouB)
theory of direct interaction (DI) inelastic scattering. They were
able to show that the spin independent part of the metrix element
for DI scattering is closely analogous to the matrix slsment for an
electric multipole trensition, Thus the ssme states which show
collective enhancement in the transition rates for gamme reay emission
should be strongly excited by DI scattering.

Having found 8 method of exciting the atates of intaerest, it is

necessary to inguire as to what kind of messurements can be made to

gain informstion concerning the nature of these states. First of

b e




-l -
all, it ie possible to study the excitation process itsslf by
observing the yisld, energy, angulsr distribution and polarizetion
of ths scettered nsutron. Such data can then be compared with the
predictions of DI thesories which in general involve some assumptions
about the nature of the nuclesr states involved in the transition,
In this way it may be possible to choose betwsen ths verious sssump-
tions about the nuclear structure., Second, one can study the daecay
process whereby the excited nucleus emits some radiation (usually
one or morse gamma rays) to drop back to the ground state or a stable
state of some other nucleus, If higher states than the one under
study ere excited it may be possible to obssrve ceacade svents which
proceed through the state of intarest. In this case the corresponding
transition rates and branching ratios will be of intersst asince they
are in genaral very sensitive to the naturs of the nuclear ststes
involved,

In addition to such sepsrate measursments on the excitation and
decay processes it is possible to perform coincidence messuremsnts to
obsarve both proceeses at the ssme time, Ffor example the angular
corrslation of the decay redistion with respect to the scattered
neutron could be measured,

In the present investigetion the energy, yield and angular
distribution of the scattersad neutrons and the decay gamma rays have
been obtsined., The resulte have been compered with the DI scattering
theory. In addition the brsnching retic for one of the 016 states was
measured using a coincidence technique tu observe gesma ray cascade

events,
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€) Nuclear Reaction Models and Direct Inelsstic Scattering

8efors discussing those theories which sre useful in tresting
direct inslastic scattering of nuclsons, it is necessary to have s
physical picture of the DI scattering process end soms idea of its
relation to the other interactions which cen occur when an ansrgetic
nucleon is incident on & nucleus. To be specific, conaider what
processes might occur if & nucleon having 10 to 20 eV of kinetic
energy is incident on & nuclsus. Such a projectile hes s deBroglie

=13 cm); that is,

wavelength associated with it of 1 to 1.5 fa (10
of the ssme order as the nuclear redius shich varies bstween 1 and

10 fm depending on the nucleon number A, One event which has a high
probability of occurrence is a simple collision in which ths internal
state of motion of the nucleus is unchenged (elsstic scattering).
Classically ons might treat such sn evant in terms of a hard sphere

or billiard ball collision,but a mors accurste treatment will taks
into sccount the wave nsture of ths nucleon. Then the hard sphares
would be replaced by a sphericel reflecting surface and en incitht
plane wave in snglogy with the optical mirror end ingident plene

light wave. The smell size of the nuclear mirror relstive to the wave
length aof the nuclson means that diffraction of the wave will be a
dominant feature of the scattering.

A sscond process which is very likely to occur is ths sbsorption
of the nucleon to form e compound nucleus, This is a semi atablg
system, Originslly its formastion was besed on the sesumption of
strong internucleon interactions which result in a repid sharing of

the kinetic snergy of ths incident particle with sll ths nucleons of
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the system. It sventually deceys when one nucleon or a group of
nucleons sccidentally obtains snough snergy to escape from the region
of intersction. Again sn optical analogy is useful to describe
compound nucleus formation, If the nucleus is thought of us & black
(absorbing) sphere, diffraction will still occur to account for the
slastic scattaring. Houwever that part of the wave which actually
strikes the nucleus is now absorbed to form the compound nucleus.
Actually ths nucleus is only "grey" or partially absorbing for
shergetic nucleons. For example 15 BeV nuclesons =re thought to have
a2 mesn fraee path inside & nucleus of the order of 4 fma). This fact
hes led to the development of the cloudy crystel bell or optical

9)

modsl of nuclesr reections ’ which pictures the nucleus as a potential
well in conformity with the independsnt perticle model but includes

sn sbsorbing term in the potential to account for compound nuclgus
formation,

A third possibility is that 8 resction will occcur in one step
without the formation of a compound nucleus., Such reactions are .
callaed direct interaction (DI) procssses. They include knock on and
gxchange reactione in which ths projectile interscts eith & nucleon
or a group of nucleons in the nucleus end either the incident or
struck particle is emitted, etripping and pick up reactions in which
a composite incident particle loses one of its constituents to the
nucleus or vice verss and collective inslastic scattering in shich
the incident particle interacts with the nucleus sa ® whole to sxcite

» collective mode of motion., It is worth noting that the elastic

scattering by the nuclear potentisl is just e specisl cuse of a DI




process.

Ths compound nucleus end DI resctions ere Just me differsnt from
each other 28 sre the collective and single particle models of nuclear
structurs, yet w-isskopf1) has been esble to show that thay both follow
naturally from the more basic independent particle model in the sams
wey as ths structure models do. He suggests that every resction begins
through e direct interaction between the projectile end the nucleus es
2 whole or one of its constituents. The producis of this intaeraction
have a8 good chance to escape from the ragian of their mutual inter-
action. If they do, the result is simply a direct reaction., There
may however be a second interaction resulting in a furthar sharing of
the incident kinstic energy and hence a smalier probability of escape
for the interaction products. After only a Pew collisions the escapa
probability is very low, end the process hag s good chance to continue
until the incident kinetic energy is shared by all the nuclseons of the
system. This is compound nucleus formation. It is easy to understand
on the basis of this picture of nucleer resctions why the teo limiting
coses ors so ussful. If the reaction doss not terminate in one step
(01 resction), then the chences are guite good thot a compound nucleus

will bs formed,

d) Oirect Interaction Theory

There is no exact traestmant for Ol reesctions. An exact treatment
would involve solving ths many body problem for the nucleons of the
nucleus and the projectile in terms of thair basic interections and
would yield a complete solution for tha elastic scattering, Ol and

compound nucleus reections es well es the reactions of intermediate
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typs. The very fact that a division of the whole intsraction has besn
made implies spproximstion. In psrticular the DI reactions ere treated
by assuming that only s few of sll the possible degress of fresdom of
the interscting syatem need be considered.

Two approximate trestments for DI reactions have been used fairly
extensively, the Born and sdismbatic spproximstions. The Born approxi=-
mation involves the easumption that the D] resctions can bes ignored
relative to the slastic scattering. This results in a perturbation
calculation betwesn slsstic scettering channels for sach DI reaction.
If the wave functions for the slastic scattering channels are spproxi-
mated by plane waves the plene wave Born (PuUB) epproximation results,
Thie i{s a bad spproximstion bsceuse the nuclear potentisl casuses =
serious distortion of the incident wave. A better result is obtained
if the optical model is uaed to obtain the elaatic ecattering wave
functions by fitting the elestic scattsring dstu. This approsch is
cellad the distorted weve Born (DWB) spproximation. Unfortunately, a
separate solution must be found for esch scattaring problem and the
aolutions are sufficiantly difficult that computer techniques have to
be used., However the computer progrsms ars svailsble at soms
laboretories (for example st Chalk River Nuclear Lsborstories, Chalk
River, Ontario).

Recently an extension of the optical model and DB approximstion
for scattering hes besn made in which the slestic and inslastic scat-
tering problems sre treuted simultsnsously by solving a eet of
coupled -quations1°'1‘). This is ceslled the coupled squation (CE)

approximetion. ¢ hgs besn found that the DV model treatment cen
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give results very similar to those of the CE model, provided it is
properly used, sven if the inelastic scattering is quite sttong’z).

In appendix A it is shown how the PWB, D¥B end CE epproximationa
for the DI scattering cross section sre cbteined from a general
acattering Hamiltonian, The method of solution is givan for the DUB
case snd it is shown how the excitation of collective ststes caen be
treated. The complste PEB solution for excitation of collective
states through e surface intaraction is given.

The edisbstic espproximation cen bs used in the cese of collective
sxcitations by direct inelametic scattnring13). It is based on the
assumption that the nuclear motions sre elow relative to the inter-
action time., Ths elastic scattering probability is celculated es a
function of a nuclesr motion parameter p which is coneidered fixed
for the calculation. The cross section cen then be obtained by teking
a suitable integral over p. The adiabstic calculation is in genersal
very difficult end since it has besn found to reduce, in the limit of
small collective deformation of the nuclsus, to the DUB rosu1t14);
little attempt has besen made to perform sccurate sdisbatic calcula-
tions for inelestic scattering. The chief interest in the method lies
in the fect thet e usaful closed form expression for the scattering
can be obtsined in the cess of s bleck nuclsus using the fraunhofer
spproximation for diffrection of light by s black disc. Blsir has
given & thorough trestment of this simplified adisbatic model’>) and
it will be called the Bleir Model in this discussion slthough others
initisted and contributed to ite developwment (ses reference 15). In

the cass of inelastic scattering of alpha particles the nucleus is
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fairly black. For sxampls, the mean fres path for a 22 m-vc( particle
in a nucleus hss besn estimated by Igo and Thaler to bs about 1.5 fm162
Thus it is not surprising that the Blair model works well for alpha
particle scattering at least at smsll angles where the Fraunhofer
approximation is valid14’ 15). for inelastic nucleon scattering the
black nucleus assumption is not ss good as we have saen, but there is
some indication now that crude agresment with sxperimsnt can ba
obtained despits this17). The chief importance of the Blair model
lies in its emphasis of the role which diffraction plays in the nuclear
inelestic acattoriﬁg processes, This emphessis, which is not svident
in ths ceae of the DiS treatment dus to the complexity of the
celculstions, has made it possible to understand better some of the
cbserved charactaristice of ths scattering. For exsmple, the Blair
model expleins a phenomanon observed for alphe particle scattering, i
nemaly, that diffraection-like oscillations in the inelastic distribue
tion ars found to be either in phasse or 90 ° out of phesae with tha
corresponding oscillations of the elastic disttibution’s).

The angular distribution of the gamma reys which result from an
inelastic scattaring process depends, in gsneral, on the way in which
the excited state was Pormed and thersfore predicted distributions depend
on the rsaction mode)l which is used. Thua it is possible to obtein
praedictions for the angular correlastion between the gamma rsy end
the scattered particle or for the angular distribution of gamms rays
with respect to the incident beam direction. Such predictions have

besen given in closed form by Satchlar1a) for the PUB spproximation,

In addition some snguler corrslation and distribution predictions
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based on the DUB theory hsve besen givon19’ 20). Unfortunately the

computer programs required to obtsin predictions for s given case

are not generally svailable at the present time,




- e

CHAPTER 11

MEASUREMENTS

a) Angular Distribution of Scattered Nsutrons

i) Experiment: The angular distribution of scattered noutrcn;
was obtained using an associated particle time of flight techniqu321).
A plan view of the apparstus is shoen in figurs 1. The source of
14,1 MeV neutrons wes a generstor* which used 100 KeV deuterons to
produce t(d,n) o( reactions. A coincident beem of these neutrons wes
defined by obssrving the associsted slphe particles with a scintilla-
tion detector. This besm was sllowed to strike e scattering target,
and the scettsred nsutrons were detected in a second scintillation
detector efter they traversed 2 flight path of about 250 cm. By
observing the time intervel between detection of the scattersd
neutron and its sssociated elphe particlae, the velocity (and thora?orn
the enargy) of the nautron was obtained.

The alpha detector consisted of a 0.0013 cm thick Ne102 phosphor**
couplsd by e thin lucite light pipe to a CB8S-CL1090 photomultiplier tube.
A baffle having a rectangular aperture 1.2 cm wide by 2.3 cm high was
placed over the scintillstor at a distance of 6.5 cm from the tritium

target. Using this apperatus and a 0.4 cm dismster collimator for the

smanufactured by Texas Nuclear Corporation, Austin, Texas.

sspanufacturec by Nuclesr Enterprises Ltd., Winnipeg, Manitaoba.




