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ABSTRACTY

Angulsr distributions were determined for inelastic
proton scattering to ten residual states in 3128.
Measuresents were carried out at 1C0 KeV steps in the
incident energy range of 12 to 15 MeV. Siuce the purpose
of the experiment was to search for intermediate structure
in the inelastic reaction excitation functions, all
determinations were made with a beam energy resolution of
100 KeV. Tne Van de Graaff accelerators of the University
of Oxford were used for the experiment. The analysls of
the 100C proton spectra recorded in the eoursa\or the
experiment was performed entirely by computers,

It was found that the angular distributions change
rapldly with incident proton energy, and that the reaction
excitation functions exhibit structure of the intermediate
type. Cross-correlation a@nalysis revealed that there
is significant correlation between the structures associated
with the different reaction excitation functiong,

The experimental data were compared with the predictions
of the doorway state theory of intermediate structura,

It was found that both the characteristios of the



x1

intermediate structure in the excitation functions and
the existence of correlation between the structures of
the different excitation functions are in accord with the
predictions of this theory.

The experimental results were also considered in
relation to the statistiecal theory of nuclear reactions,
It was found that the experimental values of the mean
squared deviation of the cross-sections assoclated with
particular inelastic reactions were in reasonable agreement
with the values calculated on the basis of this theory.

In the experimental situation studied it was found that
this theory also offers some explanation for the existence
of correlation between the structures associated with the
different excitation functions,

It was concluded that both the doorway state theory
and statistical theory provide possible interpretations

of the obgerved intermediate structure.
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CH A ¢

25 UG S OM

a1

Harkirs ard Gacs (1934), following tha work of Mot
and Lassey in tncir study of electrun scattering, propused
a sizmilar uodel fur nucleon scattering from nuclei., Howeveur,
experiments perf rued sghortly after sghowed conplete dige
agreesent with ti:is model (Tillman and Yoon, 1935; ﬁzilavd.
1935; Fermi and Azaldl, 1935; PFriech et al., 1936; Halban
and Preiswerk, 1936; Dunning,1935); instead of the predicted
slow energy variation of eross-section, rapid variations in
the form of narrow resonauces woere cbgerved, .o understand
these observatiocna, Dohr (1936, 1937) propoged that tie
nucleoe-rucleon interaction was rot woeak, ae harking had
assumed, but irstesad was strong encugh for the eunergy of
the incident nucleor tu be quickly distributed amongst the
target nucleons; since =any deosrees of freedom were iuvolved,
rapid energy variaticns of eross-sections were tu be
expected, Trhis nodel, whies beoame kn§;n ag trhe compound

nucleus nodel, was further considered by Jrefit (1936) amt

-1*



found its mathematical expression in the work of several
authors (Kapur and relerls, 1938; Wigner, 1946; Wigner and
Eisenbud, 1947). The model was extended by Feshbach et al.
(1947, 1949) to the high energy regions where the number of
resonances becomes so0 great that strong overlappling occurs
between them; for this reason it was only possible to counsider
the energy varlations of averaged cross-sectlions; the model
became known as the continuum model. This model gave
reasonable agreement with observations in the energy region
12 to 24 }eV; however, when applied to 90 MeV scattering
experiments (Cook and Macmillan, 1949) a difficulty arose in
that it predicted nuclear radil smaller than those calculated
from the intermediate energy experiments, Further indications
of the inadequateness of the continuum theory became obvlous
when scattering experiments (Fields, 1947; Miller et al.,
1952) were verformed in the energy region 1 to 3 MeV; instead
of the iredicted monotonic decrease of‘cross-section with
energy, broad variations were observed. To explain these
observations it was proposed (Weilsskopf, 1952; Feshbach et
al., 1953) that the nucleon-nucleon interaction was not so
strong as originally thought, but il:stead somewhere‘inter-
mediate between this and a weak nonelocal potential,

Following an optical analogy, Fernbach et al., (1949)

- 2 -
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and Feshbach et al., (195%4) considered and develope. &
aodel in which the incident narticle and tar ¢! nucleus
interncted through a couplex ron-ioeal potential; it was
siiown that this ~uodel was in reascnable agreercat wits the
experimental observations in the onergy region 1 to 3 JeV.
Tris wodel, .ithough somewhat controversial, was i: keeping
wit . the cpirit of the slell wodel of Mayer (1949, 195.)
and Baxel et ale, (1949, 195...

Further evidence, that the iacident partiole dild not
necessarily srare its energy soongst all the target nucicons,
came to light when Dutler (1,51) fouud 1t was possivle to
explaln the forward angle peakirys in (d,n) rescticns Ly the
ass.... tlon that tue ineldent particle l:iiciwcted only with
a few nucleons in the nuclear surfuce; siuilar conciuvslions
were arrive. at by Nellanus and Sharp (1552) and sustern st
al., (1953) studying (p,n) and (.,p) reactions. .euctions
of trie type !ocume known as dliraect reastions,

That t..e stroy; interasotion and cu. . ler ctestial
roiels were interrelated rather than coutradictory was
deumstrated by the work of Peshbach st «l., (1953), with
later extezgion ", Wi.nar (1934), Scott {(1954) and lLane et al.,
(1:55)s <he ‘ntorac.ion was coiuil . cred €4 Lo coapcsed of

two sarts: an average o -1 ool poveatisl, producin, a

-3 -



1.4

swcoth variation of the crossesections, and & residual
lateraction wnicn esused sharp variations in Lhe orosge
sections by exciting tie irtersal degrees of freedo: <f the
target nucleus. Purther v derstanding «f She sucleon . tore
aotion in ruclear uatter omwe frow the work of Brueciner

ot al., (1954 195ke 1955% 1960); these suthors dexonstrated
that even thougn the nuclecusnucleon intersction wes str.. .,
8 bound nucleon in & nugleus rad siuilear . roperties to a
free particle owing to the severe restrictions iz, omed on
internal sostiering by the Faull excluseion priveiple, The
work was furtner exterded (lrueckoer et al., 1955%) to the
case of an urbound nuelecn in nuclear natter ard aalin vie
slailarity Lo a free particle was deconstrated,

de2

Using a sinllar approach L0 Lhat of LIueC.. 6r, Shaw
(1,59) atte.: ted t: deter: iiv the
scatterin: complex potential by caleulating oo srobability

“aglnary Lurt of tne

that the ilneldent mucleon suffered a lard ovllision (1.e.,

& collision in wilch energy is exchunged)., e furthor
sonsidered {: ¢ ..ext stage to the resotion, to whic: trere
were tores alterasatives: (a) one orF both collision periicles

-l -



1.5

eould escape frou iL.e mwlear interior, (b} the sycteu
oould decay back to the estrunpe charnel znd (e) one or
both eellision particles cuuld undorgo furtner .ard
cellisions. In the spirit of chese caloulations, widekh
assused for example Lhat nucleoar aatter eouly Ye re;rusented
by an ideal Fermi gas, thne nut:or was able Lo predict tae
relative probabilitles fur these different gslieratives,
The first two sechacisws are ciosely siuilar to the dircot
reaction nechaniss occnnidered by o.tler et al,., while tie
last provides ti:e poseibility of forming sore couplicated
states and ultimately tie compound susleus., 1t was still
possible, of ecurse, for L ilicident ,article Lo travel
through the mueleus witnout suffering a rnard collision,
Sizllar apgumsnts atoul $h0 sequential developrent of a
auclear reaction have been give: i: more pletorial terme by
deleakopf (1961).

Tre gross varlation of oroese-seclloos at 1Oow ener;lec,
1 to 3 eV, were explajined (Jer bach et al., 140 Festlach
ot al.y 1954) in terws of the optleal odel as Lelng Jue
to tne iucident particle rescnoalling in the coup

ax .uiential,
and so Lhew Las ques.ioned w.eblier or nobt sualler variatl.ns

would result frruw & sicllar resdaaude I .o reaction

-5 e



particles crested in the second rraction stage. (For a

Yeral sas these particles ar: the incident and struck
particles, znd the hole left henindg in the gas; this assene
nlage >f particles is hereanfter referred to as a 2p-lh
state.) “These 1dess wer. furtier developed by RKodberg (1%61)
who Obgerved thuat variations 1s cross-sections couli alsco
pocur as a result :ff an interference of the Zp-lh states
wit' the direot wave gaplitude, A similar situation, in
atomie prysics, has been studied by Fano (1961) with the
conclusions that the interference hetwee:n & discrete gtate,
in which no one particle has sufficle-t eiergy to escspe,

and the continsuum states gives rise %9 characteristie
aaymmetricel peaks in the creoss-section exclhtatlon functions,
and that the ratio k of the sctuzl transition .robabllity

to the probabrility of transition to the unperturbed ciatinuum

(1.0., acsence of the discrete :iate) cuan bde represgented
by

k = (q+e°/(1+e) (1.1)

where: q = ocoupling constant cotween Lie discrete and the
continuum; € = 2(i « =;)/ " 4 in whieh Bp = energy of the

discreie atate and [ is tne escape width,

-5 -



1.7

Por large values of -, thlg furction varles rapidly
1 the energy rezlon £ = s e The agtnematical structure
for the nuclear situation ig 3-ite si.llar to this atoule
case, since four both the interaction of the lucident particle
wila the target 1la oconsilered to ve con .osed of an averys
non=l0cal potential 1:¢ & residusl interaction, In general
it w-ould e expacted Lhat thw gegconi stage 1. the Jevelopiunt
of 8 n. lesr reaction w,:ld produce the greatest lnlerferonce
with the lirect reaction ausplitude, elinge Lhe later ata, us,
2:ing sore complex in confl. uration, would cave suwallar

coupling constants qg.

It was well knouwn that the average variation of tne

low cnerygy strength function [{or ciffereat elements originated
from the interaction of the lncldeut parvicle with the
nuclear ocomplex poteatial, snd 80 it was sugsgcsted uy Blosk

(1963) tnat the fluct.stion of the strergth function about
the average resulted from the next reactlu:. stage J{p-lh

interasting with the complex .cle.tial; pursulng these ideas
he derived the following expression for the 5 wave neutron

strength funciion



2

7\

r> "‘“Zﬂ“’n/AJ“\U”hlX+ > |

(1.2)

.’.
where: X = incldent channel wave function; T

wave function of & Zu-lh state of energy width A nt

D, = average energy spacing of the compound states which

ocan be created through the state Y i ¥V = residual inters
action,

Thias forpula ¢can be understood by an argument put forward
by -eisskopf. ‘he number | < \Pn | V. |X’ > lz aay ve
interpreted as the transition probabllity of the 2n.lh state
decayir; back to the lp state X "'. ang therefore the average
idth of g compound ~tote is expected Lo equal this prousblility
rultiplied by a factor which deterrines the probabllity that
the 2pe-lh stute ig realised in the compound staute. Suppore
there i3 onrly one state V’n within an energy interval of
order A pe then im tils case only cne teru reed be considered
in *he summation, and -“herefore trhe period of motion of tne
compound state (Breit, 19%9) becoues Jh/ﬁn; sirce the lifetine
of the 2p-lh coufiguration is h/A n the ruistive probabllity
of Y , in the compound state nust be atcut Un/A g
linerent 4 tidle argusent iz the essumption thut decay and

forsation i Lhe compound si:teg oan ouly occur via thre

-3-



1.9

2p=1h rtotes; tr:is is true if V; is coumpuged of twompartic. s
interactions (eghbach, 195%, 1962) which seeus in faot to
be the case irn view [ the success of energy level calou-
latiorns uelrg this interaction (Goldhammer, 1943,
Juccessive applicatione of thlg twe body cperator to the
wave funetion of the entrancs channel will procuce zore and
nore complicated conii urations (l.e., 2p-1lh, 3Ipei,

LpeJh ané =0 on) urntil finally the compound aucl#us 1is
formed, It iz rheref:ire because the 2p-lh state forms tne
entrarnces £ this "alleyway" that it has Leen tersel the
*doorway state®,

Usiny =imilar arguments, Shakin (194£3) woede o aore
detailed evaluation «f the atrensth functions for t.e isotopes
of lead and tin, and cobtained reason:tle agreenent wmith
experimert. 'is o8t lmrcrtant finding from tiig work was
the appreclation liatl & small energy «ilth assicluted with
a cross-section regonance did pot necessarily iLuply the
forsation of & conplicated coupound staty, Because ne found
vhat §. was jossible for t.v walrlx elewents doteraining
the truansition 1p to Zpe-lh t6o vaclish w.uler certaln cirouse
atances, wit: trhs resalt loat tie widts of tie (z.uation cof
a cuapoun. stat. was small, belig seteccined only uy hi nher

order effects.



Lemmer arnd Shakin (196L4) studiea the elastic
scatterin, of neutrons frou Nl5 by & ethou similar to
that used in Shakirn's earlier calculatiocus, and they were
avie to obtain good a_ recment with exveriment by assuming
the conpound ctate was no more complicatec than the doorway
state. 1he target was considered as a pi hole relative to
the u16 core, =znu the compound states as particle-nole
conirigurations, <1the calculation irncluded energies up to
10 neVv anu .ave resonance widths from U.6 KeV to 8Cu KeV,
Siwilar calculations hsave been carried out for the reactions
clz(n,n)u12 and GlB(p,p’)C13 (Lovas, 1966; ffitner and
~ledel, 196L4). In tie first of these culculations the
author assumed the conpound states were again no more
complicated than the 2p-lh configurations,; tne second
calculation was restrictea to low enough energies to be
able to assume tne comoounu states were formed only by

. 2
excitation of tine neutron cutside the J core, oau there-

fore, in diagrammatic form, tne reaction possibilities are :

—mee

— L 4L
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If the resotion followed the sequerce 8 o ¢ tc 4, then it
would go through an intereediate or discrete state, a'd 80,
as firet noted by Rodberg (1961), strong onergy variati-one
would be expeoted; if the reaction progeeded a to B to 4,
the orces~section wariations would not be ao stroang, singe
the internediate systeu would be urbound and tnerefore of
short lifetime, 1t hes 2lso been possible o unerstand
particular reaction cross-sections in Clz(ﬁup'lclz*. by
assucing egaln the compouinl states are no wore coaplicated
than 2pedh confizurationa (Heasday et al., 1963; (loper
and Fisher, 19543 5cott et ales 15C7).

v
.- . ok R B . 3 " S
: Eas , ; ’ o g v e o, : t 4 o vuy 3 & 1 yg

It kas been gernerally concluded fromz the abovwe work
that the resction mechariem for low snergy pariicles bote
barding 13 nt nuelel is particulariy sleple, involving no
nore Lian ong or twe carsicles, It has been soszlile to
stteupt presise caloulatiors i these cases lecsuse the
nuaber of degrees of freedon ig low; Lowever, abt Ligher
enerples or with leavier uclel, the nuaber rejidly isereases,
and for tnie reason LL 13 no longer posgiule to atteupt an
exact caloulastion. i slzilar computationsnl diffieculty ariseg



1.12

in tne oulc.lation af Lound ®lcled Luvaic wilh a el gtic
1ntcrac$!en; 2t Llow enur ler only a few wutss gueli PR LCIOE
are Luvilved, out at ChL I energies soouunt Last e tak@rn
of excitations Lros Lhie Loy siiolle; itie ;reuter n. he. uf
POruutaticns ... ¢ . Sabrticles peliogtg Ly 49 axXpongrt® L}
\ncrerse tn ¢ SULLer o stutes., Se VoL Lhow . single
excliaciiong G xplai - PouciL.on sechanis s e: 10w onerlen,
it i¢ Qountrul wWleLLer ©oioh B8li.plicliy wxdets s liagyi O

eneriies; Lideo?, vecuuns .of e reater rumboer Qf artieles
fnvolved, it “AGCHBE oy Hrofitatle Lo 2.2loy a 8laticLical
apuronc: ,

BAriy experimets cerfiied dAn toe Ao eliate sneryy

rage 1lv to 20 8V, and for isteredlste MLiel A fron 20
te 57, revo.lel tle Sricturoe of ouJlé e du ceection

3w ' 2 LA o L R i % Py g L id v K3 20 og e,
CUCB8-g0stiong Lvep Cneryy liveivals P ogovera fhagta rad

FUSRN

8y | iscuer et Ale, 1958 ~hLe, 1634, -Qwntey 1459;
Luier on ud,, Loy Gooder . mng SOlly 19605 pobe et Diay
lucus inura et @ley 1961}, it .nm ObEsl ved by Ixumc
(10647 tral auc. beluviour coula ot Le oxpliined ia terus
¢f the .cio tisl orp OWpOUI G nueleus el girce the fommer

ouly neve vordation. cver coversl eV, wiilas L. latter

Predletyd reponaucor with widt'z of an omder .p Bagrlt w
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smaller than the observed structure, It was concluded

that the observed variations were the affects cszused by

only a partiasl squilibrium of the reastion particles,

Isumo was able to systezatise the observatlions tu some degree

by using a phenomenclogical approachi this considered the

target nuoleus to be an inert core which provided a central

potential for the incident partiocle and outer shell nuscleons,

™is few.nucleon systen had its own set of elgenstates,

and if the incident energy were sufficient to excite a

particular state the effects would be reflected in the cross-

section. The width of the experimental cross-section

variations can Lo understood from this model since the

energy per particle is in general greeter than for a perticle

in the true compound nucleus, and sc the psnttruh&litlca

are therefore greater and the lifetioe shorter., Wwhen the

nodel was applied to different experiments, it was generally

found that about six particles were involved iu the reactions.
Eecent experinents, using good energy resolutioa

beans, (Colli, 19622, 1962°; Facschini, 1962) have demonstrated

the existence of & uarrower type of oross-section fluotuation,

Inis structure has been imﬁerprvtcd by Erieson (1%u3, 1966)

a8 resulting from an interference between nelghbouring

-13-
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eompound nucleus levels; the structure is .t to be
ldentified wit: fnuividua) leveis, it ruiher 18 Lo be
congidered as the result f an aggrogatior of nany randon
quantities; the average fluotuation width can be asgooliaaed
with the averaie lifetin. uof 10 oumpours stuves, In ERAILY
Cases wihen the fluotustio: eross-sections are aatlesalionlly
averaged over geveral hundred OV, gonsiderable residual
strusture still remains i the Cross-sections (i8vL ot al,,
19663 Singn et al., 1966} Kroepfl, 1967; heuta and

Uivatia, 1967); this structure is slallar to thal conaliered
by lsumo, Siiage Lils structure 4a tnteraediate Dotween Lhut
oxpected for tie complex potential a: i a4t for S OolpIund
mucleus model it has deen termed interaedliate struciure,

Tie partial equilivrium model -f iBURN, because of its
phenonenclogical fature, camiot give a detailed ascount of
tuls structure; on &r- o-ter hand, oomiutational Aiflic..lLles
yrvvnnp a solution similar to £'.» type used for lirht
rucled, Nevertl.clegs, it still rexalng true that ¢f the
residiual intoractior is CouL, ool of twe body frcez, then
the irnitial .rocess i . e reaction ig the ger rutian of

8 2pelh configuratic:, it .as Leen knows for cooo pia

that 17 tie compou. rucleus resonances are averu;ed svsp

o 1} -
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several XeV, the average coross-section exhiblts similar
features to a particle scattering from a potertial well.
This, of course, is why a potential model 1s used at all,
but also it shows that the interaction of the incident
particle with the target is somposed of an average potential
pPlus a residual interaction, and this interaction 1s not
sufficiently strong to smear out the orcss-section
resonances caused by the particle resonating ln the average
potential (Breit, 1959); stated in another way, the wave
funoctions ¢f the compound nucleus states still retain a small
coherent component of the incident single partlal wave
funotion, S0 if the second reaction stage is a 2p-lh state,
it is possible that the compound states to which this
initial econfiguration decays, retain in a sizilar way the
characteristics of the 2p-lh state; if this iz 80, then the
oross-section woculd be expected to exhibit structure
interaediate betwee:n the single particle glant rescnances
and fluctuations due to the compound nucleus. This explans-
tion of the cause of intermediate structure has been proe
posed by Feshbach (1965; 1967"). A brief outline of this
theory is given in the next seotion, Followlng this,
another possible cause of internediate structure is

sonsidered,

-l§ o



nferzediste  ticturs

tion treo 9%

The wave furction »f & reaction, conposed of an
incldent particle r, and & tar;et nucleus wit!h: nucleons

F1e Ty eeecs Iyy BAy Le @:pended ia the forw
\I, - Z u (ro) ﬁ (rl,t Pz se s !"5). (1.3)

ihe suwin L8 _ver all poeslbdle oo Viguratlons of v varget
sueleons, «ow Segarales et rally oo two coaguient suns
depending On whether ui{r,) belongs L. a Lound or auubound
particle. esibaeh (13-, 19L2) nas introduced projection
cperators . and . to separale these twe suus. FY anmd VY
are vectors in the uub.und «d bound subsi.ces ouf reaction
space, Since all esxgzrimoental zeasurable (..-.titlies are
contaired in Y , the ai. of the projJectlion method is to
chtaln « aniltorian witi. PY as arpupent, if tie total

Hawiltonlan iy H, t:en
Ay Y = {0+ QY (l.i4)

Operatisg on Lils cguation seperately by 0 and | ;iclds

the eguations

- 16 -



(B, - OPY «-.n T 1.5)
(M _ - E)QY =« H_ PY (1.6)
L, P

where: PP 1g denoted by h’f ete,

if these two s:uctlions are s:lved by the inverse

operator metroa (-ovan, 1959), the equztion for FV becomes

| 1 i |

B

(H,

Jhe trangition w.plitude for the reaction cau the:. oe

weitten as (. cssio, 1966)

= 1

+
vary o+ vl R g, Ly, >
W' e,
(1.8)
:
where: V’u are solutionrs of tis eg.ation (ﬁfr-p)ﬁ a {,

and Tl ig tie transition waplitic. of this cjuation; and
et o - e e S, }M

£y = Lt N 8
¥ aQ.P (L - nf'i’) P

From Eq. (1.8) it is evident that | may undergo strong

variations wnen the iucident ciergy is near an eilgenvaliue

- 17 =
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of ﬁQQf

\b)  Erojeckien opsruturs und doorway stuteg

To determine the cffect of the first collision on
the traaltion amplitikde further i~ jection Operatcors are

introduced; tiese are d and g, defined by

Y a1V +4Y + qVv (1.9)
and FA madl = {; iqeqgl =(; dq = qd = ¢,

ihe prujeetic:n operator 4 projects ¥ onte tie Zrelh
rtutes in space &, ard g projects o:to the rerairirg -ore
corplicated stateg, If ﬁj“ orly conplste ¢f two Dody
interac'lc e then .. = 0, .t Hja # O, The Hu.lltonian H

Fq
may be decn. .poged in the following way

QQ

H. = } + ¥ + R + H.

d"“ dd ‘f';‘;-i qa ( 1 .1%«' )

qu provides the ~~aplin: bhetween tne doorwny and ~ore
cmplicﬁbm ﬁt&teﬁ. f“‘}}e tﬂr.ﬂff‘?ﬁj,ti@f. mr‘lit(}dﬂ tor Ql”tlc

scattering may be decowpored in & si=ilar way

T = il + ;.Ad. + (1011)

-13«.
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| v >

where : a-<~lf |nm7~m-““wiw °

1 -0'
%aq (mm..nq‘w“) qd "dp o
and O = - ! —

(E 0'“«- ’3“)

in these egquations T, represents the transition
anplitude for tre forzetion and decay of the doorway states,
while Tq sorresponds Yo formstion and desay ef the compli.
cated states via tiie doorway. 3inee the density of levels
belonging to q is greater than 4, i will have three Lypes
of esuergy variation: a slow variation I; due to the
incident particle rescunating in the potential well, a more
rapid variation Tg due to the furmatiom of 2p-lh configura~
tions, and finally a strongly flustuating component T,
due to the forwmation of the uore complicated states.

ihe effects of the first collision are uore easily
seen Af i is averaged over an energy intervael whiclh is
large coupared to the fluctuating component, but scall
enough %o regard Iy as constant, If this is doue it is

- 1§



found that the zverage [Tq} hag & 8irzilar crer.y varizauion
to Tgy the valn reasor Lelpg “lat the corplicated stutes

can only ne frrned via the doorway stute, Since these
two tersr have nirilar stricture they are coablirec inte

one; the :virere tr o pitlor ar . T{tude ther hwooines

: - 1 +
o ; : —— ¥ v
fi; = S B <:V% ‘ﬁﬁd R wmm‘"i;mwu - J&P | o
Wt ad" M dq (AY « v ) wd
q4q 4
(1.12)
-l 3
where: A B ercomr— i —ao—
qq ‘.w * }'.‘ - @ )

¢ hl
hd AT

Sroe bge {lell) it will e saen that U e seconl ters

13 ideaticel to iy If W,, is re.i.ced Dy W, t ;.. where

(1.13)

The physical meu:dlng <f this terw is not too difficult
to understeni, Ledosuse the wldil asrsocialed wit.. T3 alone
only takes acccurt uf the doorway state decaying back into

the i.triice channel, but the combination of [iy] with T,

- 2U -
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has introduced, into T,, the possibility of the doorway
state decaying to the more complicated states.