Figure 13 Plean view of spparatus used to meesure the angular
distribution of scattsred neutrons. The distances shown are those
used for the calcium meassurements and werae changed for the liquid

oxygen measurements (sse taxt).
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deutsron beam, a rectanguler coincident nsutron beam was obtained.
The verticael and horizontal profiles of this beam sre shown in
figure 2., They were cbserved by using a smell plastic scintillation
probe and demanding a coincidence with the alpha detector output.
The rectangulsr beam geometry wae useful in two weys., First, it was
possible toc irradiats the scattering target fairly uniformliy without
having largs numbers of coincident neutrons going around tha target
into the room. Thus the probability for observing spurious
coincident svents was lowered. Second, in the caese of oxygen
messuremant 8 liquid oxygen target was used, and since the level of
the liquid was difficult to maintain st a constant valus, it was
allowsd to vary, but outside the uppar limit of the coincident beam
(ses the srrows marked (-0 in figure 2). Thus the edge of the beam
itaglf was used as the effective upper limit of the scattering
target.

The neutron detector used for the oxypen msasurement consisted
of an KNe102 plestic phasphor 5 in dismeter by 5 in long with its
axis parallel to the flight path and mounted on an RCA7046 photo-
multiplier tubs. Before the calcium mgasursment wes mada the
cylincrical phosphor wes replaced with an Ne102 slab 4 in by 2 in
by 12 in placed at an engle to the flight psth ®s shown in fiqure 1.
This replacement wes made in order to improve the time resolution of
the system, By adjusting the angle which the slab made with the
flight path, it was posaible to arrange that the totel of the flight
time and light collection time wes a constent for different points

along the nlabzz).




n

Figure 23 Horizontsl end vertical plsne profiles of the coincident
neutron beam, The arrows (-0 indicate the position of the liquid

oxygen tergst.
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tiquid oxygen (99.76% 016) was used es the scattering tasrget for
ths oxygen messurement, It was contained in s thin waslled styrofocam
vessel. The lesvel of the liquid wes meintained sutomatically through
the action‘of e flost operated valve, The effective dimensions of the
target were 8.9 cm dizmeter by 20.6 cm high, and it wvas placed 65 cm
from the neutron source. The engular resolution which was obtained
under thess conditions was about 11 dagrees. For the calcium mgasure-
mant, a metellic celcium target was used (96.96% Ca“o). The dimensions
of this target wers 4,88 cm diameter by 10.59 cm long, and it was
placed 27 cm from the nsutron source. The anguler resoclution obtained
using this target was esbout 10 degreaes.

A limitation to the sensitivity of time of flight messursments is
imposed by the occurrence of chence coincidence svents as a result of
the detection of background rediation in the two detectors. In the
present case it was possible to snsure that nearly all the signals
from the alphe detector which were used wers due to the detection of.
alphe particles simply by using a single channeal snalyser to select
pulses having the proper amplitude.

Pulss height selection was of little valus in the case of the
nsutron detector pulses since monoenargetic neutrons produce pulsas
having a wide variaty of amplitudoszz). In addition the background
counting rate in thes neutron detector is generally high as a ressult of
nsutron radistion coming directly from the neutron source, nsutron
scattering by the wells of the room, gamms ray production resulting
from neutron capture svents in the walls of the room and natursl

background radistion, Thus it was advantageous to shisld the neutron
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detector from the radistions coming from sources other than the
scattering target es well as possible. B8rief tests concerning the
affectiveness of verious shielding materials end configurations
resulted in the choice of the following srrangement., A copper shadow
bar (about 25 cm in length) was placed betwssn the dstector and the
neutron source to shield the detector from direct irradiation. In
eddition, s castla of masonite and steel blocks mbout 25 cm thick esnd
lined with 5 cm of lesd was constructed around ths detector. A snout
extending out from the detector toward the scattering target helped to
shield the detactor and ths meterial immediately around it from direct
irradiation (see figurs 1).

In addition to the random chance coincidence background, thers
was 8 non-random source of background in the casse of the oxygen
measurement dus to the presence of the styrofoam container. For this
reasnn background runa ueravmadu at each scettering angle with the
smpty container in place in order that this bsckground could be
subtracted,

The measursment of the flight time was accomplished using the
electronic epparatus which is depicted schematicelly in figure 3,
Details of soma of the apparatus componsnts are given in the circuit
diagrams of eppendix C. It should be notsd thst meny modifications to
the spparetus were made during the courss of ths work. The apparstus
illustreted in Pigurs 3 and appendix C represents the configuretion
which wes used in the csse of tha calcium weasurements. In the case of
the oxygen measurements which were made sarlier, tube circuits were
used for the preemplifiers end no compensation circuit was employed.

Thegse diffsrences sffected only the time rssolution esnd chance
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of flight measurements,
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coincidence counting rates as will be seen bslow.

The principls of oporation.of the spparatus vas as follows.
fast rising buls.a from ths limiting preamplifiers were spplied to
the prime and stop inputs of a time to pulse height converter (TAC)
after adjusting the deleys so that the earliest nsutron pulse just
followed ths correspanding alpha pulss. The designs for the. TAC
circuit, the limiting preamplifiers and the compenssetion circuit
{(appendix C) are besed on thoas ofifrosar snd Tomlinsonzs). The TAC
circuit produced sn output pulss whose amplitude depended linsarly
on the time intaerval betweon the arrival of a nsutron pulse at the
start input and.that of an olpha pulse, which wss dalayed by 200 ns
I ( I ns =.l(l'9 8), at the stop input. The neutron detector wes ussd to
supply the start pulse beceuse it had the lowsr co&nting rate., Ths
TAC output was applied to a compensation circuit where a small voltage
wes subtracted from it to correct for the ueristion in observed flight
time of neutrons having ths seme vglocity but shich produced scintil;a-
tion pulses of different smplitudes, This effect was due to the fact
that the limiting preamplifiers required a finite current to [imit .
and therefore produced output pulses sooﬁor for large scintillation
pulses than for snall onegs,

Linear side channela, consisting of convantional emitter follower
preamplifiers, amplifiers end single channel anelysers were used to

chooae the detector pulses having the desired smplitude., In the case of

the alpha detector, this meent putting a window over the alpha peek,
For the neutron channel the bies wes set as loy as possible consistent

with obteining good time resclution.
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The compensation voltegs mentioned sarlier wes obtained by
attenuating and stretching s pulss from the single chennal analyser
on the nautron sids., The pulse usad for this purposs wes that part
of the linser pulse which vas left after thse biss voltage was
reomoved, Thus no correction was spplisd for pulsss heving emplitudes
just greatsr than the biss voltage, while a correction proportional to
the difference betwesn the signal and bias voltags was epplied in the
cese of larger signels,

Pulses from the limiting presmplifiers ware also applied to »
fast coincidencs circuit after clipping the nautron pulse to & length
of sbout 15 na, In this way it was possible to reject random svents
for which the start signasl did not occur batesen the prims and stop
signals., The function of the prime in the TAC, is to prevent the
start pulse from opersting ths circuit unless thers is e stop pulse
following, It does not perform ths same function ms the fast coinci-
dence circuit since it parmits tﬁe occurrence of random events fer
which the prime pulse follows the stert pulse.

The outputs of the fast coincidence circuit end the two single
channel analysers operated e slow triple coincidence circuit (2T=
3/~n(10'6 8)). Times spectra were ohteined by applying the compensated
time signal to 8 200 channsl snelyser® which was controlled by the
output of the triple coincidence circuit,

In order to check the linearity of the time to smplitude

sModel ST2000, manufectured by the Victoresn Instrument Co,,

Cleveland, Ohio.
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conversion and to calibrate the systam, the position of the time peak
associated with the direct 14,1 MeV neutron besm was observed as @&
function of the distance batween the detector and the neutron source,
The 11n-ar1£y was found to be Qood within the accuracy of the ceslibra-
tion, which was sbout 2%, over a 200 ns range of time intervels.

The time resolution of the syatem wes measured by observing the
time spectrum of neutrons in the coincidence bsam, Thes rassultas,
shown in figure 4, indicste clesrly the ussfulness of the slab dstector
and the compensstion circuit., The resclution A expgraesed es a full
width et half maximum was found to be 2.5 ne fFor the aleb end 3.2 ns
for the cylindrical phosphor when the compensstion was adjusted to
minimize A, For these measuremsnte the bias on the neutron sidas
wos adjusted to correspond to the centre of the full enerqy pask in
tha pulse height spesctrum of the 0.662 MeY gamma rays from a Ca137
source. According to the results of Gettner and Solovazd). this bias
corresponds to the meximum pulse height for nesutrons of 2 MeV,

The efficiency of the alpha dstector was mssumed to be 1003 and
counting losses in the alpha channal wers ignored, No grror results
fru; this assumption because those nsutrona ssaociated with lost elpha
events were not pert of tha coincident heam,

The efficiency of each neutron detector was obtained as follows.
The dirsct coincident beam was used to obtsin the efficiencies for
detecting 14,1 eV neutrons., To do thie the detector was simply
placed in the beam and a time spectrum taken. From the ratio of the
counts in the tims peak to the corresponding number of slpha svents
and the known cross section of the beam, the efficiency wes calculated,

For nsutrons of other energies the efficiency was m-asurﬁd by comparing



figure 4: Time resolution of the system for ths two nsutron detector
phosphors used. The compensation circuit has been used to obtain the

spectrs on the right.
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the obssrved yield of neutrons scettered by hydrogen with the
theoretical yield at various scattering angles, Since n-p scettering
is very nesrly isotropic in the centrs of mass system, the energy and
yield csn essily be related to the laboratory scattering sngle. Small
polysthylens scatterers were used for this messurement. Neutrons
scattered by carbon were usually well separated from those scattered
by hydrogen in the time of flight spectra. Mowever, in a faw ceses a
correction had to be mades for inslastic scettering from the carbon,
These corrections were made using time spectra obtainsd with & graphite
scatterer. Corractions were elso spplied for attenuation of the
incident end scattersd nsutrons by the polyethylene.

The messured sfficiencies for the two detectors ars shown in
figures 5 and 6., Note that the bias of the nsutron channsl was
ad justed to sllow detection of neutrons heving snsrgies greatsr than
2 fieV in the cylindrical d;toctot used for the oxygen massurements,
while e 3 fleV bies was ussd with the slab deatector for the calcium
measuremsnts.

The smooth curves in figures S and 6 are theorstical estimates of
the efficiencies calculatad using hydrogen and carbon cross sgctions
according to the expression given by Rybakov end Siderovzs). For the
experimentel points obtainaed by scattering from hydrogen, ths aerrors
indicated in energy repressent the ensrgy spresd of the scattered
neutrons dus to the finite angular resolution, The errors in afficiency
which ere indicated include only relative arrors dus to stetistical end
background subtraction uncertainties. The sbsolute normalizetion of
thess data is only accurete to about 10% dus toc uncerteinties in the

geometry and the correction for ettenuation of the incident nsutron
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detector.

Efficiency of the 5 in diamater by 5 in long Ne102

The curve is theoretical (see text),
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Figure 6: Efficiency of the 12 in by 4 in by 2 in Ne102 dstactor.

The curve is theoretical (ses taxt).



A Efficiency

0.18—
. |

w7

ol4 — ' Z}.
, ~
Ol2 }b—
0l0— /\ Direct beam (141 MeV)
© Scattering from H
oo8—
|——§—~

06—

002'—

Neutron encrgy (MeV)

00C. lygl | | | | -

O 2 4 6 e 10 12 14




e

- 21 -

besm., The errors shown for the 14.1 Mev efficiency include the
probable error in normalizetion for the direct beam measurement. Thus,
the agresment betwsen the celculsted and measured efficiencies is quite

good,

i1i) Resultss A time of flight epectrum of neutrons scattered
by oxygen through an angle of 40.3 degress in the centre of mass
system is shown in figure 7, The tims incresses from right to left
and is proportionsl to the chennel number., The gamma ray peak repre-
sents the arrival time of the gsmms rays which are emitted when the
levels excited by the inelastic scattering decay. Elastically scettered
14 eV neutrons travel st about 1/6 of the spesd of light and therafore
aerrive some time after the gamme rsye. The inelestically scattered
neutrons arrive still later. The relativs positions of the gamma ray
and elastic neutron peaks provided a sensitive calibration of the time
of flight system which was in good esgresment with, but mors precise
than, the previous determination., This more accurets calibration was
used to calculste U vaelues corresponding to the observed peske as
indicated in figure 7. An energy level diagrem for 016, taken from e

publication by 8romley et 3126)

is included in Pigure 7,

There is svidence in the time spectrum of feirly strong scattering
by at least one of the states near 6.1 HeV, at least one of the states
near 7 MaV and by thas 2~ state at 8.87 MeV. In addition there was some
svidence of wesk excitation of @ stste or states at an ensrgy of
roughly 11 MeV. The broad peek at channsl 90 was split into two

components by sssuming that only tuo stetes wers responaible, one at

6.1 MeV and the other st 7 MeV. In order to accomplish this, it wss




Figure 731 Time uf flight spectrum for liquid oxygen target. Time
increases from right to left. 10 channels corraesponds to 6.8 ns.
The deshed line rapresents the background which was obteined with
no liquid oxygen in the container. Ths level scheme is taken from

reference 26).
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Necessary to know the expected shapes of the time spectra due to
monoenargetic neutrons of the appropriate snergies. Thess were
estimated From the direct besm spectrs which had been obtained earlier
and from the observed widths of the elustic and 8.87 MoV posks in
figure 7. The latter pesks were used becauvee they were belisved to be
due to monoenergetic neutrons.

Differential acettering cross esctions were calculated from time
of flight data like that of figuin 7 tekan-at scattering sngles between
15 and 160 degress. Corrections vere applied to eccount for ettenuation
of the incident and scattered neutrons. The elastic scattering data
were 2180 corrected for the effacts of finite engular resolution snd
multiple scattering by using ® fMlonte Carlo computer program devsloped

27)

by C. Glavina”"’, The Monte Cerlo corrections were of the order of 10%
or less except near the minima of the distribqtion. shere they were less
than 25%,

No anguler rasclution or multiple scattering corrections wera
epplied to the inelastic scattering date. Errors resulting from thia.
omission should be small since the inelastic scattering cross sections
generally do not vary rapidly with angle,

The corrected elastic differentiasl cross section values are plotted
in figure 8 as circled points. The inslastic dets are plotted ss dots
with error indication bars. The errors indicated include statisticel
end background subtrsction uncerteinties only, They do not include
possible errors of 10% for the 6.1 MeV scattering and 20% for the 7 feV
scattering dus to the uncertainty in resolving the corrsaponding pesks,

For the elestic cross section veluss the statisticel end background

orrors were smaller then the diemeter of the circles sround the points.




Figure B: Differential cross sections for noutrons scetterad by

liquid oxygen,

The upper curve renpresents the optical model fit to

the elaatic data. The other curves simply join sets of points,
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in sddition to the errors indicatsd there was an uncertainty in the
relative cross section for each point of 5% or less due to variastions
in the semple position, neutron beem cross section, snd errors in the
fionte Carlo corrections. The asbsolute velus of the integratsd elastic
cross section, found by drawing s smooth curve (not shown) through thae

4 cmz). The uncerteinty in

circled points, was 1.07 % 0 .25 b(10™2
this gquantity wes due to uncertainties in the chserved cross section

of the neutron besam, the location of tha scettering target in the beanm,
the detector efficiency snd the attenuetion corrections. Because of
this lerge error, the differential cross secticn valuss were normalized
by setting the integrated elsstic cross section equal to 0.87 b, which
is ths difference betwssn the previously messured total and none-slastic
cross sections for 14 MeV neutrons incident on 0xygcn28’29‘31) (see
teble I).

In order to check the accurecy of the differential cross sactions,
the enguler distribution of ths elastically scattersd neutrons was
remgasured using e small scattering terget of aluminum oxide powder
(Alzus), 3.02 cm in diemeter by 6.02 cm long contained in s light
cardboard holdsr. The size of this target ensured that the esttenuation
corrections would be smoll and the multiple scattering and enguler
resclution corrections negligibl;. Contributions to tha elastic time
pesk due to acattering from the holder snd from sluminum nuclei were
estimated by psrforming backﬁround runa using a target of rolled
aluminum foil in en identical cardboard holder. Ths foil was rolled so
as to produce the same ettenuation of the neutrons as did the A1203

scetterer,

The diffarential,c:oae ssction points normalized in the same way as



TABLE 1

INTEGRATED CROSS SECTIONS FOR 14.1 mev NEUTRONS INCIDENT ON 0'° and ce’C

(in units of 10°24 ca? (b))

Cross Section D16 Caan
observed calculated obsarved calculated
o 1,62+ 0,04%8) 1,48 2,24 0,08 q.0s
‘ , ., 0.75 + 0.0829" 061 1.36 £ 0,027 1as
| o, -C,, 0.87%t0.10 0.87  0.88 0.80
| 0:1 1.15 ¥ 0.10 (prasent work) 0.493 + 0.10 (present work)

1.07 * 0.25 (present work) 0.82 * g.07%¢)

0.88 * p.09°0)

* This quantity has been obtsined by adjusting the valus of 0.85 b,

29)

meesured by fFlerov and Telyzin using a sphera tranamission technique,

to sccount for energy degredotion of the elastically scattered neutrons

(see the psper by MacGregor st a131)).




the liquid oxygen dats sre shown in figure 8 as dots with error
indicetions. Ths agreement between the two sets of points is good.
The present elestic .cattering angular distribution and integrated
cross section valuss elso agree fairly well with the date of Bauer
st 0130).

The integretaed cross sections for inelostic scattering basaed on
the same normalization used for the elastic data were ss follows:

U= «6,1 M3V =7 £15 mb

L = =7 eV =52 10 mb

U= =-8.9MeY G=18 X 5 mb
Two typical time spectras Por neutrons scettered by calcium ers

shown in figure 9. The peek & in sach cese corresponds to elastically
scattered nsutrons, The gamma peak does not appear in the time range
covered but would lie to the right beyond channel 200, Using the
known time calibration of the system, the peake b and c were found to
correspond to neutrons scattesred by stetes having U values of -3.7 and
«6.7 MeV respectively, A level schems which gives the known low lying
excited states of Caao is also shown. The dats contsined in this

32) and from Endt and Van der Luun33) o

schems is taken from Blum et al
Clearly the resolution is insufficient to sepsrate neutrons scattered
by the 3- state st 3.73 MeV from those scatterad by the 0+, 2+ and S-
ststes which are nearby. However, the width of the pesk b and the low
transition probabilities observed for scattering high enargy slectrons

32)

from the 2+ and 5- stataes suggest small contributions for these
states, In the case of the peak c, which was only observed clearly
at angles greater than 100 degrees bscauss of background interferenca,

the line width is considerably greater than that of the pesks a




Figure 9:

Time of flight spectrum for the calcium metel target.

Time increases from right to left. 10 channela correspond to

3.85 n'.

32, 33).

The levsl scheme data has basn taken from refersnces
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or b indiceting that there might be contributions from more than one
state,

Differential scattering cross sections corresponding to the pesks
8 and b wers obtained by collecting time spectras for angles baetwaen 20
and 160 degress. Thay have been plotted in figure 10. Corrections have
been spplied to the elastic deta for angular resolution and multiple
scattering efPfects using the fonte Cerlo method as before. In this
cese, becsuse of the smaller scattering target, ths corrections were
only of the order of a few percent except for the points nesar minima in
the distribution where they were sometimes ss much as 10%.

The errors indiceted for the data of figure 10 include eall the
known errors in the relstive veluss of the cross section including the
statistical, beckground subtraction, ssmple position and beam cross
section variations, and the Wonte Carlc corrsction uncertainties. The
obssrved sngular distribution of elastically scattered neutrons is in
good agreement with a2 previoue messurement by Cross and Jarv1334)..

The integreted elestic croes section was estimated in the seme way
es uas done for the oxygen data., The result, CY;l = 0.93 X 0.10 b, is
in good agreement with the difference between the observed totasl and
non-glastic cross ssctions for 14 MeV neutrons incident on Caao. which
is 0.88 * 0.05 b29.$5) (aee table I), As in the case of the oxygen
data, the differentiel cross ssctions shown in figure 10 have besn
normslized using the lsttor value. With this normalization, the
integreted inelestic scattering cross sections corresponding to the
peaka b snd c of the time spectrs were found to be 43 * 10 mb and

20 = 15 mb respectively.



Figure 10t Differential scattering cross sections for the calcium
metal targest corresponding to the pesks a and b of figurs 9. The

curves have besn calculeted as described in the text,
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1i1) Compsrison with Theory:s The elastic scattsring cross sections

have besn fitted using optical model calculations based on optical
potentials of the foras

Voo = Vi + oW, g0
*V Is (nﬁ,cY he ()

and A is the atomic number of the scettering nucleus, r is the distance
between the projectiles snd the centre of the nucleus, ;Z and':.are the
orbitel end spin anguler momenta of the projectile, c ia the velacity
of light and m o is the mass of s TT meson,

The fitting wes accomplished using a computer program “Auto prop
I1" snd the Chalk River G20 computer to cslculate elastic scattsring
cross ssctiona for varioug values of the perameters a, V, wg, and Vs
with band RD fixed. The computer automastically optimised the varisble
paramsters to obtain the closest agresment between the calculated and
experimental cross sections. These calculations as well ®s tho DUB
and statisticel model calculetions to be described below were cocried

out by Dr. D, McPherson using computer programs d-veloﬁed by Drs,




-
- -

D McPherson and J.M. Kennsdy of Atomic Energy of Canada Ltd., Chalk
River, Cntsrio,

Fits were obtained for three veluss of the psrameter b; 0.8, 1.0,
and 1.2 fm with Ro set squal to 1.25 fm in eech case. Ffor the oxygen

data, an additional set of fits uwas obtaingd with R_ set egual to

0
1.2 fm. Tha choics of opticsl paremeters is somewhat arbitrary es so
many of them sre used. In order to narrow the choice of optical fits,
eny result wes discerded if it predicted total and non-slastic cross
sections that differed greatly from the sxperimentsl velues given in
table I . The best fits which resulted sre illustrated by the smooth
curves of figures 8 end 10 end the corresponding cslculsted cross
sections of teble I. The paremetars of the optical potentials which
gave these fits are compsred in tmble Il with those which other workers
have found fit most of the 14 MeV neutron scattering dat036'37). The
two sets of parsmeters given in the case of 015 represent equelly good
fits, They are included to indicsta ths extent to which a set of
optical modal psrameters csn be eltered without changing the fit, The
one labelled a has baen srbitrarily chosen as the one giving the best
rit.

The egreement between the parasmaters found here snd the previous
ones is very good excspt for the spin orbit parameter V.. The low
value obteined in the present case should not be taken too seriously
because it is difficult to fix this persmeter without measuring the
polarization of the scattered neutron,

DB predictions for inelestic scattering cross sections, corrs-

sponding to assumed octupole states st 6,13 MeV in 016 and 3,73 MeV in



e

OPTICAL MODEL PARABMETERS FOR 14 MeV NEUTRONS

Source Nucleus

Present work 015(3)

Present work D’s(b)

Present work Ca4o
8 jorklund and
Furnhnchss)

Clerk end

Cros|37)

* A volume sbesorption term i Wf(r) has

Cr03337).