For an energy region influenced by only one doorway
state, Eq. (1.12) becomes quite simple, since for this

case W;; and W34 are both diagonal, and so

- +
v H Y. H v
[T] = 1, + Vol Bra | Yu>< YalHap | Yo >
(E-k -Al+3 1t -2 10 i-20
(1.14)
where: Wda = A g - % r g (escape to 1lp states)
Waa = A 5 -1 g (aecay to 3p-2h etc.)
- d - AE q | < PqlHga | V¥a >

where the sum is over g states withiu the average ianterval
A E,

From ~g. (1l.14) it is evident tusat if the incident
energy is in the proximity of the 2p-lh state, the: the
interuediate average tra.sition amplitude will be in a state
of resonance. Under these circu.istances thie average

absorption cross-section for ¢ = C and zero cuaaunel spin,

-21-
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becomes

rd rd
o = L d

ATk (B-Ef + L (rl+ rd)?

. (1.15)

=

ne strength function, being simply related to ok, will
exhibit similar structure,

For simplicity tl.e above equations have been restricted
to elastic scattering; however, reccticus are easlly included
in tine formalism by respectively replacing w;, ¢€ by

+ - .
w?, vis where these are tiie inclastic wave functions

satisfying tne equation

(H -E) + = O.
i o I

By followin tie same procedures, and again assuniry one
doorway, the intermediate averaged inelastic transition

matrix becomes

- +
Vg |Hpg | Ya > (Vg | Hpg | Y3 >

pis = (T

) +
pot ' fi

(T
(E-Bq - A - Af+3(rg+ry )

(1.16)

where: (Tpot)f1 includes the direct reaction and

- L2 -



potential scattering amplitudes; the escape width l"a is

given by

. 2
Plo= 2w > o | Cvg|Hep ¥ > (1.17)

lhe sum is over all possible open channels, including the

elastic, to which the doorway state ‘”d can decay .

(c) Experimental predictions from the theory

The result shown in Eq. (1.16) is of paramount
importance, for it shows that if the assumptions about the
sequential development of a nuclear reaction are correct,
then similar intermediate structure would be expected to
occur in different reaction channels. T1here are three
reservations to this statement: firstly, the width of the
structure l"& + Iﬁ& must be sufficiently small for the
resonance to be observable abo¥e the direct component
(Tpo) gy Secondly, the resonance position iy + Al + Z&é
may differ slightly from channsl to channel since [&g
depends upon 1#;; and lastly, it is the resonauce positiong
which are correlated not the amplitudes, therefore a

particular resonance need not necessarily be present in

- 230
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all reactien ohanrels, Another general result from 3.
(1.16) 1s that differential oross-sections for particular
resction channels, measured at different angles, should
exhibit similar structure,

There is much evidence that the statistioal theory of
nuclear resctions (e.g., Allan, 1961; Erbs et al., 1961)
is in reascnable agresment with experimental data with
regard to crdersof magnitude and average energy dnpindauou

of oroge-sections., Therefore it hes
(Egelstall, 1956; Lricson, 1960; aAgodi et al., 1942)
that the statistical theory should also be gapable of

explaining the fluctuations of a cross-gection about its
average.

It has beer demcustrsted by Blumberg avd iorter (1958)
that if the watrix elements of the Haslltounlan operator,
which defires the clgenstates of the compound nucleus,
follow normal distributions, then the distribution of level
widths aud level spacings are those proposed by rorter and
Thowas (1956) and wigner (19$6) respectively. The fact
that these distributions sre supported by experisental

T
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evidence has been taken to iludicate the vaiidity eof the
randoaness hypothesis (Feshdach,196{), From these distri-
butions it should be possible to detersmine the associated
cross-section fluctuatious,

In the light of tne above, analyses of cross-section
- fiuctuations have been garried out by several asutnors; An
particular Tsukada and 7Tanaka (1963) and Fonahan and Clwyn
(1967) investigated fluotuations of total neutron eross-
sections on the assunption that the cause of the fiuetuations
was variation of widths and level spscings; Asgodl aml
Pappalardo (1963) oonsidered slailar aross-sections but
assured that the fluotuatiocne arose purely from level
specing variations, Ericson (1963) hae shown that, at high
energles, wheére the density of levels is high, strong
fluctuations can occcur in crogs-sections even when the
fluctuations ocaused by level.parameter varlations are
negligible., The fluctuations in such cases are caused by
interference betweeu the amplitudes assoclated with the
resonances of the compound nucleus,

If cross-sections are averaged over a sufficliently
large energy interval the associated fluctuations will
ultimately disappear, but for a smaller energy interval

some residusl structure will remain., This therefors presents

-2’-
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an interesting question: car the regently observed
interssdiate structure e explained in terms of this
reslidual statistical fluoctuation? This question forms
the subjeot of Chapter 5 of thnis thesis.

Uther than the examples counsidered 1o the first part

of this chapter, further experimental evidence of inter
aediate structure and doorway states has ocome from several
different types of experizent, A brief ocutline of some of

these experiments is given below,

Agalogue Staves

Analogue resonances probably provide th§ clearest
exaaples cf intermediate structure. Singe their discovery
in 1964 (Fox et al,, 1964) several hundred cases have been
found, The umost noticeable characteristic of these
resonances 1is that they have very ss:all widths, the ascepted
reason being that the doorway state is inhibited from
decaying to the zore somnplicated configurations bLeguuse
its isotopic spin differs from that of its isnediate
neighbouring states,

u-Zéu
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Ikegaml and tmery (1964) obgerved that there exlsts
an anticorrelation vetween the yields of (n,v) and (d,p)
reactions,and that this could be explained in terus of the

doorway state coneept,

Energy studies (wood et al., 1965) of evaporated
neutrons from (p,n) reactions often reveal a high energy
"tail" in the neutron spectrum which is unexplainable in terms
of the classical statistical theory (weisskopf, 1937).
Griffin (1966) sees the reaction as a successive creation
of particle-.hole states, and the "taill' as the result of an
emission of neutrons before the eatablishment of egquilibrium

anongst the nucleons.

Bolsterli et al., (1966), considering Ca“°(d.p)6ahl.

have studied the proton groups which are produced by
mechanisms other than stripping. It was discovered thst
there exists a ochereunce of reaction strength bvetween these

proton groups over a period of 1lUU keV, this was interprsted

- 27 -
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as the result of 2p.lh states sharing their strength
between the states of higher seniority.

Reaently Singh et al., (1956°) sarried out a phasge
shift analysis for the reaction Ngzé(u.a)ﬂgaé. ‘hey found
that the soattering ,mplitude varied in a systematlc way
over periods of several hundred KoV, and this they have
interpreted in terms of the doorway state concept, (’ne
behaviour of the soattering amplitude in the proxinity of a
doorway state resonance has been discussed by :onanan, 1966,)

If the glant resonance of & (p,y) reaction is expori-
mentally studled with good energy reselution, it is found
that the resonsrce is composed of a fine structure of a
type proposed by Erieson (1963). vhem the cross-seations
are averaged, the fluctuations deorease in amplitude,
but a broader, interuediste structure is sounetimes evident
(Stugh et al., 1965). This strusture has been interpreted
in terxs of the doorway state concept (Gillet ot al., 1967),

- 28 »
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Fany experimental examples of intermediate strusture
have been taken to imply the existence of doorway states;
however, few experiments have beer undertaken to test the
main prediotions cf the doorway state theory. Theses
predictions sre (Section l.6.0):

1. Exeltation funections corresponding to different
resction channels should exhibit structure of width inter
medlate between the widths of compound nucleus fluctuations

and single particle resonances.,

2. There should be some correlation bvetween the
intermediate structures belonging to diffarent reactlon
channels,

3, Por a particular reaction echannel, the differential
cross-section excitation functions should exhibit iatere
mediate structure; there should also be some oorrelation
between the intermediate structures assoclated with

exoitation funotions nmeasured at different scattering angles,

It is the purpose of this thesis to test these

predictions, for a particular nucleus, by measuring the
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excitation funetions Of inelastioally scattered protons
for as many reasticn channels as possible; further, to
determine the significance of any conclusions which may be
drawn from these tests, an attempt is made to 1lnterpret
the expeorimental results by =means of the theory based on
the hypothesis that the reaction mechanisz is of a

statistical nature.
28

The nucleus chosen for this work was 317 . The reascns

for this choloe were tnat 5123

belongs to a nass reglon in
whieh the total neutron orosse-sections of nuclei, iu the
incident energy range of L $0 12 eV, undergo co:siderable
fluctuations (7Tsukada and Tanaka, 1963; Carlson and
Barschall, 1955; Fasoli et al,, 196¢), and, of this mass
region, 3128 is unigque ir Laving a doubly closed subahell,
which therefore may be expected to simplify ocaloulations
of the second reaction stage. The reaction was investigated
in the incident proton energy range of 12 to 15 HeV, since
An this range, the compound nucleus excitation ensrgy is
within those values corres;onding to inoclident neutron
exnerglies of 4§ to 12 KeV, .

S5inee the purpose of tiie experiment was to search for
intermediate structure, it was decided, in order tc recuce

the apcunt of data analysis, to determine the cross-gection

« 30 =



excitation fuictions vy mesasuri g ti¢ reaction an.ular

dlgtribuiions at - rgy tutarvals of lu0 sev d with a

beas enerzy resolution of 100 Lev,
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CRaAaPTEG 2

EXPESIMENTAL METHODS

<.} Introduotion

The University of Uxford Van de Graaff accelerators
were used as the scuree of high energy protons for this
experiment.

S5ince the intrinsic resolution of these unachines is a
few LoV it was necesgsary to devise a convenient zethod of
obtaining cross-section averages over 10U Kev, The most
obvious way of doing this is to use a thiok target; however,
this suffers frou the disadvantage that the scattered
particles entering the detecticn system alec have an energy
spread of 1UC feV. " A spread of this amount becomes a serious
28

concern if states in Si™ above an excitation snergy of

6 KeV are to be resolved; the situation is even more serious
Af contaminants are present in the target, Because of

this disadvantage another method was used in which the
current of the final analysing magnet was modulated in such
a way that the energy stabilisstion leoop of the accelerator

in turn modulated the accelieration veltage, and consequently
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the energy of the accslerated particles. This energy
spread of the ineident beam produced, to a fir:t order of
approxination, a similar ensrgy spread for all the soattered
particles froc the target. To coupensate for this spread

a small variable voltage, synchronized to the energy of the
accelorator, was subtracted from the analogue pulses,
corresponding to the reaction particles, so that the
resultant pulses rezained gonstant,

2.2 1Inhe Accelerator

The Uxford accelorator couplex consists of two electro.
statie gonerators (Eutherford lLab., 1962, 1966 ), a single
stage and tandem Van de Graaff (Flg. 2.1). Laoch machine
aay be used separately or coupled together in sush a way
that the single stage accelerator sots as an injector inte
the tandes, The injeotor can ascelerate several microamps
of negutive ions up to an energy of 1lU HeV; the transamission
of this beaz through the tandem is about 3 per cent,
since the cuntre tersiinal of the tandem operates up to
6 aillion volts, the combined machines can produse proton
beazs of energles up to 22 KeV. With coupled operation
the proton beas has an energy resclution of several kev
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whioh is prinocipally determinea by the voltage ripple

of the accelerator voltags terminals, and the finite widths
of the analysing slits bafore and after the bending magnets.
knergy stabllisation of the accelerator is achieved by
comparing the amount of beam current striking the two sides
of a vertical slit placed after the final analysing saguet.
i1f, due to an energy change, the besan passes asysuetrically
through this slit, the net plcekeup current is used, after
sultable asplification, to operate a servomechanism which

restores the beas snergy.