1.25

(fm)

0.52
0.58

0.62

0.65

0.70

TABLE 11

b
(rm)

1.0
12

1.2

0.98

.10

v W

9

eV ReV
-47.2 -507

-49,4 -5.,2

45,6 =8.,2
=44 -1
=44 -7

]
BeV

“'3.0

'302

8.3

ml
ReV

-2

been used by Clarke and



Ca‘a, have besn calculeted using the optical peremeters which wers
found in Fitting elastic scattering data to define both the incoming
and outgoing neutron wave functions (see sppendix A). A compound
nucleus éontribution to the inelsstic scattering was estimsted in the
casg of the 016 state by using a Hauser-fFeshbach statisticel calcule-
tion to divide up the flux which is absorbed by the imaginary part of
the optical potentisl into all the possible exit channolasa). In this
calculation, the contribution to each channel is weighted according to
the optical model trensmission coefficient corresponding to that

channel. Level densities were required for the nuclides 016, N16, N15

and C13

which are produced through neutron induced resctions in 016.
These were obtained by using known levels and adding & sufficient
number of fictitious levels to match the obeerved level densities for
these nucloiss). Tha total inelastic acattﬁring cross gection for
excitation of ell the states in 016 by 14.1 MeV neutrons was estimated
in this way to bes 257 mb, This i{s close to the sum of the (n,n*)
cross sections observed in the present work for the 6.1, 7 and 8,9 eV
states plus a probable contribution of sbout 80 mh for excitation of
higher states. (The latter quantity was obtained using (p,p*) scat-
tering data for protons having an incident snergy nhesr 14 m.v39).)
However ths Heuser-fFeshbach oatimatq ie based on ths assumption that
all the inslastic scattaering reactions proceed through the compound
nucleus stage whereas, in fact, some of the scattering is direct. In
perticular, the scattering which excitaes the octupole state is expectad

to be mainly direct. Therefore the calculated compound inelastic

scattering cross sectionsfor excitation of all the 016.staton(5'(calc)




e

were renormelized to give
S . = g (care) [G"(G-‘\ /S—(Q.\.Co»\c)] (11 2)
N (1)

-hor.,(j;cnare the normelized compound nucleus inslastic ascattering
cross sectionsfor all states end (O (6.1) is the cbserved scattaering
cross section corresponding to 4 = -6.1 MeV., This normalizetion
implies thet the escattering by the 6.1 MeV state is entirely direct
which is an overestimata. However, since direct contzibutions to the
scattering to the other stztes have begn ignored, the result may be
reasonable. Even with this normalizetion, the estimated compound
nucleus contributiona to the scattering by individual statss can
probably be taken as upper limits since the level densities used in
the calculstion ere basaed on obssrvetion and may undsrestimate the
total number of actual levels.

The resulting compound nucleuas cross section for excitation of

the 6.13 meV 3- state in 0'°0

has been plotted in figure 11 (curve a).
No calculation wss made of the compound nucleus scattering in the
casg of the 3,73 MeV 3- state in C040 because the obsaerved level
density is so high that the compound scattering by a singls level
would be negligibly smell,

The inelastic scattering cross section predictiona for the

6 o

assumed octupole states in 01 and Ca4 are plotted with the experimental

dats in figures 10 and 11, (It should be noted that the errors
indiceted for the data of figure 11 include the uncertainty in resolving
the 6.1 and 7 MeV pesks of figure 7 28 well as the statisticel and

background subtraction uncertainties.) Ffor 016. two limiting cases have



Figure 11: Comparison of the DWB prediction for scattering by an
octupole state at 6.13 WaV in 016 with the experimental data (i =
-6.1 MeV). Curve c includee no compound nucleus contribution to
the scattering. Lurve b includes ths compound nucleus contribution

indicated by curve a,.
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been plotted, curve b which includes the estimsted compound nucleus
contribution and curve ¢ which does not. In each case the direct pert
has besn normalized by sdjusting a collective model psremstar callaed
the rms deformation perameter C’S (see appendicas A and B) to give the
same integrated cross section for the sum of direct and compound
nuclaus contributions ae was found axperimentslly,

The same optical potentials ware used to describe the initiml and
finel states of the scattering systems for the DUB calculstions because
the correct potsntiels for the final states were not known (eppendix
A). in order to see if this sssumption affected the results, the DUB
celculstions were repeated with the parameters V and wg changed in
scrordance with the expected opticel model bohaviourdo) to v+ |yl /2
end §_ - lal /2 respectively. Only minor chenges in the DB cross j
sections resulted. The sems was trus when ‘alternate sets of optical
parameters which gave feirly good Pits to the elaatic deste were tried.
In ghort, good results ware obtained for the Caao scattering (G =
3.7 MeV) for all DuB calculetions tried, provided the optical param~
eters repressnted a fairly good fit to the elastic data, In the case
of 016, the DUB pradiction did not agres with the scattering data
(Q = -6.1 may) very well despite the fact that ithe elastic data were
well fitted by the opticsl celculation.

The valuae of(? 3 deduced from the normalization of the DuB
results sre comparsd in table IIl with estimates of (%s(cm) cbtained
From the mean lifstimes of the excited states nms measursd using

32,41,42,49)

electron scattering arnd with (23(39) which corresgonds to

an extrame single perticle lifetime (see sppendix B), for 016, two



TABLE III

COLLECTIVE DEFORMATION PARAMETERS FOR 0'° and el

Nucleus Nsutron Scsttering Electron Scettering
Stste
Calculation R (fm) E8 (y(em) B4 (sp)
0'® Due 315 0.46(b)  0,7270-40 33) 0.20
6.13 HeV (3-) .
0.58(c)
a0 ouB 4,27  0.37 0,3541042) 0.08
3.73 eV (3-)
Blair 477 0.6  0.29%%)
PWB 6.0  0.035

P e P aa



values of (’)3 have besen calculated corresponding to the curves b and
c of figure 11 (i.e., b is based on the inclusion of a compound
nucleus contribution). The cherge distribution which was sssumed in

order to obtain ())3(&) was in sgreement with thet found from elsctron

43,44). namely Ry = 1.1 fm and = 0.55 fm, where ths

form of the distmbutonisgiven by £{r) in equation (II 1).

scattering deta

The sgresment is good betwsen the values of ()s 3 deduced from the
neutron scattering data and the corresponding values of e S(EN) in the

o (U= -3.7 MeV)., If there wers s compound nucleus contri-

ceasa of Ca‘
bution to the cross section of 10X (which is slmost certeinly an over-
estimate), the value of (33 would only be reduced by 5%, and thes
agreement would still be very good. The results for 0"6 (U= «6.1 Mav)
are not so essy to compare becsuse there is a large uncnrtginty in

the value of@ 3(“)' This uncerteinty is due to a large error in

the messured mean lifetime and to uncertainty in the shape of the
cherge distribution. In ths casse of & light nucleus tha latter factor

4)

is very iportant‘ « Comparison of the values of F’S obtained from
the neutron scattering dates with the (l 3(59) indicates that there is
strong collective snhancement of the transition rates for the 3-
states studied.

Glondonn.tng‘s) has calculsted ths inelsstic scattering cross
section in the DB approxinntion for 15 MeV neutrons incident on a
hypothstical nucleus having the following parasmeters:

A2~ 30,
G(3~- state) = -2 mev,
V=<40 fieV, ¥ = =12 NeV,

where ths potential used was in the form of o squars Joll
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sz:'\n- ‘it for r< R

I
<

forr >R

where R = 4,0 fm, He assumed single particle transitions wers induced
by inelestic scattering at the radius R through a delts function
interaction between the projectile and one of the target nucleons.

The calculation was found to be fairly insensitive to changes in most
of the parsmeters with the exception of the product VRZ. The abave
paramsters are similar to the optical model paramsters for Caao.

The Glendenning result is compared in figure 12 with the Ca’®
data (4= -3.7 maV). The normslization is arbitrary because this
calculation i{s known to give B poor prediction of the magnitude of
the cross section., The agresment is not goocd. Unless changes in the
opticel psremeters are morw important than is suspected, this result
suggests that the DUB calculation is sensitive to either the type of
nuclear wave function used or to the radiasl distribution of the
interaction, The effaect of the nuclear wave functions was investi-
gated by recalculating the C.AD inelastic cross section (4 = =-3.7
fieV) for the optical model parameters of the present work, but
assuming excitetion a particle-hole 3~ staste by single particle

transitions from the closed d shell

3/2
4 3 1
(By2)3z00 ™ (O30 Top)yo s

The interactions wers allowed to occur throughout tha nucleer volume,
This calculation was performed by Or. N.K. Glendenning of the Lawrsnce
Radiation Laboratory, Berklay, California, The shape of the resulting

crose section wes naarly identicsl with that calculated using ths

L d TR



Figure 121 Comperiwon of the observed scattering (U = -3.7 MaV)
for calcium and the Glendenning, Blair and PUB* celculations

described in the text,

*incorrectly marked SBA on the diagrem,
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collective nuclear wave function, Thie Pinding is in agreement with
the gensrally accepted statement originally given by Glond.nning‘s)
that the shepe of the direct inelastic scattering cross sections are
insensitive to the nuclear wave functions. Thus it would appesr thet
the radial distribution of the interaction is importsnt, In
particuler, the disagreement between the sarlier Glendsnning calculs-~
tion end the present DUB result probebly aerises because the direct
interections wers constrained to a sharp surface region in ths former
case. This finding is in contrast with the results of Clarke and

37)

Cross who found that the shaps of the anguler distribution for

14 MeV neutrons scattersd by some 2+ states were fitted equally well
using a DWB calculation similar to thet of the present work or the
simpla Glendanning calculation. However Basssl et 3145) have found
similar sensitivity to the radisl distribution of the interaction in
the case of slpha particle scattering.

from the sgreement bstween the present DWB calculstion for .
C“AO (u= -3.73 meV), in which the direct interactions wsre constrained
to s brosd surface region (sppendix A) snd the rascent Glendenning
calculetion, in which interactions were allowsd throughout ths nuclear
volume, it would appear that the intsrior of the nuclsus is unimportsnt
in the direct reaction process, and most of the scattering occurs in
the surface region. This is cue primarily to the strong absorption
which occurs in the nuclear interior,

The predictions of the plane wave Born (PWB) spproximation
(sppendix A) and the Blair bleck nucleus diffraction model15) have also

been compered with the CI40 data in figure 12 and table I1l, It {s
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interesting that the shape of the sngular distribution curve for each
of these modais shows some sgresment with experiment. Howsver, little
significance should be attached to this agresment since serious
approximstions have besn mede in both cases., In particular, both
models use plane waves and allow adjustment of the nuclear radius to
obtein ths best agreement with experiment.

The values ro:(Z 4 dsducea from the fitting (table 1I1I), are
8lso interesting. Tha estimate based on the Blair model, which accounts
for some distortion of thes plane waves by removing the flux which
strikes the nucleus from the beam, ia in Pair agreement with the DuB
and electron ecattering values. On the other hand, P¥B model, which is
based on the assumption of no distortion, gives a very poor value., The
saeme asituation has bsen cbservec in ths cass of inslastic proton
acattlring17).