The layout of the experimental beax lline is shown in
Plge 2,2, The beam control systez of the acevlerator is
designed to produce a nherizontal focus at the position of
a vertical slit a distance of 2i froum the ozntre of the
analysing wmagnet, where 1 is its radlus of curvature. The
beas eaerges froa the nagnet to agsin fors & horizontal
foous at 2 second slit which acts both &8s an analyser and
a probe for the energy stabllisation system, The bean 1is
finally focused onto the target by a doublet magnetio
quadrupole foocusing 1. the horizontal and vertical planes.
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Magnetic deflectors are ilicorporated in the line to
facilitate steerage of the beam, Viewing boxes, aontalnirng
retractable quarts sointillators, were iastalled Defore and
after the scattering chamber, These sointillators were of
great value in helping to align the beaa at the start of an
experinent,

The beam, after pagsing through the scattering chamber,
was stopped on a smsll block of uranium three ametres from
the target. The beam pipe over the last two metres vas
electricslly 1solated so that it could de used as a Paraday

Supe.

2els

A schematic dliagran of the scattering chamber is shown
in Pilg. 2.3. The chamber i: totally coustructed of duralumin;
it has a diameter of 24" and a depth of 8", the bean entrance
and exit ports are welded inrto place, .Jhe design lu-
cor.orated a rotating base plate, ssaled against external
pressure, ian order that the counter angles could be changed
without bLreakiug the vacuuu (¥ig. 2.4)e 4~ well, secured
to this plate, esabled introduction of electrical leads
and liguid nitrogen pipes into the okamber. in Lhiis way,



everytiiia; assoclated with the oounters reamained statie
relative to the rotating base plate - an important gon-
sideration when many countoers urs to be used, 5ix targets
could be mounted on a frame supported by a steel rod whioh
passed through a vertical O.ringed shaft; in this way a
ohmo of target position was .oesible without breaking
the vacuum, The chambder was rigidly secured to a table,
which, ence aligned with the help of its four adjustadle
legs, could be s2lidly clanped t. the floor,

The layout of the sounters on the rotating table is
shown in Pig. 2.5, Singe four ocunters were used, four
positions of the rotating table were required to give an
angular distribution of sixtsen points. The rotating tadle
was driven by an electrical motor cpersted from the counting
ares; the angular position of the tadble was relayed by
olosed aircult television,

The design of the gounter mounts is shown in Pig. 2.6,

The mounts were gulded by stalnless steel ruds pinned
agourately along the radii of the rotating table,

ihe purpose of the chamber collimstor was to allow
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passage of the privary bew: but to prevaut passage of L:e
soattered protons froa the slits associated witi: Lhe
analysing magnet,

The design <f the cuamber collimator is suown in Fig.
2.7, and a sohematic diagram of its worning prisclijies is
shown in Flg., 2.8, 7The gize of the first aperture was made
oqual to the expected size of tre final foocused beam spot.
The subsequent apertures reduged the secondary scattering
from the first aperturse, The collinator was oclectrically
igolated so that the plokeup curreant frosx the various
apertures could ve monitored, WwWit: this collimation system
it was found possible to record spectra that were reasonadbly
free frouw spurious va.kground at scattering angles as

szall as luo.

2.6 Gounters

Tne gholce of deteoctor was mainly iunfluenced Ly the
requiresent that .t should be capable < sltopping & 15 FeV
proton, 7This required a cotegty: with a gengitive thickness
of & ncs The raic types of sewlconductor particle
detectors belong to the followlng categories: diffused

Jungetion, surf.ce .arrier and lithium drifted culectors,



lc the case of the first two it is cifficult to produce
reliable counters of the requirei thickness; howsver, it
is poeslible to nma ufacture lithium drifted detectors with
seansitive layers several millimetres thiok., in¢ resolution
of these lithlum drifted counters can be improved Al they
are cocled.

For these reascus, lithium drifted deteclors wiilch

could be eooled to liquid nitrogen temperaturs were used

in this sxjerisent,

The way in whnion the counters were cooled 1s 1llustrated
in Pigs, 2,4 and 2,6, The gounters were clauped to copper
plates which were cooled by contaot with a metal pipe cui-
veying liquid nitrogen. The pipe was a continuocus pleqe
of copper tubing bent irto shape after annealing; to achleve
g00d thermal contact the pipe was hard soldered to ihe
copper coldeplates, bBxternal connection to the pipe was
seada through tne vacuum seal shown Lrn Flg. <9, This consists
of a stainless steel oylinder with tain walls and base,
the inlet pipe bel:ny hard soldered to Lre base u.d further

supported by a tnermally insulated piug. .inkage with
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the pa?c inside the chamber was nmadle by neans of & copper
sleeve, The maln consideration in the design of the vaguun
seal was t0 prevent the Cering froz freexing. This can
norsally be achieved by moking the cylinder long and wide,
but owing to restricted spase this uak not possidble, An
alternative nethod insorporating & heating eleaent wound on
the eylinder was used insteed, It was espirically found
that a dissipation of ten watts was sufficient to keep the
O-rings at rooa teaperature,

Liquid nitrogen was passed through the pipes by
oonneoting the inlet seal t0 a flask of pressurised liquid
ritrogen, Since this seal was conneotod to the rotating
part of the chanbder, it was necessary to make connection to
the flask by means of & heavily lagged flaxible tudbe}
lagging was necessary to prevent atmospheric molsture from
feing the surface and so rendering the tube inflexiltle,
Originally alr pressure was used to pressurise the flask of
nitrogen but this proved unsuccessful because of loe formatlon
at the alr inlet, A wore successful sethod was the use of
a self.pressurising ccntainer; such vessels are nerufastured
by Uniear (vestern Germany) and have an iaternal pressure of
22 1084/ 8q. Sn., wnich for this application was found
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sufficlent, The flow of .itrogen was adjusted unilil the
1iquid phase just eserged from the outlet pipe of the
chamber; under these conditions about eight litres of liguid
nitrogen were consured ver lLiour,

Cu=Cd thermal jJjunotione were uged to determine thre
teuperature of the counter mounte, It was founc that liquid
nitrogen temperatures could be attained in 15 to 20 miuvutes
by using a pressure of 15 1bs./ sq. in. to force the :itrogen
through the system, To use a time any shorter than this
seemed unwise owing to the inoreased therual stress and
strain in the counters,

In sone earllier designs of the ccoling system, flexible
stainless steel pipes were used to convey the nitrogen
irside the chamber. This design had the advantage over the
rigid pipe system in that the occunter mounts could be moved
radlally; rowever, this design feature proved unsuccessful
because the flexible pipes became porous after several hours

of use at liquid nitrogen temperature.

2.8 Energy Neodulstion

To modulate the energy of the beam, use was uade of

the enerygy stabilisation systea of the Tandem accelerator

- 4l -
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{beotion 2.2). 1The principle of the nethod was to modulate
the current slowly in the final analysing sagnet so as to
Sause the beam always to pass slightly off-cenire through
the stabilising slits and so produce a net current piockeup
whion, in turn, csused the stabllisation system ocontinucusly
to ohange the acceleration voltage of the tandem and
therefore the energy of the protons,

The generator energising the analysing magnet was
controlled by the eutput signal of a differential amplifier.
In this asplifier a comparison was cade of the voltage the
magnet current developed across a standard resistance, and
a reference voltage which was produced by dividing the output
voltage Vg of a stabllised supply aoross precision potentice
weters (Pig. 2,10). Changing the value of the potentiometers
prodused a net cutput from the amplifier wihich caused the
gonerator to ohange the magnet current until a null
condition was restored in the amplifier,

To modulate the magnet current a small triangular
varying signal was superimposed on the reference voltage.
in order to ao this, a standard resistance of low iupedance
and a voltage rasp generator of high impedance were inserted
in the reference circuit as 1llustrated in Fig., 2,10, The

circuit of the ranmp generator lg sihown in Plg., 2,11; 1t is

- bl -
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no acre couplicated than a transistor emitter follower
with & varylng base voltage which is produced by perlodically
driving the spindle of a ten-turan potentiometer,

The response of the magnet current to a sudden increase
in reference voltage is shown in Fig. 2.12. Over a period
of about 15 seconds the curresnt rezalins constant, and then
changes tc its new value with an approximate exponential
ilncrease whion tas a tiwme constant of about flive seconds,
or a small voltage change saturation effects do not <eoeur,
but instead tie current immediately starts to rise exponen
tially to its new value, For a roference voltage modulated
by 8 triangular waveform, the oeécurrence of a finite tiue
constant results in a distortion of the magnet currsent
mRodulation waveform; this distortion is mainly a rounding
of the turnover pointe (Pig. 2.13). It is important to
ensure this distortion is not too severe, otherwise the
accelerator spends sore time at the extreme cysle cnergles
ard this results in a distortion of the energy resolution
funoction (Flg., 2.,14). 7To gain a better understanding of the
effects of the finite time constant, & caloulation was carried
out to lnvestigate the response of & system with a time constant

¢ to the passage of a triangular signeal V,(t). If the
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triangular period is T, then Vo(t) may be expanded in the
form

N 8
Vo (t) = :E; 22 n2 cos(2ent/T) (2.1)
nNm=

and the response waveform may be expanded as

oo

jg: 8 cos((2#nt/T) + ¥ )

Va(t) = —
f n=l #° n® / (1 + (2%Cn/T)%)

(2.2)

where: tan ¥ = 2anC/T.

From thls equation it is evident that the square root
factor damps the higher order terms - the terms which
determine the sharpness of the turnover points. It will
also be noted that for small values of C/T and n, tan ¥ «x  ,
and so cos((2amt/T) + ¥ ) becomes cos(2m(t+C)/T); so in
this approximation the response waveform is delayed by a
time C compared to the initiating signal. The effect of
this is considered later (Section 2,10),

From these considerations it would seem that the most
favourable situation would occcur when the cycle period is
made as long as possible, However, owing to the fact that

the beam inteusity fluctuated, several energy sweeps were
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required in order to produce a rectangular-shaped resclution
funotion., Sinos the tiue of an experimental run was limited
by other circumstances to about lu minutes; a comproasise
Detwaen these two requirezents was met by setting the cyocle
tine to liL seconds, in whieh c&sc‘%'- 1%?. and the beam
energy was swept twelve times,

If the snergy of the incident beas is modulated so also
iz the onergy cf the scattesred particles; in this circus-
stangce it is therefore not possible to exploit the full
resolution characteristics of tie pnrtlcln counters, 7This
section desoribes an electronic metinod which overcoues this
disadvantage.

The kincnat&op of the problem are cousidered in Appendix
ie “he results i these kireratic calculations sre displayed

in “lge <edbe =~ fragtion £ is plotted, wnere £ is cefined

by

AE(8,Q) » (1 + £(8,2))AE (2.3

where: Al = snergy spread of nclucat bean; Al(w,.) =
energy spread of protouis ceuiiored Ll wigle o, Lo @

state of excitation energy «.

o Lk -
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for each oounter,

Lo metiud used Lu caslur.ole tae peistionshi, _ctween
the anplitude of cthe bias voitire modulation 1348 and the
resistanoe 4l is deseribed in Section <,.11(b) of this
chapter. rou thig cawibration the ap iopriate val e of 41
cvald be ucturilirned from the oryument tnutl for g .oton of
energy ., wWit: correspon.ing anulogue voltu e v, the voltags

variation zS¥n for 1.u KeV euvergy rwoiulelion s given by

AV = V(1 + fl=y))/10E. (2.43)

2,10 Gogtreol olnkage vetwee:

iv retalu the intrinsic resclution of the couniers the
energy modilation and ovmpensation wust be in phase. However,
a8 Jdiscussed in Leotion .8, the phase of the potentiocueter
rd (Fipe 2411)y controlling the energy, is advanced in
relation tc the energy of tnhe accelerator. it is therefore
necessary for r2 to be in auvanoce of the poterntionmeter
controlling the compensator, 7The method by which tils was
achieved is illustrated in rige. 2,186, ihe two cuntrol
potentioneters wtfn inde;-erndently driven by the low peared

electric sotors Kl and k2; tie rotational direction of K2

o b -
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was oontrolled by a mioroswiteh S1, which was operated

by a cam attached to the motor spindle of M2, The uicre-
switoh not only reversed the direction of M2 but also
trigzered an electronic cirecuit which reversed, after a
pre=set time, the motor Ml. A scheumatic dlagram of this
delay oircuit is shown in the upper half of PFig, 2.18. In
the following parsgraph a drief description of this circuit
is given,

Suppose the states of the relays RL3 and KLy are as
shown 1n Fig. 2.18, i.e,, RLL is energised by the current
from the .-30 V supply to the earthed point of S1, and KL}
is de-energised. wWhen Sl is actuated RL4 remains energised
but one plate of the condenser Cl is earthed. This condenger
begins to charge with a time cunstant of Rl x Cl. When the
potential on the base of T1 is high enough, Tl begins to
conduct and so energises BlLl. The contacts of this relay
connect the earth directly to one terminal of RLl, discharge
Cl and enerzise HL3, If L3 is energised, iLlLyL and RL1 are
de-energised, The result is that after a certain time-lag,
deternined by the time constant R1 x Cl, RLL is de-energised
and RL3 is energised. If the mioroswitch S1 is again
actuated the circult action is similar to the above, but
the result is that BLY is energised and RL) de-energised.

o 47 -
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ihe contacts of the relays ..i3 and ..l res,.ectively connesct
to sl the electrical power for clockwise and anticlockwise
rotation,

The speeds of the elestrio motors were found to bLe
slightly temperature dependent, and so, in order to keep the
relative syeeds the saue, a variac ;4 was inserted in the
electrical supply-line of Hl, Indication of the position
of rl relative to /2 was provided by the meter iHi., It was
found rnecessary to adjust 4y after about twelve hours of

continuous running.

particles was wodulated by varying the curreat of the final

enalysiug magnet, the relatioushiiy between the zagnet's
magnetic field and aurébnt was reguired, ihis cusibration
was carried ovut by measuring the magnetic field with a
nuclear magnetic resonsnce probo, and by measuring the
surrent by the voltage VYl it produced when passed through

& low impedarce standard resistance (Fig. 2.,lv). ‘he results
of this calibration are displayed in Flgs. 2,19 and 7,20,

It 43 to be noted that tne magnetic hysteresis is quite

- Ld -
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ssall - the variation in current, for a particular field,
amounting to no more than 3 per cent, 7ihe relatiouship
betwesn the magnetic fleld uru current can be approximately
represented by the linear eyuation

Vi = O.u6t BF £ % (2.5)
From this equation the current varlation, in terms of V1,
car be determined for & particular energy modulation AE,

It will be recalled from Flz. 2.1C that the cmothod used
£o vary the magnetic current invelved modulation of the
reference voltage Vye Sinoe tie potentiometer :2, of the
3V, modulation unit (1. 2,11), varlied between fixed limits,
the relationship between 13 and AVl was required. inis
was Jdetoermined by using & high ivjpedance digital voltueter
to weasure the voltage variation AVl for differc:t settings
of »3., Tiisg relationship w.s foud Lo b8 linear, and when
used with ig. (Z.5) guve the relationship betwoen .3 and AL

as

K3 = 9. &1/ AL (2.6)

‘his relation was experisentally verifled .. tie followlng

- Uy -
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way. Inelastic proton specirs were recorded {ur the two
ond eyole values of potentiometur 2, dy examining these
two spectra the shifts in the ocentr.ids of corresponding
Peaks were ngasured., .hen by using the f correction faotor
of Fig. 2.16, the value of A& was deduced frou tie average
shift., The values of AE dotermined by this wethod were
found to be in reascnable agreexent with g, (2.6),

(%) cCompensator. The eallbration of the compensator
(Seotion 2,9) involved a determination of the relationship
Letween the bias variation AVgz and the resistance Rl,

To do this, the otentiometer »1 was set at an end cycle
pPositlon, and analogue pulses generated by a hg oscillator
were passed through the compensator circuit and then
analysed by a kicksorter, T:hiu was reseated for the othepr
@:d cycle position of Fl, Yrow the differerce in the centroids
of the two peaks, the crange in the bias voltage AVy,
caused by a cyalo of Fly c.»14 be dcter:ined., 4o ohtain the
required rel:tionehi, this .ricesure was reypested for

different values of i1,

2.12

The lower portion of a spectrum of inelastiocally

. 50 -
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scattered protons from 8128. corresponding to a pure
inoident snergy of 13 FrevV, is shown in Flg, 2,21, A similar
spectrus, but with the incident energy modulated by an
amplitude of 100 KeV, is shown in Pig. 2.22. Plnally, Fig.
2,23 shows the improvemont cof this spectrum when the analogue
pulses were processed by the compensator. It is clear that
there is such isprovement. In particular, the three topmost
groups are well geparated in Pig, 2,23 but merge together

in Filg. 2.22; similarly, the three groups helfway down the
spectruz are well resolved irn Flg, 2.23 but unresolved in
Plg. 2.22,

It will be noted that for the spectrunm in which the
beam energy is modulated,but for whioh there is no energy
sompensation, there is a reduction of the peak amplitudes -
as there must be since the area of a peak remains constant
for a partioular beam charge. A forsula which relates the
peak reducstion ratio $o the incident beam energy spread is
derived in Appendix 2, I1f the energy is spread by 2/, and
the peak profiles are Gaussian with & k.M.85, deviation of
wy then the psak reduction ratio is

rs=s !./!o - #m’(‘)/at. (2.7)

“ 51 =
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where: s s A/w} iuP(s) = error function; X = peak
height.
fhe funation r is plotted in Fig. 2.15. The Gausslan

shape that best fits the peaks in Fig. Z.21 has & value of
w of 21.44 KeV, (This corresponds to & F...h.H. resolution
of 36 heV,) The peak reductlon ratio fur corresponding
peaks in iigs. 2,21 and 2,22 is (.39, and 80 by referring
to Fige. 2.15 tihis . ives an s value of 2,25, and the energy

spread of the scattered particles as

3iucs the incldent bea: energy was actually spread by 100 KeV,
and the counter was at hj‘, the caloulated and experimental
values of the beam spread are in reasonable agreenent, The
reduction ratio between 7iz. .21 and *iz. 2,23 is 0,95,
whieh gives an effective energy spread of 12 KeV., “rom

this, it may be inferred that t.e vaergy compensation 1s
about 90 per ¢anu. The reason why it is not 100 per scent 1is
probably assuclated wit the listortion of the modulation

wavefora (Iige 2.13).
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£.13

Independent aaplification systems were used for each
of the four counters smployed in the determination of the
angular distributions. The electronic systes for the most
rorunrd'anglo counter is shown schesatically in Fig. 2.24.
A slullar diagrar for the remalning oounters is shown in
Filge 2.25. The reason why the forward counter had a different
electronioc systes frosm the rest can be appreciated from the
following commenis, {iils counter, due to Coulomb scattering,
had the highest sounting rate of all the counters, and 80
while it could be counting at the maximum permuissible rate
the backward counters would probably be counting very
inefficiently. Overall efficliency was therefore determined
by the maximum counting rate the forward counter ocould
acoept, This rate was limited by two factors: the deadtiae
generated in tne analogue to digital oonverters (hereafter
AD.Ce)y and the deterioration in resolution due to baseline
Jitter, ihe deadlime lirmitation was purticularly scvere,
because, of all the analogue signuls, those curresponding
te elastio scattering had the greatest amplitude, and
therefore, the greatest iA.v.u., conversion time, v avold

this lizitation it was declided to iluatercept these signals

- 5} -
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before they entered the A,.02,C, This was done by using
an eleogtronic gate wilch only allowed passage Lf those
analogue siguals which were acoompanied by a logic pulse,
The logioc pulses were generated for all analogue signala
exsept thoge corresponding to elastisc scattering,

The reason for the use of a double delay line elipped
asplifier for the forward counter is that, at comsparabdble
oounting rates, it has less base line jitter than an S.u.
asplifier, tiowever, i.,C. umain amplifiers were used for the
reaaining counters, since for these counters the counting
rates at =aximun never exceeded several huwired events
per second,

bach counter amplifier syctem used separate A.D.C.8;
these A,..C.s5 were linked into an Oneline i .D.i.7 computer
(Eurray and Magefield, 1967). after an analogue signal had
been processed by the i.0.0,, the digitized signal was stored
in a meaory buffer ustil the computer was free to transfer
the information to its memory, 7The different buffers had
a depcending order of transfer ,riority. .n &nalogue siznal
was rejected if it arrived at the A.,.0, Quring the periocd
of an A.u.C. conversion tize o the walting time of a buffer,
To deterxine the number of rejocted events, the proapt

acalogue signals from each maln amplifier were fed into

« 5l =



discriminators which generated logic pulses if thne laput
signals were above a diserimination threshold. The logic
pulses from‘oach disoriminator were split and fed into
two scalars., One of these scalars was inhibited by a D.C,
level from the computer during the conversion and buffer
walting time. It is shown in Appendix 3 that the ratio t
of the actual number of signals to the number recorded by

the computer is

N(1)
N(2)

where: N(l) = number of counts recorded by the uninhibited
scalar; N(2) = number of oounts recorded by the inhibited
scalar,

This result is independent of the analogue signal
auplitudes, and therefore, if the number of events recorded
by the computer in a particular channel is N(c), the actual

number of events is t°N(c).

2.14 Contro)l Eleotronics

The beam charge integrator, which also recorded the

instantanecus current, was used toc control the experiment

- 55 w
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(Pige 2.26), When the bean cherge reached a pre-set value
the couoputer and scalars were automatically stopped. If
during an experiment the beam fell below a certain value

the beax threshold control unit automatiocally stopped the
couputer, scalars, and the eleotric wotors cuntrolling the
energy sodulation and compensation., when the beam rose
again above the threshold the apparatus reverted to an
operative state. Had the esperiment not been stopped followe
ing the disappearance of the beam, it was most unlikely that
the bean would have returned at the game snergy as it left.
he beam threshold control unit consisted simply of a Schmidt
trigzger aircult aboratlng a relay, A slave output {rom

the beaa integrator which was proportional to the instantaneous
current provided the input for the trigger circuit,

2,15 Bean Fonitoring

ine bean was stopped ou 8 block of uranium positioned
at the end of an electrically iusulated two-metre section
of bean pipe, Iu scuwe eariier experiments an clectrostatic
7\:;oatron suppressor was fitted tv the ontrawe of this
?gigda: Sup pipe. 1ihis suppressor was later rejected since

it was found %0 cause a fluctuation of 7 per cent in the

- 56 -
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ratio of the integrated beau charge to the number of events
recorded by a eounter, The reason for the fiuctuation was
believed to be counested with the ionisation of the residual
gas caused by the incident beawn, In later experiments a
collimator, electrically connected to the Faraday cup, was
suployed to reatrict the escape of electruns,

‘e bean charge was wmonitored by a eharge integrator
mnanufactured by Blcor Incorporated,

2,16 Iariets

7o avoid unnecessary contamination, self-supporting
silicon targets were used for this experisent, The method
By which these were produced is as followa.

First of all, & glass siide was covered with a sodium
ochioride substrate by svaporatioa of the salt in a vacuum,
5ilio0on, evaporated by an eleotron gun, was then deposited
on thic\;i;;az after evaporation the slids was allowed to
€00l before exposure to air, 7The usual sethod of flotation
was used to remove the silicon from the slide, the salt
acting as the release agent, Uwing to the extreme brittle-
ness of the silieon films, the success rete of making the

films was quite low, In fact, to produce a filam of a thickness

- 87 =



2027

greater than 150 ugm was considered a near lumpossibility;
this was not only due to the handling problems but also
because the film tended $0 break up if the thickness exceeded
this value during evaporation, This breskeup was tentatively
attributed to thermal strajius within the film,

The thiokness of the target was mainly dictated by
the energy spread it caused for the low energy scattered
protons, The oriterion adopted was that for a 2 KeV proton
this spread should be no more than 20 KeV; this gives a
silicon target thickness of 150 ugm. The targets used in
the experiment had s thiokness of about 100 ugm.

The thiokness of a target was neasured by two nethods:
direot weighing and alpha particle attenuation, 7The direct
method involved weighing a dusay slide before and after the
silicon evaporation, The alpha particle attenuation method
involved measuring the reduction in sir range of alpha
particles after they had passed through the target,

Subsequent analyses of the proton spectra from the
targets revealed the presence of considerable quantities
of oxygen ard carbon; since thelr presence considerabdly
complisated the data analyees, several attempts were nade
to eliminate these contanminants, but without success, The

cause of the trouble was thought to be fundazental in that

osao
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during evaporation the pressure of the residual gas was

not low encugh; the pressure used in the evaporation was
1.6 ame Use of & beiter puiD, @el., &0 i0n pump, and
provision for bakin; the apparatus would be an obvious
ioprovement, but unfortunately at the time of this experimeat

these facilities were not avallable.
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CHAPTER 3

The beam«spot size and position were roughly checked
en the retractable scintillator positioned in front of the
seattering chamber, With the scintillator retracted, the
bean was finally focused and deflected for maximum deas
transsission to the Faraday cup and sinimum current to both
the firet aperture of the chamber eallinatar‘nnd to 2 durmy
setal target with a 2 s, dianeter hole,

Je2

The counters and their assocliated slectronics were
tested, beforo the bean was passed Shfaugh the ohamber, by
u:ihs an A'Zhl alpha particle source to provide the appropriate
signals. The source was attached to one of the target mounts
in the target ladder (Pig. 2.3). ¥When the gounters were
sooled to liquid nitrogen tesperature, the recorded half.
width of the line sorresponding to the 5,5 KeV alpha partiole
was between 25 and 35 KeV,

- 6l -



3.2

To determine the range of linearity of the saplification
systems, signals from a Hg pulse generator were injected
into each pre-smplifier, and the analogue signals from the
assocliated zain amplifiers were analysed by a kioksorser.