Attempts were mede to fit the ohserved anguler distribution of
neutrons corresponding to the psak £ of figure 9 using DUB calcu}ations.
These were based on the assumptions of collective rotationel and
octupole excitations of the knoun 3~ stete at 6.7 fieV snd the 2+ stete
st 7.1 MeV respactively, The results were inconclusive dus to large

experimental uncertainties,

b) Energy, Yield and Angular Distributicn of Gemma Rays

1) Experiment: The snergies snd sngular distributions of gemma
rays which ers emitted as s result of (n, n"x) procasses in 016 and
C040 have been messured using & 5 in diameter by 4 in long Nal (T1)

detector. The sxpsrimentel arrsngemant wes similor to thet shown in

figure 1 but Qith the Nal detector replacing the neutron detactor,

e

e

| -
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Also, much less shielding wae requiraed (4 in of lead placed immediately
around the detector). The time of flight spparatus wes used to
distinguish betwssn gemme rsys and ecatterad neutrons. This technique

47) 48)

hss been used previously by Day and by Deuchers and Dsndy
study gamme rays resulting from (n, n'<X) svents which were induced by
s pulsed neutron source., Tha basic elactronic system is lllustrated in
the schematic dimsgrem of fPigure 13. In addition to the apparatus
shown, the single channel snalysers and compensation circuit were used.

A typicel time spectrum, obtainsd using a carbon target, is shouwn
in figure 14. The flight psth in this cese was 88 cm and mede an
angle of 63 degrees with the direction of the incident neutron besm.
The spectrum illustrates the discriminstion which was achieved bstween
the gamma rays (right hand pesk) end the neutrons (left hand pesk). By
placing a window over the gsmma pesk with. the single chsnnel analyser
of figure 13, it was possible to gats the 200 chsnnel anelyeer sc that
the gamma ray events were recorded.

i1) Energy and Yield Messurements: Two spectra of gamma t;y-
emitted by wseter under 14,7 NeV nsutron bombardment are shown in
figurs 15, They were obteined using s water target conteined in e
600 ml glass beaker (10 cm inside dismeter) which wes placed 20 cm from
the neutron source. Thae gemme detector wes located 50 cm from the
semple et 95 degreses to ths incident neutron besm, Thie messursment of
the water gemma reys snd the cascade gamma ray measursments to be
described below were actually the ssrlisst measurements performed, end
tube circuits were used for the limiting presmplifiers end the TAC

circuit instead of the transistorized apparatus described in chapter 11

and sppendix C, - Also, no compensation circuit wes eaployed, snd the



Figure 13t Electronics for the (n,n! X) expariments.
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Figure 14: Time af flight spectrum obteined for a carbon scatterer
using the 5 in dismeter by 4 in long Nal detector. Tims increases

from right to left. 1 channel corresponds to 0.3 ns.
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Figure 151 Cemma ray spectrs for the water target., The energies

of the pesks have bssn obtained using the calibretion sources

described in the text.

The level schema is teken from reference 26).
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shape of the coincident nesutron beam wss circuler in cross section

with e roughly gaussisn shaped profile. Two runs were performed, one
with a high gein to ocbserve the low snsrgy pert of the spectrum (left
hend spectrum of figurs 15) and a second with & low gain to observe the
high energy pert (right hend spectrum). The energy level scheme

of the pasper by Bromley et 0126) bas been included in figure 15 for
reference. The enerpgies of the gamme rays responsible for the various
peaks have been determined from a previous celibretion of the detactor.

The following set of stendard sources had besn used for this calibre-

tion

Source Energy (Nev)
Na?2 0.511
cs'? 04662
co®C 1417, 1,33

Thorium
Oxide 2.62

RaD - Be 4,43

A linesr extrepolation was used for the high ensrgy pesks.

The prominent feature of the high energy portion of ths spectrum
is a3 65,1 eV peak which must correspond to dacey of the 6,13 MaV
3- stats since the 0 + atete at 5,06 #aV cennot dscay to tha 0+ ground
state by gamme emission. The pesk just to the left of ths 6.1 MeV
pesk corresponds to the loss of one 0.511 HeV annihilation quantum
following a pair production process involving e 6.1 MeV gamme ray.
The smell hump still further to the left corresponds to the loes of

both 0,511 MeV guante., This triple pesk response to monosnsrgetic
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gemma rays is typical for Nal at high energies. Thers is alsc some
evidence for 7.1 and 8.9 eV gemma rays which likely corresponcd to
ground atate transitions from the 1- leval at 7,12 fMeV and the 2- level
at 8.87 MeV respectively, slthough a contribution tc the 7.1 fleV peak
dus ta ground stats transitions from the 6.91 MeV (2+ ) level is
possibla. The low ansrgy spectrum indicates 1.74, 2.1 and 2,74 #HeV
gamma rays. Thesa have all baen ildentified as tranaitions between the
016 levels with the aid of a coincidence msasurement to be described
below. In addition there ars 3.1 and 3.7 MaV gamma rays, which =ra
due to deexcitetion of the first two levels in C13 following the
016(n,<X) 613' reaction, and 8 0,51 MeV peak, which represents
annihilation rediastion from pair production processes in the target.
The relativo yislds for gemma rays eritted at 90 degrees to the
incident neutron basm have been obtained from dota similar to thet of
figurs 15 but having =ll the relevent pesks {n one spectrum so that
normalization of two sats of dats would not be required., Castimation
of the contributions of individual gemma ray pesks to the spectrum
was aided by knowledgse of the spectrum shape for monognergetic gemma
rays obtained using tha standard sources mentioned sasrlier., The
detector efficiency as a function of energy wes required for the
estimation of relative yield. Since thae full snargy pesks were sasiest
to recogniss in the spectrum, the photo pesk or full snergy pesk
efficiency '4' was nesded, This was obtained by multiplying cslculated
values of the total of?iciancy’1 50) by calculated valuss of s quantity
callad the phaoto fraction, which is the ratio batwesn the counts in ths

full snergy paesk to the total number of counts in the spectrum for a

e



monosnergetic eourc051). The totsl efficiency and photofraction for a
cylindrical detsctor are somawhet dependent on the source to detector
distance., Ffor this reason, adjustments were made to obtain the
efficiency /4' appropriate to the distance uaed in the pressnt casa.
The resulting full energy peak efficiency for the 5 in diem. by 4 in
long Nal dotictor ia given in Pigurs 16,

The reletive yislds estimated for gamms rays smitteu by water at
90 degress to the incident beam are given in tabls IV, The errors
indicated ware due mainly to tha difficulty in estimating the bscke
ground level bensath sach peak,

The absolute yiasld of 6.1 MeV gamma reys following 14,1 MeV
neutron bombardment of water was obtained in two ways, First, from
the dats which had bgen used to determine the reletive ylelds, en
order of magnitude estimate of 100 mb was obteained, the accuracy being
seriously limited because the nesutron beam shape was not well known at
the time of this measurement. for thia estimation, as well as Fh-
absolute yield detsrminations to be discussed below, ths snguler
distribution of gamms rays was sassumed to be isotropic., The effect of
this assumption will be clear when the angular distribution messure-
ments for the gamms reys have bean diicussed. Compared with the other
uncertainties in the absolute yield determination, the arror which
resulted was not too serious.

A somgwhat better estimate was obtained by comparing the yield of
6.1 MeV gamma rays from water with the yield of 4,43 eV gemme rays from
8 cerbon block msssurad using the seme experimental geomatry. B8y using
the croes section for excitstion of the 4,43 MeV 2 + state in C12

measured by Clarke and croas”) (G (4.43) =209 * 20 mb) end by



Figure 16: Full energy peesk efficiency for a 5 in diameter by 4 in
long Nal detector (based on the calculated officiency and photo

fraction values of references 50, 51).
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Terget

Uater

( 6=90°)

Calecium

( 6=138")

RELATIVE YIELD UF GAMMA RAYS FROM WATER AND CALCIUm

UNDE

E (Mav)

1.74
2.1
2.74
3.1
3.7
6.1

7.1

g0.8

1.7

3.7

TABLE 1V

%1 MeV NEUTRON BOMBARDMENT

Reletive Yield

0.05 = 0,03
0.03 = 0,02
0.19 £+ 0,05
0.18 * 0,10
0.50 = 0.10
1.0 (basis of normaslizstion)

0.39 £ 0,10

0.48 £ 0,10
0.10 + 0,03
0.37 ¥ 0.10

1.0 (besis of normelizstion)
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calculsting the number af C12 and 016 nuclei present in the targets,
it was possible to obtain a velus of (3 =120 * 40 mb for the 6.1 HeV
gamma ray yield from water.

To obtain & spectrum of the gamma rays emitted by calcium under
14.1 MeV nautron bomberdment, a solid calcium metal block was used.
The dimensions of the block were 4.9 cm by 14,75 cm by 14,75 em., It
w35 placed in the centre of the neutron beam, with a small face
perpsndicular to the besm diraction, such that the centre of the block
was 22.9 cm from the neutron source. FfFigure 17 shows the spactrum
obtained with thes gamma detector located 82.4 cm from the tsrget at an
angle of 38 degrees to the incident nautron beam. Gamms rays having
nnérgioa of 3.7, 1.7, 1.2 and 0.8 MeV as well as an annihilation rasdia-
tion peak at 0.5 MeV were observed. The relative intensities sre given
in table IV. The 3.7 MeV gamma rsy pesk appsrently represents the
ground state transition From the 3- state at 3,73 HeV. The line width
for this peak suggests that anly one gemma ray is contributing. Thus
it woulco seem that the 2 + state at 3.9 MaV is not strongly excited.
This observation is in accord with the good result obtasined in fitting
the neutron scattering dets (U= -3.7 MeV) when it was assumed that
only the 3- state was excited,

The 0.8 and 1.7 MeV gemma rays may be due to ground state transi-
tions from the 0.798, 0.890 snd 1.64 MeV states in K*C following the

Ca‘o(n,p) K“oﬂ reaction. Such transitions have been cobaerved for the E

case of 4 NMeV neutron bombasrdment of calciunss). ’
There were no ground state transitions observed for the level or

levels near 6.7 MV, which are excited by the neutron scattering process i
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Figure 17: Gemma ray spectrum for the calcium metal target,

level scheme data has besn teken from raferasncas 32, 33).
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(recsll figure 9). Thus it is reasonable to expact that these lavels
may decay through cescade events which involve the 3.73 MeV state.

One possible cascade is indicetad on the level diagram of figure 16.
However, while this cescade is conaistent with the present data, it
does not agree with tha branching ratioc cbsarved by Rowe et 0152) who
found that this state decays by s ground stats transition 78% of the
time end through the 3.73 MeV 3- state only 22% of the time. In any
event, the true decey scheme must remain 8 metter of conjecture until
mors information is svailasble. For exemple, deta from coincidence
measurements like those to bs described later might clarify the picture,

The absolute yield of the 3.7 MeV gamme rays from calcium will be
considersd in the next section following discussion of the angular
distribution messuremants.

iii) Anguler Distribution of Gamma Reys: Spectra of the gemma
rays emitted at angles baetwsen zaro snd 156 degrees for water sndg
calcium targets were obtained by moving the detector to appropriste
positions on sn arc of redius B85 cm cantred on the target position.
The beasker, which wes ussd previocusly to contain the water sample, was
replaced with a larger one (2000 ml, inside diemetsr 12.7 cm filled to
@ depth of 13,4 cm), This was placed with its centre 22.9 cm from the
neutron source. In this way, the sdges of the neutron beam (figure 2)
defined e roughly slab-shaped scattesrer subtending an angle of about
10 degrees in the scattering plene, Under these conditions the aversll
angular resolution wss ebout 15 degress, The same semple and sempls
position used previously for the celcium msesurement wers employed for
the angular distribution m@usurement on calcium. The sngular resolu-

tion in this case was also about 15 degrees.

P - e
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For every gamme ray observed, the varistion of intensity with
angle wes weak. Only in the csse of the strong 6.1 HeV gamma ray from
water and that of the 3.7 MeV gemma ray from calcium was it possible to
see clesr deviations from isotropy. The relstive angular distributions
for thess two transitions are shown in figures 18 end 19, Corrections
for attenustion of the neutron beem and the gamma radistion have bsen
applied. The errors indiceted were dus to statistical uncertsinties,
veriations in the beam profile and the sample position, as well as
background subtraction and asttenuation uncertasintiss.