By varying the asplitudes of the input signals, the renge

of linearity could be establighed., Under running conditions,
it was ensured that the signals corresponding to the elasti-
eally scattered protons were within the region of linearity.

After setting R) to a value ocorresponding to the
required amplitude of energy modulation, the actusl oxperi-
mental modulation was determined by s similar method to
that desaribed in Seotion 2.,11ls. The correct compensator
bias settings were caz}nn&cd from the ealibration ourve of
AVg sand R (Seetiom 2,11b).

I some early experiments, it was discovered that the
clectronic noise level of the eounter-amplification systeas
increased by a significant ascumt when the besm passed
through a targes. It was considered that the waln cause of
the inorease was sjestion of electrons from the target
caterial. (Classieally, the greatest energy which a 1V ReV
protea ean transfer to a statie electron is § KeV,) 1In
later experiments, to prevent these electrons fros being

- 62 -
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intereepted by the counters, an eleotron deflection system
was positioned before each sounter, ?ﬁnoo deflection
systems cousisted of two ocllimating slits ) oz, apart,
with a permanent magnet between them (Fig. 2.6).. The magnet
had a maximum field strength of $00 gauss, which was
sufficient to prevent a 5 KeV electron froa traversing the
second gollimator, when the delflection systems were used,
the energy resclution of the proton spectra improved from
%0 KeV to 35 XeV,

33

The counters wers fized at a distance of 1J ca. from
the targes. The aperture widths of the counter cocllimators
were 2 am, With this geometry, the angular energy spread
of the sosttered protons, within the solid angle defined
by the collisators, never exceeded 10 KeV,

The experinmental beam current varied dbetween 75 and
150 nA depending upon the angular position of the most
forvard.angied sounter, The tisme for an experimental run
varied from between four to eight minutes. For esch incident
energy, four experinental runs were ﬁcrrorucd. sorresponding
to different positions of the rotating table; im this way,

Qé}ﬂ
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sixtesn points were deteruined for each angﬁlnr dissribution,
The smallest scattering angle was 15‘; in general, the
spectra recorded at this angle were reasonadbly free from
spurious scattering; an example of such a spestrum is

shown in Pig. 3.1.

All the proton speotra were analysed with a dispersion
of 800 ehannola; the spectra were stored on magnetic tape,
Anxulur dxstributiens were recorded at 10U KeV intervals
wtthln the inocident energy range of 12 to 15 HMeV, For
all the experimsental runs, the amplitude of the energy
modulation was set at 100 KeV,

Jba

A typloal experimental spectrum is shown in ng; 320
It is evident that tpn target contained considerable amounts
of oxygen and oarbo;f: The 90::1h1¢ reaction products,
corresponding to an incident proton energy of 1li.5 MeV,
are listcd below. The numbers in parentheses are equal

to the C.M. kinetic energy of the light resstion products:
which leave $he residual nueleus in the ground state;

the energies are expressed in Nev,

uék.
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ot o 2
* " *
31%%p,p*)5128 oté(p,pt)o2é” c12(p,p1)ct?

5138(p,20) 0337 [2.4] 026(p,2p)015 [1.9)

$128(p,ue")2%5 [6.4)  02é(p,net)ni3"[s.8] 2 (p, 1089 [6.4)

The partisle ensrgy speotrus shown in Pige Je2 was
recorded at a ssattering angle of 155’. for an incident
proton energy of 1h.5 KeV. It shows inelastie groups froms
sllicon, carbon and oxygen, but there is little cbservable
evidenee for the osther reaciions; this result is not
unexpested, since the more complicated reactions have smaller
penetration fastors tran tiose oorresponding to the inelastio
proton reactions. The proton groups fros all the known
states ia szaa. up L0 an energy of 10 HeV, are prniant in
the spestra. 7here is also svidence of the regently
discovered 6,68 MevV state of $3°° (ibvesque, 1966),

3.5

in the course of this experiment about one thousand
proton speetra were recorded., 5ince each spestruns was
eomposed of about forty lines, and with some lines only

“S-
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partially resolved, hand analysis of the speotra was
considered unprastical. A gomputer was therefore programmed
to perfora the data reduction, The computer prograsse
included the following (rocedures :

l. Automatic deternination and subtraction of the
«&  spectrum bsckground,

2. Determination of the spectrum regions contalning .

one or more Peaks.

3. DeSeraination of the number of peaks within a
peak reaegion.

Le Fitting of a standard shupe to each peak within a
peak reglon,.

S« Determination of the probable error asscolated with
eash peak yield,

e mo——-

6. Identification of the { value (energy of residual
" mwsleus)associsted with each peak.

7. Nosmalisasion of the ylelds for eleotronic dead
PP AN counter norsalisation.

- 66 «
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The diffaront_proceduros will be described in the
following sectlons.

The programme was written for the S.RB.C. Atlas computer
at Harwell. The programme execution time for a complete

spectrum reduection was about 20 seconds.,

3.6 The Spectrum Analysis Programme

(a) Peak Detection Routine

The start of a peak, or peak region, is taken to be
determined 1if positive results are obtained for either of
two sets of tests. Denoting the channel content, of channel

I, as N(I), these tests are :

1st Set. N(I+l) - N(I) > +/ u(I+1) + N(I) (3’ O
and N(I+2) - N(I+l) > +J/ N(I+2) + N(I+1)

2nd Set. CN(I+l) - N(I) > + 3/ N(I+l) + N(I) ,
and N(I+2) ) N(I+l) | (3.2)

and N(I+3) ) N(I+2) .

The first test of the first set determines whether the

difference in channel content between two adjacent channels

- 67 «
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is greater than the standard error for the difference; if
80, 1 is increased by unity and the test is performed a
second time., A peak is therefore only deteoted if it 1s
statistically significant above the baskground. The second
" set deals with those cases in which the peak rises sharply
in one channel, and then resains reascnably constant over
two or three channsls. In a spectrun regiom devoid of any
true peaks, it is still possible for a positive result to
be recorded for either of the two sets of tests., The combined
probability of this happening is 0.025, and so for a typlcal
spestrun of 80C channels, about elght spurious pesks would
be recorded; however, usost of these peaks are rejected in
the remaining parts of the programme,

To determine the end of a peak, or peak regioan, the
following tests are performed ! .

1st Test. B(1) < 4(IN) (3.3)
2nd Test. B(I) = N(IN) < ¢ /R(D) + M(IN) )

where: HN(IXN) = ehannel sontent of the peak starting chaanel,
The seoond test determines Af the difference between

the channel contents of the starting channel and the current

shannel I is smaller than the error for the difference.
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This routine first dmtogminn. the non-peak regions
of the spectrua, by utilt:la‘ the pesk detection routine
to find the peak regions. In prineiple it is then poesible,
by using the least squares technique, to fit a polyuomial
to the uonepeak regions, LHowever, if the shape of the
spectrus baskground is eomplicated, this procedure bdbeccaes
unattiractive because of the high order required for the
polynomisl. (The difficulty arises fros the ill-behaviour
‘of the inversion matrix (MoCracken and Dorn, 1964).) %o
avoid shis oomplication, the specsirur is divided into several
parts, and a low order polynozial is fitted $¢ each. Generous
overlapy is allowed between nelghbourlng segmentsa, to eansure
the polynciials }join smoothly outeo one ancther,

This routine first utilises a modified version of the
peak detestion routine to calculate the peak reglions for
the background subtracted speoctrus, It is necessary to modify
the peak detection routine, as ocutlined in part {a) of this
section, because the H.H,3. of Eq. (3.1) should be valoulated
from the original spectrum, while the L.l 5., should be

- GY -
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calculated from the background subtracted spectrum.

The routine examines each peak region in turn to
determine the number of peaks within the region. This is
achieved by finding the number of times the first derivative
of the spectrum curve becomes zero with negetive second
derivative,

The routine then proceeds to fit a Gaussian shapovpeak
to each experimental peak within a region. The principle
of the fitting procedure is to minimise the sum of the
squares of the difference betwgen the experimental and

2

calculated channel eontents; i.e., X~ is minimised, where

X 2 38 given by

_ . 2 2
( vX(1I) - § ?, exp(«(EI,-I)“/DEV) )
2 i ) }
x° _ 2 !

1=Iy N(I)

(3.4)
i ; ’ o

where: I; = starting channel of peak region; I, = end

channel of peak region; 1 = peak identifler; NX(I) =

channel content for background subtracted spectrum.

The minimisation of kfz is oarried out by an iteration

procedure in which the amplitudes (T4), channel positions

- (U @
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(Rli) and widths (DEV) of the lines are iterated. 7The
starting values of the different paraxzeters are set egual

to the assuclated experimental values, For example, the
amplitudes (14) are initially set squal to the saperimental
channel cwvatents of the peak channels, The widths (LEV) of
the fitted lires for the different peak regions are allowed
tc vary, since the value of the experimental width may
differ from spectrum to spectrum, due to & possible variancs
in the degreoe of energy compensation, However, all the
line widths within a region are varied in a similar way.

A Jaussian shaps was used in the fitting routine mainly
because of its zmathematical simplieity. 1%t was not
eonsidered an advantage to use any other shape, since the
sctual experimental shape, due to insovaplete energy compen-
sation, varied for the different spectra. It was found that
a Gausslan shape zave a reasonable fit, sinee the minigum
value of x;z. divided by the nuamber of degrees of freedos,
was generally of the order of unity,

(4) &rrer Reuwtine

The yields assoclated with each experimental peak are
calculated froam the fitted Gaussisun. The errors of the yields

- Tl =
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are compounded of three parts: the baokground subtrastion
errer, the statistical counting error and the fitting error.
The error routine estimates the bdackground error and eounting
error for a particular peak by first calculating a quantity
Ly glven Yy

(3.5)

’ 2
{3(I) « xT({X) )
. ‘
) ¢

2
¢§:I:x )

where: NT(I) = channel content of the fitted background;
the suz extends over the neighbdouring ron«pssk regions
surrounding the pesak region, The routine then calculates
the eombined error ER by the relation

e (5 1) e12 08k ! (3.6)

where: 2/ 3*DEV = number of significant ohannels in
a8 peak,

The error asscvciated with the fitting procedure is
difficult to estimate, and rar this reason the error routine

gives no sscount of is. iHowever, singe X;ﬁjil generally
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of the ocorrsct order for a good fit, the error of the
fitting procedure is likely to be saaller than ER,

This routine identifies the 4 velues assvciated with
the spectrum peaks. The rirst operation in the routine
calibrates the energyechannsl relatienship by caloulating
the reaction snergy associated with two peaks of well knéun
<« Yalues, PFrom this calibration, the proton energies
gorresponding to the reasining pesis are easily caloulated,
and thus their ¢ values, The input data neseded for this
routine includes: proton incident energy, the counter angle
and the peak centroids of the two salibration lines,

3.7

(s) Data Fandling 7 ©™

The output data from the spestrum analysis progrause
was transferred onte fortran cards, Each card contsined
information about one partisular proton group., This included:
the yield value, the yisld error, the counter angls, the |
value corresponding to the residual state and the energy eof
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the incident proton, 7These cards were then sorted into
groups, corresponding to the different Q values and incident
energies. The programme written to analyse these angular
distributions is described in the following subsection.

The first procedure in this programme oonverts the
differential cross-sections from the laboratory frame of

reference tc the oontro of mass frame, The conversion

formulase are listed below,

Angle conversion:

tan &, = sin @, / (sin O, * Y ). (3.7)

Differential cross-section conversion:
2.9/2
c;(e)/ci(O) = (1L+yocos0,)/ (1+2yocos e, +7°)
(3.8)

3)2 B
where: y° = (ng - (B - Qmp/(my +m,)) ) °

In these formulae ¢ refers to centre of mass frame and L

to the laboratory frame; E is equal to the incident energy,
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and @), . denote the mass of the iucident particle and
target nucleus,

The next proocedure in the programme fits a serlies of
Legendre polynomials to the experimental angular distribution,
The fitting procedure determines the coefficients By, of the
expaansion

Y(e) = ) B P, (cos 6). (3.9)
5,=0

To deterzine ths cosfficients the prinsciple of least squares
is utilised; the quantity 7)2 is mininised, where 172 is
given by

N
2 2
7, ° 1%““* - Xy (0y)) w,) (3.10)

where: !Ei = gxperimental yield at angle @5 w; is the
welight of the experimental point, which is taken to equal
tnhe inverse of its standard error.

The routine determines the best value of M for a
particular set of experimental points by ealoulating for
2
different values of M the quantity My

2 2 ,

.75 a
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The best value of ¥ ig indicated when “ﬁ becones irdependent
of N (wWilks, 1962), To avoid unnecessary computation, the
zethod of orthogonal polynomials 1s used to ealculate the
different values of u: (Ralston, 1965).

The errors in the coefficients B, ere calculated by

oxpressing By in terms of the experimental quantities.



'€ 3¥N9Id

INILINOD TINNVHD

TINNVHD

008 ooy .
. ~ “ _ — . d — ‘#;U(ll*ﬂdﬂ U*nﬂ...rwﬂhﬁ#ﬂy@ﬂ& - J!ﬂ - TAT )ﬁuﬂnﬂﬂ I| _

ety BN

IS 26 ¥ 11622-93 & ;
. e o
N\

, 1S 19y \
1688-
| /
| i 4
_ —
*I

_WNN.—\
L U W U U U N T VO T T T T (N O N N U U O O O U O U A T O O O O

.Sl = 31ONY ONI¥ILLVIS ! AW 6-€l =93
2S(99),!S NOILOVIY 3IHL ¥04 WNYLD3dS NOLO¥d

»



¢'e 3ANOl4

TINNVHD
008 N 00v B
m 17 T 7T 1 JA#%A&A&%%?@ﬁdﬁ!ﬁ AWAJEW#?%tQWﬁ ‘Wﬁ
V TR
: (48 k _TN r g
¢ m 6z 2l
yi 1
#
9
- 9t €
8l
: 1€l
w 8
m S T
44
61
065-6°1S81-01 62
IS €66 8z
1S92°6 L2
15046 ¥4
0888 sz
IS 176 vz
L IS 16 £
IS /L6 A4
IS ¥6°8 tz
09924715 068 oz
1S 658 6l
IStrg gl
!IS¢ee8 L1
ot 1S 9Z-8 9t
(A2W) 2ipiS ")Ypay
X A A AR NN N NN TR AN NN N i NN O NN SN S N .
. SSL = 319NV ONI¥ILLIVIS Y A2W S-pL =9

g2'S (49))S NOI'LDV3Y 3HL ¥04 WNILD3dS NOLOWUd
*

711 17 17T 71771
t
wh 1o
Al
Wi,
, £
x '
b 2
|
ée |
|
|
JSE6-L ¥l
_ (e RATVEII W'Y RVANNE 1!
Oz6-9 zl
| 'Stvz'ses 11|
FQ€El-9g5 889 01
IS 899 6 |
ISZ29 8 -
DEvy £
ISZ6-v 9
ISt9-y s
IS ££-1 v
D00 ¢
oo0o0 z.
1S 00 U
(A®W)340ig ")p3y
W SRR R N O B

TINNVHD

INILINOD



bel

Fros the experimental speotra, angular distridbutiouns
were deterusined for inelastic scattering from all states in
5128. except the 6,69 state, up to an energy of 8 leV, and
for incident proton euergies between 12,1 HeV and 14.9 BeV
in 100 KeV steps, Angular distributions were also determuined
for the sum of the yields of all states above & HeV in 3128.

The experizental angular distributions are shown in
the {igures of Appendix 8. To produce thess figures a
eoaputer was programmed to print, on a limeprinter output,

the experimental yields, tie associated error bars and the
fitted curve through the cxporiﬁnntalyuxnta; these graphs
were thern photographically reduced in size, The axes of

thcloigrtphsvrefcr to thc‘ecntra of mass scattering system;
the y axes, except for the elastic scattering state, repregent
the yields by a linear scale; [for the elastic state the

y axes represent the ylelde by a logarithmiec socale., 1In all

cases the y axes are divided by ten markers; the highest
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marker coincides with the highest experimental point.

The relative normalisation of the top marker, for graphs
corresponding to the same state, is represented by the value
of N shown on each graph. To determine the absolute
differential cross-section associated with a plotted point
the following formula should be used

dao -3 -1
— = 1,6 Y N ¢+ 107 mb, steradian (4o1)

10

where: N is equal to the number shown on the graph;

Y is equal to the value of the yield expressed in terms of
the y axis markers, the topmost marker being taken as a
value of 10,

For the majority of cases the yleld values plotted in
these graphs were taken directly from ;he output of the
spectrum analysis programme (Section 3.6). For those cases
where a particular peak of interest was unresolved from a
contamination peak, the programme only gave the sum yleld
for the two peaks. In this circumstance an estimate of the
yield was made by subtracting from the sum yield the value
of the contamination yleld at an angle where the peak was
resolved. If'this procedure appeared to be dublous in any

way (e.g., by the yield of the contamination line changing
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rapidly with angle, or the contamination yield belng
comparable to the yleld of interest) the data was rejected,
in the absence of interfercouce frou contaminaants the
asgular distributions are reyresented by sixteen experimental
polats., ‘Powever, due to & counter break.down, the angular
distributions curresponding to the inoldent eneryy & =
13.6 rieV are only represented by twelve experimental pouints.
The total oross.section corresponding to each angulaer
distributior was deterzined by using the bvest fittea ourve
y(6) through the experimeantal points in the following formula

2w
T = L[\ yl&) ain ¢ do U, (el
e Jo

The total crouss-scotiong for lnelastic scattering to

different states in 3128 are shown in Plg, L.l

The coefficients of the sxpansion of yle) ix terms of
Legendre polycomisls are shown, for the different angular
distridbutions, in Ples. 4.2, L.3; in the graphs the ratio
By /B, is plotted as a function of energy, where

g‘g - Z-*L By Py (cos (e) ). (LGa3)
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The errors assoclated witr the experimental yields

consist of several components:

{a) Hesa uonitoring errors

(b) Deam averaging errors

(6) “rrors of normalisation betwesn the iifferent
counters

(d) Spectrum analysiz errors.

To investigate the consigtengy of bean monitoring
several long experimental runs were performed under ldentical
conditions (no energy smodulation or compensation)., It wae
found that the experimental ylelds for tre different runs
were conaistent to witinin 3 per ocent. Jiart of this variation
wae probadbly due to a glight non-uniformity in the target
thiczness,

Singce tiie experimental beam l:tensity fluotuated, it
was possible for thne shapes of tiw snergy averaging funcotion
to vary fros run Lo run. To check tre goodness of averaglig
betweer different ex.erimental rung, part of the experimental
energy range wes irveatigated witnh zood resclution and the
yields then rati.erxstioally aversged over intervals of 10U Kev,
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The values found in thils wur were consisterl L0 wit:iin 5 per
cent of Lthe values found directly from the experimental
energy modulation method,

Since four cuunters were used (. doterwuine the angular
distributions, the normalisation vetween the different
counters was required. o determiiue these normalisations,
experimsutal spectra were recorded fruu the countsrs for
different positions of the rotatlig table, in such & way that
one or both pairs of counters were at the saue scattering
angle but on opposite sides of tie scattering chamber, from
the protonr yields the relative normalisations between the
differert ocuunters could be deduced to within 3 per cent,
for absolute deter:sination of the nuclear coross-sections
the solid angles whie: tie gounters subtended with the target
were required; these angles were reasured directly to
within 1C rer cent,

The spectrun analysis errors are discussed in Section
3.6, 4, 1t was usually fournd that these errors were within
5 per gent,

Prox these estimations it was concluded that the
relative paynitudes of the ylelds were urncertain to wit:in
8 per cent; the absovlute ylelds, due to the golid angle

and target tnickrees errors, were uncertain to within 20 per
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cent, In some cases the errors of the relative ylields
were increased to as much as 20 per cent due to contamination
froa other protoa groups.

The relative total oross-seciion errors were computed
from the angular Aistribution yield errors by assuming then
to be independent. The average errors for the different
Sross-sections are indicated in Pig. L.l.

hel

1o determine the echerenve width associated with the
differential oross-sections for inelastio scattering fros
3128. an experinent was perforsed in which the inelastie
scattering yields were moasured at one particular angle with
an incident bean resolution of 5 KeV. The incident euergy
was varied in 1U XeV steps from 12,5 KeV to 13.3 YeV, The
differentisl cross-sections for inelastic scattering from
six states of &128 are shown in Plge Lel.

The method of peak counting was used to determine the
coherence width I assoclated with the measured excitation
functions, 'This method was introduced by Brink and Stephen
(1963) who oaloulated the relation between | and the

average number of maxima K per unit energy interval for an
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A channel rauction to te
' = 6.5 b/ & (Lely)

where: by = 1, b, = UeT8, b3 « G, 7% and b_ = 0,707,

There a pears to be sone uncertainty as to the exact
value . the constant in this eguation, sinoe for one-channel

reactions Stephen (1963) has derived the relation

P = 0 . 587/}{ )

Van der Woude {(1966) investigated the peak counting
rethod by studying synthetic excitation funotions; he con-
cluded that the value eof the constant only deviates a few
per cent from u.5, and the average rumber of maxima per wuult
interval is nearly independent of the nuuber of channels
participatirz in the reaction and the amount of direct
intersction invcolved., In these studies w( [ /U) is generally
taken to bde wmuch greuter tnan unity (generally in the reglon
of 1luu). Howaver, in the present experimental situation
this value ig of the order of 7. How a low value of ([ /J)

affects :q. (L.4) is uncertzl:, bul it 1w of note that a
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recent study Wy Ualll:ore and hall (1965) Sives guse
evide:cs of the‘valldlty'af <8 flustuntion theory when
# "/b) = 6,

For the above reasors .. (L..L) was used to oalculate I
but wit: tae ass.ws;tion that the variation of by, with X
could po ignored. The number .f peaks in eac: curve af
“ige Lol 13 sdout the same, the everage rumbar being 7.5
peaks, Usiug thix value, ‘4. (Uely) iives a value for [ of
5. 3 4 teV, (Uie quoted error 1s obtained from tha work of
Vau der Joude (1765) who cosoluded that for an excitation
curve of interval length 15T the standard eryor of I ‘
coiruted by the pesk counbting sethod iz 2¢ per gent of I ,)
iriz value of [ La withi:o ioe sceaster of wvalues for sthep
nuclei 1. this mass reglun., The agzresastes of the exporie
smpound mueler 51°9
(Cassagnou et al., 19533 Cadiold et al., 197 Saqid et
sley 15555 ubssle, 1965), AVT (igusser et al., 15uL;
illardyoe et #1., 1755; :llardyce ot als, 1766) snd 53°°
\Allariyoe et ul,, 1U34; Dlzzetl et aley, 1904; Baush and
Lisaley 190k; so..er, 19743 ull et aley 1963; Singh et al.,

merntul values of I for Lthe ¢

1535) are witiln the region Lo & 20 ke,



This section zives the results of an investigation

which was carried cut to determine whether there is a signifi.

cant correlation betwesen the structures of the experinsntal

excitation funations commented upon inm .ection L.l.