The ptédict.d anguler distribution of gamms rays following an
(n,n"X) reaction in the cese of direct iralsstic scattering has been
calculsted in the PUB approximstion for the two cesses using expressions

18). The smooth curves of figures 18 and 19 are the

given by Satchler
result. It cen be seen thst the predictions agree fairly well with the
gross festures of the observed sngular distributione sven though the
letter most likely contain contributions from cascade events thet sre
not teken intoc account by the thsory.

The yield of 3,7 MeV gemme rays from calcium relative to that of
6.1 MeV gamma rays from water wes obtasined by comparing the celcium and
water spectrs teking into account the obssrved angular distributiona.
The result was used slong with the reletive nuambers of Cldu and 015
nuclei present in the samples end the measursd yisld cross section for
production of the 6.1 MeV gammas to obtain the yield cross section for
production of 3.7 MeV gemms rays. The velue obtained was O (3.7) =
83 X 40 mb, which may bs in feir agresment with the excitstion cross

section for the 3,73 MeV 3- stete obtsined from the neutron scattsring

PR o



Figure 181 Angular distribution of 6.1 MeV gemme rays from water.

The curve tepresents the PuB result.
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Figure 19: Angular distribution of 3.7 eV gemma rays from celcium

metel.

The curve rspraasnts the PWB result,
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experiment (0 (3-) = 43 £ 10 mb) if some of the lowsr snsrgy gamma rays

observed sre cascading through this state.

c) The 016(n.n'XX) a'® Reaction

i) Experiment: In order to inveatigate events of the type
(n,n'XY) cascading through the 6.13 and 7.12 MeV 0‘,6 states, the
apparatus shown in figure 20 was used, In sddition to the 5 in diameter
by 4 in long Nal detector, e 3 in diemeter by 2 in long Nel detactor was
snployed. A Past triple coincidence was demended betwesn the gamma ray
and alpha datectors. Than by selecting pulses of the appropriate
height from the small detector, it wes possible to obsarve those
radiations striking the large detector which were coincident in time
with the detection of either a 6.7 or @ 7.1 MeV gamma ray in the small
detector. A 2000 ml beaker was used to contasin the water terget. The
detectors were placed on opposite sides of the beaker with their axes
on a line oriented at 90 degrees to the diraction of the incident
neutron besam., The front fece of the large detector wss located 7.1 cm
from the centre of the beskser, while that of the small detector was 9.8
cm from the same point., Wwith the detectors placed so close to the target
it wes not possible to use the time of flight technique to distinguish
betwsen nsutron and gamma ray events. Instead it was simply used to
demand a fest coincidence between pulses from the slpha detector and
one of ths gammes ray detectors. This wes dona by setting a 10 ns
window over the combinec neutron and gamme time pesk with the single
channel snalyser of figure 13. Then a standard Pest coincidence
circuit (resslving time 27U = 30 ns) was employed to demand a coincidence

between pulses from the two gamme ray detectors., These tuwo fast

ham o
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coincidence requirements were eguivelent to @ singls triple coinci-
dence requirsment. As bafore, single channgl analyssrs wers used on
the slow outputs of the detectors to select pulses of the desired
amplitudo. The outputs of all the single channsl snslysers and the
fast coincidence circuit wers combined using » slow coincidence
circuit whose output controlled the multichannel analyser. The latter
wag fed by e linsar output pulse from the large gamma ray detsctor.

Dirsct neutron bombardment of the two gamme rey detectors uas
inhibiteu by the use of shielding as indicated in figurs 20, but it
was not possible to prevent a scattered neutron background. Ths effect
of this background wes not serious in the case of the smsll detector
because few of the nesutrons produced pulses as large as those which
resulted from detection of the high snergy gemma rays, In the case
of the large detector, the neutron background was importent. Howevar,
since the pulse height distribution for the nasutrons was o slowly
varying function of ensergy, it was possible toc see gemma ray peaks
above it,

R spectrum of gamma rays from the water terget observed using the
3 in diametar by 2 in long detector is shown in figurs 21. The
positions of 2 single channel analyser window, used to select sither
the 6.1 or the 7.1 MeV gamma rey are alaso shown., The dashed lines
inaicate the probsble contributions of the individual 6.1 and 7,1 Mev
gamma rays to the spe:trum. These have been estimated uasing spectrum
shapes observed for the standard sources. It can bs sesn that the
full snergy pesk is smeller relative to the escaps peaks than wes the
case for the lsrge detector. It is to be noted that the window

position used to salect 6.1 MeV gamma rays sllows Qoma 7.1 ReV gomma



Figure 21t Gemmes ray spectrum for weter obtained with the 3 in
diameter by 2 in long Nal detsctor. The deshed linea indicate the
essumed contributions of 6.1 end 7.1 MoV gemma rays to the spactrum,
The hatched esreas show the two positions of the single channel

analyser window which wers used.
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ray contribution end that 6.9 MeV gamma rays from the 2+ state would
not be distinguished from the 7.1 Mel gemmas if they should occur. é

ii) Results: The results which were obtained are shown in ’
figure 22. It is clear that the 2.7 MeV gemma ray of the singles
apectrum is in coincidence with the 6.1 MaV gamma ray (upper spaectrum),
while the 1.7 MeV trensition is in coincidence with the 7.1 MeV gamma
ray (lower spectrum). There is 8 small peak st 1.8 MsV in the upper
spactrum. This is no doubt due to the inclusion of a portion of the
7.1 MeV spectrum in the window used to select the 6.1 MeV svents. In
addition there is a 2.1 MeV psak visible in both spectra, In the
upper spectrum, part of this pesk is due to the escape of single
annihilation quanta following peir production processes involving the
2.7 MeV gamma rey. However, this does not completely account for the
magnitude of the peak, and it would appear thst there is a weak 2.1
MeV gemma ray cascading down through the B.87 MeV 2- state as shown in
the level scheme. This cascade probably originates at tha 3+ state at
11.06 MeV s shown rather than tha 10.54 MeV 2- level since the
measursd branching ratio for thes latter stetazs) would require thet a
very strong 3.8 MeV gamma ray also bs seen and thsre is noc evidence
for such a transition in the present data,

Using the data of figure 21, the branching ratio of the 8.87 HeV
state has been estimated to be 0.14 X 0.15 going to the 1~ (and/or the

2 +) state at 7.12 MeV relative to unity going to the 6.13 MeV 3- state.

This result is in reasonable agreement with the values of 0.189

26) 53)

observed by Bromley et al and 0.11 observed by Wilkinson et al .

In addition, the data of the coincidence messurament coupled with |

that of the sing;. detector gamma ray measurements-leads to the decaey

e e




Figure 22: Spectra of the gamma rays which wers in coincidence
with 6.1 MeV gemmes (upper spectrum) and with 7.1 MeV gemmes (lower

spectrum) for a water targst.
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scheme indicated on the level diagram of figure 22. Using this decay
schems and tha relative yield date of tebls IV, the realaetive cross

6 heve baen calcu~

sections for excitation of the verious states in 01
lated. These ere compared with the corresponding values obtainsd
from the neutron scattering data of the prassnt work anc that of
Poray54) in table V. The agreement is good with the exception of
the high velus obtained from the neutron dats of the presant work

for excitetion of the 7.12 MeV 1- stete, This discrepasncy is

probably dus to errors in resolving the 6.1 and 7 HNeV peaks of the

~ neutron cata, Perey's result for thie rstio should be mors accurate

since he used a higher bias snd s smeller detsctor for the neutrons
snd was therefore able to obtain s better sepsration of these peaks,
On the basis of the data of table IV and the absolute yield of
6.9 MaV gamma rays, the absolute crose section for excitation of the
6.13 MoV 3- state in 016 wvas estimated to be 95 % 40 mb, This is in

reasonable agreement with the corresponding value obtained from the

neutron scattering date of 76 X 15 mb,
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RELATIVE CROSS SECTIONS FOR (n, n') REACTIONS IN O

State

ground (0+)
6.13 BV (3-)
7.12 nev (1-)
8.87 Mev (2-)

11,06 eV (3%)

TABLE V

Nsutron Scesttering Data

(pressnt work)

11.7

0,67
0.23

0.03

(D.uys4

10,5

0.4

16

Gemma Ray Date

0.a3 % 0.15
0.27 X 0.10

0.04 * 0.03
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CHAPTER 111

CONCLUSIONS

The (n.n'\‘) reaction has been studied in some detail for 0‘6

and Cado in order to investigate the occurrence anu nature of
collective octupcle vibrations in these nuclei.

The excitation process was examinad by meassuring cifferential
cross sections for the inelastically scattered neutron groups.
Significantly, the strongest excitation occurred at the ensrgy
corresponding to the lowest 3- atate in each cese. This is @ good
indicetion that there are collective correlations in the nuclaon
motions that are responsible for these 3- stat035’7).

The optical model was used to fit ﬁh- slastic scattering cross
sections. Good agresment was obtainad, end the optical model
parameters which resulted were similar to those found by previous
workers.

The optical paurameters were employed in a DB calculation to
pradict the direct inelastic scettering cross sections for ths lowest

6 and Ca“o. The latter states wers represented by

octupole vibrations for the DuWB calculations. For the 016 state a

3~ states in 01

compound nucleus contribution, estimated using the statistical model,
was added to the calculeted cross section for direct ineslastic
scattering. In the case of Ca‘n, the shaps of ths predicted cross
section was in very good sqreement with experiment., Uhen the megni-

tude of the predicted cross saction was adjusted to fit experiment,
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a vslus of the collective deformation persmster (23 was predicted

which agrees well with vslues found from elsctron scattering datnsz’

41"2). UQuite recently, similar sgresment has beesn found by Yagi et
sl for the case of inelastic proton scattering by C‘AO (0 = =3.7 Mev)
at 55 eV when a DUB calculation bessd on an octupole excitstion was
llsuucdss). The fact that the DUB model works so well for these two
ceses is 8 striking justification of the OB method because diffarent
projectiles were used snd the bombarding energies differsd by s factor
of 4, Another interesting observation which cen bs made concerning
these two sets of dets is thst & marked similerity exists between the
overall appesrancs of the scattered neutron end proton spectra. In
perticular, the strongest scattering observed in the proton experiment
was dus to & state et an excitation of 3.7 ReV, end this was followsed
by wesker scsttering due to @ state at 6.9 MeV, These results are
good evidence thst the direct interaction mechanism is dominating the

scettering of nucleons by Caao

in this energy rangs. If the compound
nuclsus process was importent st 14 MeV, there would not be such @
strong corrslstion batwsen the spectra,

The shape of the predicted scattering cross section for 016 (Q
= ~6.13 MeV) wes only in rough sgreement with axpsriment. It ie
possible that errors in resclving the 6.1 and 7 feV pesks of the time
spesctrum sre responsible. In the region of 120 degress the observed
cross section for exciting the 7 MeV state goss through a sharp max-
imum to become comperable in magnitude with the 6.1 MeV cross ssction.

Thus large errors in the 6,1 NeV data could hsve bsen mads rather

essily. The reason for considering such a possibility is that an
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overastimate of the magnituds of ths 7 MeV pesk could be ths resson
for the bad agresment betwsen the 6,1 MeV cross section and the DUB
prediction in the 120 degree region. Such an overestimste would heve
contributed toc the cbserved discrespsncy betwesn the tsistive croes
sectione observed using neutrons and gamme rays (tsble V),

A second possibility is that deficiencies in the thsory may be
responsible for the poor fit. No spin-orbit term wae included in
the interaction potentisl for the cslculation, sand the imaginary part
of the optical potentisl was not sllowsd to bescome deformed. These
factors would affect the result but probably not very much,
Satchler et alsa) were unable to schieve s good fit to the cross
section for 19 eV proton scattering by 016 (0 = -6.1 MeV) when they
sllowed the imaginery part of the potential to become deformed along
with the resl part sand the shepes of DUB scattering cross sections
are generally found to be insensitive to ths spin-orbit part of the
1ntornctlon20). A more likely possibility is that the DuB mnihod is
just not good enough in the cess of such 8 light nucleus, especially
when the collective enhsncement is very strong., A recent comparieon

by Stemp end Rook57)

thes indicated that ths DUB model does not give

the same results as the more sccursts coupled squation method when

used for a light nucleus if there is strong deformstion. In fect, it

is not at all certain that the optical model should be used for a nucleus
having only 16 nucleons even though tha elsstic dats are fairly well
fitted. In particuler, it is s wesk sssumption to rely on the radisl
form factor defined by the smooth optical model potentisl to produce

the direct interaction scattering.
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It is not possible to decids between these possibilities on the
basis of the present expariment, 0ne cen only conclude that the DB
method provides at least & rough fit for 016 (Q = -6,1 MeV) and hope
that 3 nore precise experiment cen bhe performed in the future which
will make it possible to cetsrcine whether thaory or sxperiment is at
fault, A& time resoluticn of ebout 1,5 ns should be obtainable with
a systam of tha size used in the present work if the slactronic
contributions to the time spread wers eliminatad or at least greetly
reduced. The 6.1 and 7 MaV time peeks observed with such a system
would be completely resolvad.

Turning now to the time spectrum of nsutrons scattered by Cadn.
the observed pesmic which corrasponds to an excitation of 6,7 MeV is
nct understood. attempts to fit the data using DUB celculations
ware incenclusive. In considering the significence of the cross
sections deducsd from thesc peaske it should be born in mind thet there
may be 8 contributicm tc the obseorved scattesring due to air in the
path aof the coincidence besm., Such an sffect would be most iéportant
at forwsrd snd backward scattering engles where the detector subtends
a large region of the coincidance heem, Thus it could have contributed
to the lerge peak observad in thg crosa section st backward angles.
This effect was not observed in the background runs possibly because
thesse runs were short, but it would appesr that most of the observed
scattering is due to the Ca‘ﬂ. :

An intsresting point concerning the Cadginalaatic scattering

(@ = =3.7 MaV) is thet the Blair model provided a raasonably good

it to the angular distribution and predicted s value of (l 3 in fair
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agresment with that found in the DWB calculmtion. This is an sncourag=-

ing result becausa the neture of the resction process is sasy to

visualise in the Blair model. In perticuler, this agresment emphasizes

the diffrection-like neturs of the direct interaction scattsring
process for neutrons,

The enargies snd yields have besn measuresd for the gamma rays

16 0

which are emitted when the excitad states of 0 ° and Ca4 decay, Ffor

015. a decay schemg was obtained with the aid of an suxilliary
coincidence expariment which permitted the cbservation of camscade
gsmma ray events. This decey scheme led to values for the excitation
cross sections which were in egreement with the neutron scattering
cross ssctions., A valus was also obtained for the branching ratio of
the 8,87 eV 2~ state in 015. It is in agreement with previous

messursments for this quentity,

No coincidence experiment was performed to observe gemma rsy

cuscade events in the case of Ca‘u. and the decay scheme for this

nucleus is uncertain. Howsver, ons featurs of the decay scheme far

c:du which was clear is thet the ground stote transitions for states

higher then the 3- lavel exist only weekly, if st all. txcept for the

1~ stete et 7.12 feV, the seme situation holds for 016. This result

is in sccord with the sssumption of collective vibrations for the 3=
states, if it is sssumed that higher ststes sre formed con top of the
vibrational mode.

Angular distributions wers measured for the ground stats trens-

16 0

ttion gamma rays from the lowest 3- states in 0 = sand 504 « The

devistions from isotropy were not strong and the observed distributions

were fairly well fitted using m PUWB calculation. IE would be
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interssting to ses if a more accurste theory would give s good result,

because it has besen ouggo.todzo)

thet the gemma ray distribution is
sensitive to the nucleer modsl used to describe the excited stetes.
In -hy svent, the gemma ray certainly hess the chance to cerry more
information about the nuclesr state than does the scattered ncutrongh
The latter is only swasre of the nucleus for an instant when the state
is being formed, while the very existence of the gemme ray is s result
of the nuclear motions. For this resson it will probably prove
fruitful to pursue the gemma ray measurements further. For exsmple,
the decay scheme for Ca‘u could probebly be sorted ocut by using e
coincidence experiment to see which gasams rays sre cescading through
the lowest 3- state. Then, it might be possible to obssrve the
anguler correlation of gamms rays with the scsttered neutrons,
although the counting rste for such s mszsurement would be very low.
Another useful sxtension of the pressent work would be to study
the lowsst 3~ state in szoa using 14 MeV neutrons, Then, proyided
a reasonably consistent picturs of octupole excitation resulted for
the closed shell nuclei, s search could be mede for evidence of
octupole vibrations in nuclei neer the closed shells. Unfortunstely,
the energy resolution of the nsutron sxperiment is not good, end it
would be difficult to study the excitation of nuclei having complex
spectrea. For such nuclei the gemma ray expsriments would probably

be most useful,

G



APPENDIX A

BORN APPROXIRATION THEORY FUR INELASTIC SCATTERING

8) Genersl Formaliam; Integro-differential Form of the Schrosdinges
tquetion
Consider a scattering system consisting of a projectile s and a
nucleus X, which has internai motions thet can be described in terms of
the internal coordinates E’ « Lot T be the vector joining the centres
of meas of a enc X. Then, ignoring centrs of mess motion, the

Hamiltonian for ths whols aystem can be written

H(Fg) = KEY + R + VES (0

where K(r) 18 the kinetic energy of relative motion, H (€) d0 the
Hemiltonian for the internal motion of X, end v(i-‘.g) is the interaction
between a and X, The corresponding time indspendent Schrosdinger

equation for the system is

HE) PR = E~D @Ry (s2)

Now let the eigenvaluse end sigenfunctions for the internal

@otion of X be €  and Qn respectively,

HOQ = €48 ()

Then tha wave functions ’\_Q(i-:g) cen be axpanded in terms of the @ and b

3

which are assumed to bs complats ‘v f Gnd ¥ rgcpec.imeh .
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BES) = £ VA PR )
wvhere n refers to the scattering chsnnel in shich the nuclesr atate
designated by n in sguation (A3) is excited and n = O refers to the
incicdent or elastic scattering chennel. Using relations (A1) and (R4),
equation (A2) bscomss

(K®) s HE) + Ve 296 )
=E ZVvAK) . ()

Bultiply by @ :‘ and integrate over the coordinates f.

(Kee )b +2lde 9 Vv =

or

{K(v (E-¢ ﬂ b (¥) —2 \/ (r \3{ T

where £ - &u is just the ensrgy of the reletive motion and

Vo) = [l PO Q) e

Equation (R6) represents a set of coupled squations for the weve
functions k(i:) of ths relativs motion in terms of the nth T
shich deacribe the states of the scattsring nucleus, and the potentisl
v(?.f). Writing it out in Pull and reerrenging slightly gives

S .__‘,_M*q_i



- “’(‘ (E—éo) +\/00}'\\J0 = O + \/m\\)\* - -
) (K-<E—é\3*\/\\}\lﬁ = \/\0'\3()0“' O +---

‘\ \ \ } {n8)

‘' ! N

The boundary conditions for this set in the cuse of a beom of incidant

particles travelling in the duacuon of -k' are

\\) — Q" KT ( Mo > kqu(e\ (h9)

Y—>eo Z.“.‘e\)_
and
o> (M'ﬂ A (@\ (210)
Mo Z“%L v wm
shers k.= ‘ﬁ_\"’- (E- € ). l is the reducsd mess in channsl m, and

Au(e) is ths transition emplitude for the channel w. UWith this

dafinition for A'(G) the scattaring cross soction ia

_Cl_._ — Mo‘\/\m &'\_
(45) = oy Ao

Thuys, the wave function '\IJ 0 is ssyaptotically like the sum of an

~

(a11)

incident plans wvave plus an outgoing sphericul uanve shose emplitude is
a function of 8. The Punstions -\l)u £ 30 similer but heve no in-
coming plens wave,

Equation (A6) or the equiveslent set (AB) sre general except for

the lack of sntisymmatrization. That is, the totel wave function
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’\P(’f,ﬁ). should be made antisymmetric with respect to exchenge of

identical perticles in the syatem. In gensrsl thia has the effact of
sllowing the introduction of other processes besices scattering end
thxs'offnct cen ba accounted for sufficiently well by imaginary terms
in the potentisl V(T,$), which will be nscessery in any event to teke
cere of compound nucleus formation. Even neglecting the entisym-
metrization, complete solutions for (A8) or (AB) would be prohibitivly
complicated and epproximations are uiually introduced to simplify the
problem. Three such approximations will be described below,

In many casee of prscticsl intorest some of the scettering
saplitudes A_ ¢0(e) are 8o small that the corresponding wave functions
«l;n cen be neglected. For exemple, if the inelastic scettering excitas
only one state spprecisbly, sey the ons lebelled k, then all thc'ﬂ)'
ouccpt‘\bu and**’k can bes gsst egual to zero in (n8) yielding e peir of
coupled equetions.

(K- (E-€) 4V ) = Ve W
_[K' (B-€) + = Mo

This spproech is celled the coupled sguation (CE) spproximation. It

(A12)

can be used, st lesst in principle, so long ss ths number of terms is
finite

A further simplificetion is possible if the stats k is not too
strongly excited in shich cess vnk\bk con bs neglectsd relative to

0061J0 in the upper eguetion of (A12), This results in & pair of

uncoupled sgustions,



{K" (E-éo) + VOO}\\JO = 0 (n13)
{K— <E—6k> ¥ kk}\\i \/o\\)o T (a14)

Now equstion (R13) is just the opticel model problem which cen be

W

and

solvad Lin terms of the opticel potential vm to yleld \\)a. 8 plane
wave highly distorted by the elsstic scattering (recell the boundsry
conditions (AS). In prectice Vgg 16 usually deterained by comparing
slestic scettering cross sections, bssed on the solutions of (A13)
found using various potentiasls with expariment. This leads to =
definition of VDO in terms of » set of optical psrameters which are
found to vary siowly end smoothly with morgyg). The solution \.\)n
cen be usad in (A14) to solve for'\\;k. provided the potsntiels Vi
and V, . are known. This is the distorted weve Born (DUB) approxie-
ration,

A more drastic epproximation, which cen be ussd if the elsstic
scattering itself 1o woesk, is the plane wave 8Born (PuB) apptoxt;aatim.

This is obtained by asetiing Vm end V. eguel to zero in {a13) ang

kk \.ko'l‘

(A14). The solution of (A13) is then 2 plene wave e end (A14)

(K- () = Ve e

In the case of soattering of MgV nuclesons by nuclei the PuB approxie
mation is completely unjustified beceuse the distortion of the incident
and emergent waves ceused by ths nuclear potentisl is quite serious.

Its only ussfulness liss in the Pact that a closed form result cen be

L
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cbtainsg which shous the sssentisl features of the mors compliceted
CE snd DuB solutions.

In section b following, the method for solving the OUB problem
is odtltn-d and the form of the OWB cross section is obtained for the
case of excitation of collective vibrational levels by inalasstic
scattering. In section c the complete PUB solution ie given for the
sam¢ cese, No discussion of the CE solution is included as it was
not required for the present work but the interested resder will find

10) 1)

the articles by Chase et al and Buck

of the mathod.

b) The DiB Solution

i) Genersl Form: The problem is to scive the squation (A14)
for ) | subject to the boundary condition (A10).  This can be
accomplished using the Green's functxoﬁ nothodse). First tha right
hand sids of (A14) is sst equal to zero to yield a homogensous
egquation having the same form as the optical model problem (a13).
This new opticel problem can bs solved in terms of the potential

v which is ths opticel potentiel for elastic scsttering by the

kk®
nuclesus in the excited state k, to yield r#’k' To do this the

potential vk must be known, It cannot be obtained from experiment

k
but the potentiel for slasstic scattering of projectiles hasving
snergy (K - € k) is probsbly & good substitute snd since optical
potentials chsngs only slowly with ensrgy ths potentiasl "00 is often
usaed for vkk‘ The Greent's functfgp for the eguation (A14) cen bs
written in tarms of the funcexon‘\L/k. Then the sxpreseion for

«L:k(;:) is written according to the Green's function

give very good descriptions

Y i
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Comparing this with the boundasry condition (A9), we ass thet the

ascattering emplitude for excitation of the stete k is

AG = |dr @)V 6) D) e

If this expression is substituted in (A11) the genarsl DB croes
section for inelastic scattering results, To obtein the Ak( @) for

particular ceses, it is necessary to essums soms form for V This

k0*
will be done for o cose of collective excitetion below,

ii) Excitetion of Collective Vibrationsl States: In order to
treet collective excitations it is convenient to make the nuclear
radius ® function of engle by replecing the radius paremeter R of the
opticel model (sss Chepter II for definitions of the optical parsm-

sters) by ¢

R) = R[i+ ¢ oq/i‘ Y;m\]

M
whare O(;ﬁ_ie an expansion coefficisnt shich mey depend on time, nnd
\f; () is a sphericel hermonic. Now conaidar the change {n the resl
/\

pert of the optical modal potential which is given by V f(r) bafore ;

*for collective modal theory ses Bohr end mnttalaonss) and Buck”’. The :

formslism pressnted here is the soms os that used by 8uck11).
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end V f(r, R(N)) after the substitution (A18) whers V is the well depth
paramater (Chepter I1)., (It 4s customary to ignore the chenge in the
imaginary part of the opticel potentisl sincs only a Pirst order
axpression will be found for the intersction potential Vige) The
distorted potentisl V f(r, R(n)) cen be expended using a Taylor

sspansion for small o{%.

VA(r R@) = Ve
+va§fz;* Y;&\%&ﬂ+---_ o

Tha firet term is the undistorted real part of the opticm) potentisl,

The second term ia tha first order expression for thet part of the
potential V(7 €) of equation (A7) which results in the inalestic
scattering transitions that excite collective levslis, In the cvese of
vibretional levale in even-gven nuclei it is convenient to think of
O(.\/'* 88 an operstor which crestes one phonon vibretions of the type )Y"
ebout s spherical eguilibrium shspe. Its metrix slesment batwasen

states having aero snd one phonon u")

<"°(>;\O> = H"‘*’/Zcx]\/& (n20)

J zharo Rw is ths phonon energy, \n is the wave function for an n
phonon state, snd cxin the surfece potential energy peremeter of the
collective model,
In the cese of & nucleus having e permanent ground stete coformoe
(]
tion % o{% is repleced by (éx s the collective model deformation

peramster., In snelogy to this perssnent deformation parsmotar an

L
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sffective (root mean square) deformation parsmeter can be defined for

the vibrational oxcitntiona11).

B =Cele 1, 1o)
- (Z>\H> %w/ZC,\. (21)

Thus the potentisl Yo of equation (A17) in thes cese of collective
sxcitation of a one phonon vibretional staste, charscterized by the
angular momentum quantum number )\, is found by substituting V f(r,R{~))
for v(?.g) in squetion (A7) end noting that there is no contribution due

to the first term of (A19),

= |de QI VR
2«% Q) Bf(n cp@;\ 22

which rsduces, through the use of (A20) to

. x, »/
Vi) =0 VR Y () 260 | £er % o

Thus the scattering amplitude (A17) becomes using (A21)

A @) = VR, Azxe0™
SN T
X; jc‘Y‘ \J(i(\’ )ngr)%{‘:__(‘\’) '\\.i(? ) ) (R24)

and the corresponding DWB cross ssction for sxcitation of a ons phonan

vibrational stete is obteined by putting this expression for Ak(e) in

Bemam o v mmr aer e -
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equetion (A11).

It should be noted that the shepe of the DWB cross section is
deterained by optical potentials vﬂo end vkk and by the multipolarity
of the transition through the Pactor nykin (A24), The magnitude of
the cross section depends on (VR(;X)2 and can therefore be adjusted to

rit experiment by varying (3x.

c) The PwW8 Solution; Excitation of Vibretional Stetes in the Limit
of a Zero Range Surface Intersction
Using the Green's function method in the same way as for the
OUB cese, the PtB expression (A15) leads to a acattering amplitude
similer to that given by (A17) but with plane waves replacing the

optical wave functions.

_LE';F ko
/—\k(e): dire ©F \/gﬂ e ° 7. ()

In the cese of collective excitation of a vibrational stateg, the

-

intersction potential is egsin given by (A23). For simplicity it is

convenient to take a zero range LntOtactlon.*

Vo \/ko(ﬂ ‘g(?k‘ ‘_‘;ﬁ - (r2e)

In addition s squere well potentisl will be mssumed.

te =1 <R
=0 r >R

)

(A27)

Then the derivative jn (A23) becomes

¥ WUsed (n the DWR QPPVO‘A\M&"L.QV\ e leo

IS i Sdur i d

| S
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};__%') = .- S (\"— Q\ . (a28)
or'

- ! —_t !
Putting £, = T, = T sccording to (R26) and using (A21), (A23) and (R28)

the scattering emplitude (425) becomss

A\‘(g \/QBX Z)\%—\\) fa
. Z\j‘ N u(k k\\’ 5 (e Q»Y)‘(\'W (429)
P

Now using the expension for a plane wava in the direction ofc‘) where
— N
O = k - \( (A30)
% o K
is the momentum transfer,

el = anz 2 i G

S=o t=-9

NEE @)

Substituting this expression in (A29) and integreting over r‘. gives

AB)=-BIVR py £ *IEs R
X é}’clﬂ_‘ st(i(r‘))\(t(ﬂ_') Y;((_Q:} . (x32)
/M s e

-,
Now choose the z ' exis along CL and note that the integration over Q0

requires that S=)\ ond t=

2 AT =23 - e

_[ >\+\\ /4“.] V2 (a33)

Thus the ocatt.ring saplitude bscomes

ESSROS oo )



Ak(e\: -4 VR Fx L\ AA(Ctp\) ) (a34)

and the PWB croes section for excitation of s collective vibrstional

state in the limit of s zero range surfece intersction is from (A11)

Siﬁi? = b/lob/\k__ L<\<
dQ k (2T L% k.

x 4V R (g N CLFM (s

It ie fairly sasy to show that the same expresaion is obtained in the

cass of rotational excitation of s nucleus having s permsnent

deformation .

d) Summery

It nas baen shown that the Schrosdinger equation for a two body
scattering systsm csn be expandad in terms of two completas sets of
wave functions. One sst describes the internal motion of the target
nucleus. for example, shell wmodsl wave functions would be 3 conven=-
ient choice for this set, Ths other describas the relativs motions
of the two bodias. Optical model wave functions ara the ususl choice
for the latter set with sach opticsl wave function cuarresponding to
s particular state of motion of the target systam,

An approximate solution called the distorted wave Born (DuB)
solution has baen found for the inslostic scattering amplitude in
terss of the two sets of wave functions,

In the special case of a strongly axcited collective state it
has been shown thst the inelastic scattering smplitude depends only
on the multipolerity of ths transition, the optical model wave

functions and a collective model parnmotor,ﬁ?): and is independent

e——
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of the type of nuciear wave functions used in the development of the
Du8 solution. In order to use this result to gain informetion about

a specific nucleus it is anly necesssry to use the opticsl model to
fit ths slastic acattering data, then to calculate the DuB differential
scattering cross section using the optical peramsters found in fitting
the eiastic deta., The vsius of the plronottr.(§> s is then varied to
sdjust the magnitude of the DWB cross ssction until it gives the best
fit to tha exparimental date. The value of ﬂ%x found in thia way
represants a messure of the colllctivonols of the excited state. It
is the only information sbout the excited state which can bs sxtracted
from the OuLb solution.

Finally, s complets solution has basn found for the excitation of a

vibrational stete using the plans wave Born {PuUB) approximstion,

PR . ]




APPENDIX B

RELATION BETWEEN (%)AND THE ELECTROBAGNETIC TRANSITION PROBABILITY

The deformation perasster (%xupproprxuto to a one phonon collective
trensition for an even-sven nucleus having s sharp radius Ra cen be

expresssd in terms of the corresponding reduced electric multipole
probability 8(E)\) $9)

BEN ‘-’-(%Ze Rx>2 Gx /(Z)«\) (81)

where Ze is the nucleesr chergs and (%x is & permenent deformetion
paremeter in the csse of rotationel excitation or is given by equation
(A21) in the csse of & vibrationsl excitetion. The reduced tranaition

probability is in turn related to the mesn lifetime T of the collective
state by

BEN = &A@ ) ige
8T (N4 1) Q

whare (?,x+|)!:! =13°5° .e0s *(2)+1)s Thus ({X cen be ceslculatad if

the mean lifetime is measured.

2)3\

(82)

The relation (B1) cen also be used in the case of @ diffuss
nuclear surface of given shaps. To do this one can calculate a set of
squivelent sherp redii r shich give the same sultipole mowents as
thoss obtaineo for the diffuse surface. Such calculetions have been

44
done by Owen and Satchler ) for nuclei having charge dietzibutions
given by

|
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EQENS (éx +1) (63)

where x = (r - Ry)/s). This expression will be recognized as having

the same form of radiesl distribution as the resl part of ths optical

potﬁntial (chapter 11), Howsver, the peramsters a8 eand RO which ere

appropriats here are not the paramaters of the nucleon distribution

but rather are thoss found for the charge distribution in the electron

scattering experimente 4"41’“). The latter are slightly smaller, |
Transition probebilities srs often expressed in terms of the

extreme singls particle sstimates of Ueisskopf which are estimates

based on the movement of a single proton from e j= 1+ 4 to @ J:%_

lavel. For electric multipole radistion of order )\ = 1,

_ 0\ [3e  p¥ "

R single particle deformetion perametsr @\(SP). that represents the

collective deformation which would result in the same trensition

probability given by (B4), cen be defined by squating aguations (B1)

SP) = | 4w |
@x< ) (A+3)2 Z*%

= lC,S3/Z 'Ct;)\' >\:3 . (85) 4
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APPENDIX €

ELECTRONIC CIRCUITS USED IN THE TIME OF FLIGHT MEASUREMENTS

The circuits which were used for the time of flight measurements
ere shown in figures 23 to 26. They sre basicslly ths seme as those

designed by fFraser snd Tonlinsonzs)

although there are many minor
differences in the two syatems.,

The limiting presmplifier (figure 23) operates on the last
dynode pulse of the photomultiplier and produces a 4 volt positive
output pulse, more than 200 ns wide with a rise time of asbout 2.5 ns,
The valus given for the base resistor of the first trensistor is
nominal., It should be adjusted in order to put the operating point
of the transistor in the region of highest gein=banduidth product.

The TAC circuit (figure 24) operates on ths 4 volt pulses of the |
limiting preamplifiers end produces a negetive going output pulsa of |
0 to 5 volts smplitude depending on the time interval betuwsen the
start and stop pulses. The time rangs covered is about 200 ns,

The clipper and fast coincicence unit (figure 25) slso operates
on the limiting preamplifier pulees. It produces positive and
negative output pulses which ars nominally one volt high,

The compensation circuit (figure 26) operstes on the TAC output
signal and e control pulse which should be positive and less than 20

volts high. The net gein of the circuit is somewhat less then one,




r—

figure 233

Limiting pressplifier circuit,

e d
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Figure 24:

Time to amplitude converter (TAC) circuit.
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Figure 25:

Clipper and fast coincidence unit,
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| Figure 261

Compensation circuit,
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