(a)

Several workers analysing reaction cruss-section data
have useéu the orosse-correlation funotion to determine if
there is cormelatiuv:. ittween different reucti.n excitation
funct.ons,., If any two excitation funetions are deccted by

°l and 53 then the orosse-correlation funotion is defined by

(g live) « ( oy(k+e) > ;(ai(ci) = < Oyis) >

313(0) L l

¢ o, ilive) > < asiﬁ) >

(4o 5)

where: ( X > = energy aviraje of x over the experimental
energy range.

in the absence of correlation Letween excitation
functions which are of infinite energy range the value of
ﬁaa(.) is zero; for any exporimental situation, however,

1t is possible to ovtain a finlte value of dij(e) due to
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the limited statistical sampling. It is therefore of

great lmportange to be able to esztisate the finite energy
range of data (¥..,D,) error assoclated with ”13“" Nl
protlem, together with its related aspects, has been
considered by soveral authors (Lall, 1964; DLallimore and
Hall, 1965; Dearnsley ot al., 1963; Gibbs, 1965°; Gibbe
1963°; Haldart and BBhning, 1955). Nall (1964) originally
caloulated the errors by assuming the excitation functions
to be ecaposed of n independent points, where nl' is the
exporizental enerxgy range and [ the ooherenge width of the
excitation funotions, The F...D. error for R‘J(o) (expressed
a8 a standard deviation) was calculated to be

{Ueb)
where: ¥ is the flustuation damping coefficient aricing
from the effective numnber (H) of equally eontributing |
findependent reaction ehannels,

it has been pointed cut, however, that the assumption
of no eorrelation between peints ' apart ia an excitation
funetion is invalid (Dallimore and Hall, 1965; 0Adbs, 1965°;
Gibbs, 1965°)., DLsllimore snd Hall (196%5) investigated
the P.i,D. errors by synthesising artificial excitation
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funoctions from a suz of Breit.digner amplitudes; they
concluded that tne F,:i¢,D, error for 833(0) should be
BR = ('/m"ﬂi). . (be7)

The questien of the effective nuaber of shannels H
assoclated with total reaction croass-sectien excitation
functions has been :idlssussed by Ericson (1963). Ee has
argued that if a reaction between two states e and «' only
takes plase by a eompound nucleus sechanism, then the
effeotive nuaber of channels assooisted with the total

- reastion cross~gection is

(4.8)

where: T{(al(s), T(c'l's’) are the transcission coefficients
for the reaction particles iun the entrance and exit channels
respesctively; the sum over ¢ insludes the sum over the
quantum nunbers J, w, [, (', 8 and 8’ (ses Seotion AS.l).
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Before the tye, (4.7) and (L4.8) could be applied to
the experimental situation studied ir this thesis they had
to be extended to the case of energy averaged excitation
funetions, The following eonsiderations suygested the way
in whieh this might Lo done. It has been shown by lLang
(1965) that Af an excitation funstion, having ecohersnce
width [, is ueasured with a Lorentsz-type energy averaging
function, having & P.W.i.k, value of A , thean the colherence
width of the resulting excitation function is

[ - I + A “499)

Tnis suggests that the value of n to use in iq. (4.7) should
equal the ratio of the experisental energy range to the
width FL . Lnng also shows that the variange of the
fluctuations of an excitation function decreases by the
fsagtor [/(+ A ) whea the excltation funotion is neasured
with a Lorents averaging funstion, This then sugyests that
the danmping ccefficient associated with the energy averaged
exoitation funotion s X(e A )/ ocompared with N for
the original excitation function,

The ancruy‘awarag.d cross-sections detersined by this
experiment (Fig. L.1) were measured with a rnctangular
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shape aversging function and not with a lorentz shape
function; the effect of a resctangular shape aversging
funetion on N and n is considered in Appendix k.

(b)) Experiment

The cross-correlation funotions ‘ta(” for different
combinations of experimental exoitation funotions (Fig. L.l)
are shown in the graphs of Pigs. L.5, ke63 in these figures
the y-axis normalisations are the saze for all the graphs
in any column., fThe walue of the argumeat e could eanly
be varied im discrete steps of 1lu0 LeV since the experimental
excitation funotions were reasured at i1UU KeV intervals,

The esrrors indicated on the side of each graph are the
probeble ¥.i.D. errors calculated from bkqe (4e7) with the
appropriate values of K and n., The F.4.D, errors for the
oombinations whioh include the elastic scattering excitation
funstion are not showa because of the unnﬂrtatnty in the
value of X for the elastic scattering reastion,

It the different exoitation functions (Pig. L.l)
are unsorrelsted, then in any one graph of Pigs. L.%, L.6
there should be approxisately the same nunber of points
lying within the error bar as there are cutside. The
interpretation of the results invelving the exoitation
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funotions cerresponding to inelastic scattering to the
lower energy states of 5128 is made more ocomplicated by
the possible presence of a direot resction mechanism; this
causes the values of Ryy{e) to be depressed, levertheless,
there are at least four different exeitation funetions
which, when correlated with the 1,77 leV state excitetion
funotion, give Rt’(c) values greater than the associated
F.ioDs error over an interval of 300 KeV., Ths two main
conoclusions which can be dreawn from Figs. L.S, 4.0 are:

(1) Of the forty possible different combinations of the
experiamental excltation funaotions, only six cases have
negative 3‘3(0) values for ¢ = O,

(2) Por the majority of the coubinations which exelude

the 6,27 MoV and 6,88 MeV state excitation funotions, the
values of 81’(0) are positive for a regiom of seversl

hundred KeV oentring around e = 0, and, for many of these
cases, the values within this reglon are consistently greater

than the calculated P.Z.D, error.

Both these gonclusions are coantrary to what would be
expected in the absence of correlation betwesen the
exaoitation functions., It may be soncluded that there is

some svidense of correlation wetween the oxeitation functions

- QCO
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corresponding to irelastic scattering to the 0,0, 1.77,
Lebly, 4,97, 7eliy 7«8 and 7.93 eV states of 8123.

Further evidence of «.rr-lation between the exparimontal
exoltation functions nay be educed from Pig. L.l} this figure
shows graphs of the experimcntal reaction cross-sections,
together with composite graphs summing several of these rc.
action cross-soctions., It is clear tnat there is correlation
betweon the structures of the single and compounded
exvitation furctions « a result wiick i8 co-trary to thst
witlen would be expssted If the reaction crogs-caections were

»

uncorrelated,

he5 Correlation hetween Differertial ‘easction Crosg-gections

One of the predictions of tre ﬁoerupy state theory
of intermediate structure (see Section 1.9) is that there
may be a correlation of structure between differential
gross-section excitation functions mnsasured at widely diffe-
reat angles. Experimental differential coross-sections for
inelastic scattering to the L.,61 MeV and 4.97 KeV states
of 5128 are showa 1n Fig. 4.7, Fros tnis figure 1t will
be seen that there is scue similarity between the structures
of the o:cxtattoa\fuacetoas corresponding to different
soattering angles,
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20 Some angular correlation would be expected if the
reaction mechanisu were of a statistical nature., bBriuok,
Stephen and Tanner (1964) have caloulated the expestes
correlation by assuaing that the outgoing reaction waves
are emitted by uncerrelated sources on the nucleer surface.
“hey conclude that if o is the angle between two outygolng
directions, then stronyg correlations should enly exist

between the differential oross-sections when

2Kk ein(u/2) < 2 (4410)

where: i = radlus of cusleus; K = wave number cof the
emittod waves,

in the present c:portuental situation this statistical
nodel gives an upper limit of about 18° for the angle
between the outgoing particles, for which the corresponding
differential oross-sections should be eorrelated., Fros
the experizental data (Fige L.7) it sesms that the correlations
extend over a much wider angle than this model prediots,
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5.1

CBEAFTER §

In this chapter a oompsrisoern is made between the
experinental reaction data and the prediotions from the
hypothesis that th;‘ruuntian nechaniss is wholly of a
statistical nature,

The statistical theory ¢f the reaction nechanism i@
considered in Appendix 5., Using assumptions about the
random nature ¢f the widths and energy spaoings of the
compound nucleus levels which enter inte the theory, it is
shown that for a reaction between two states o and ', in
which the direct reastion component is small, the total

orossnhcettea variange defined as

2
var (0 (a]e')) = < (o (a|a?) =« C O (a|ut)d) >
| (S.1)

is given by
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' - ' s —
e s Salatid :é ¢ featebin)? (1 ’ ﬂF(Jv)/D(Jv)))

+ Z < Z - (w;g’.ah')>z / (e (Ju)/D(dw))

(5.2)

where: the angle brackets denote an average over ensrgy;
p denotes the quantum numbers ([, s, (', 8' (mee Section
AS.1)} K (cat,Bdw) are the partial reasction cross-sections
(see Eq. (5.4)); I (Jw),D(Jw) are the average widths and
energy spacings of the sompound nucleus levels having
quantul numnbers J and w, |

The first term in this equation msinly originates
from interference between the reaction amplitudes of the
dirroront compound nucleus resonances uhioﬁ%aro'ansociatoa
with thiynuna set of quantum nusbers J, » and g, The ttruoturO
ot'tho second tera results from the faot that the'partlal
eross-sections ¢ (ca',pfly), for different §, are associated
with the same set of compound nucleus levels (J,w); a random
grouping cof these lovels will therefore have a similar
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effect on all the partial eross.seotions, 7he first ters
in the eguation remains finite when (/D) D> 1, but the
seccnd ters becones negligible; ‘for this reason only the
first tera is considered in most aralysis. For the experi-
mental situation studied in this thesis, howsver, (/D) = 1,
and =0 for this reason both terva er % (5.2) are a-émm»m
in this ohapter,

The cross-segtions detoruined by this experinent were
ressured with & finite energy resolution, and so0 before
the values cslouluted from Eqe (543) oeuld s compared with
the experirental dats; it was necessary to investlgate the
redustion of crossesection vu.rimw mam by nm.tu
energyy resolution, Thlis redustion m m mawum by
lang (196%), aud his results for a m nme resolution
furetion (as used in this experiment) are gonsidered in
Apperdix Le 1t is snown, in this appandix, that the ratio
ef the variance for a gross-section asasured with a box
shape resolutien function of energy width 2. to the cross-
nafum m&mn seasured with good energy resolution is

given 4y
(var (6(a]a)) ), . ST . (
— e A =
hust w . (var (6 (a]at)) ) 5¢3)

s wh
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where the funetion B 18 plotted in Flg. slields

5e2

In using Eq. (5.2) to caloulate the eross-section
variance, the values of the averaged partisl crose-sestions
were regquired; tiese veluss were ocomputed Ly using the
following statistioal sodel foreula (Hauser and Fesnbaoh,
1952; ireston, 1962) @

(o (ale)> = Z (6 (5t pdg) O

Jup
T(e t 8)T(ct L iat)
- g &ld) ;<§ﬂrww}jm3ﬁ)

{5.l)

where!: T(c [ ), Tlwu'l's') are the btransuissicn r.efficlente
for srotoos in the ertronce and exlt cnannels res ectively;
2

i in whiloh I « spin of Lthe target
nusleus and § « euln of tihe lucident particle.
ioe fusetional depvndence of ( [(Jwif/oldwl} vpon d

for the compound nuoleus F-’ s dlscuseed in Appesdix 7,

with the conglusion thai the fwwilen is ilikely $o vary
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between two liclted forg, esch dlstingulizhed by a
differont walue of the spin outeoff parameter of the resldusl
nuoleus ;;2123. ee twe furelians, aﬁmﬁmﬁﬁm to 51?3
epin cuteoff parsncters (herearter £.C.0.) of 1.0 amd 2.25,
are showo: §n Flg, A7.3.

_ The values of the transuisslon ccefficlents used in
¥ae. (8.4) were doduced from thoge ccloulated by Weldner and
Linter (196L) who used the spiiesl uodel jerescters of
rerey (1963). These coefficlentsz are plotted in Fig, 5.1,

In the ues of Eqe, (5.2), (5.4) to ealoulate the
eross«gsotion variaes, it waus agsuned that the faciors
contalring the average produet of the trancmission scoefflolisats
gould be replesed by the walue «f the product corresponding
to the sentral erergy of the experirontal range.

In usipg 4. (5.3) to caloulate the varianpe for
averazed crosgesestions the fucotion R{([ /A ) waz assuned
to be indepecdent of J and w3 tho value of 7 was set
equal to tne value found Prog the kigh resclution experdzent
{see Seotion L.3), and the value of A was teaker %o equal
50 Kev,

The experizental values of the orossegection variances
were detersined by fitting a snooth curve through the
experiuzental points, and then suloulating the nean sguared
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deviation of tie polris fron thir curve, The calgulated
and experiuentel values cf the varianoes, corresponding to
miga GwleP o 8 Of 24 oand 2,75, are showo 1in PLESe 542, $¢3
for the different luslastic reactions,

she Huo states ab 0,38 and .39 BeV were experimentally
unrescived, avi so tﬁa exparinental value of the variange
eorrespoikis to the sun of these two groms-seciions, For
thiz reason the corresponding calewlated value (see Appendixz
5) was computed from the eguation

“"‘Zn ¢ (afe )= %ﬁ < 6 (aa,pdu) > <“u(mrm;/mmn >

* JZ' <% S (wa,ﬁéﬂg / T (3w} /D{Jw))

(5.5

where: the sux over n just ifnsiudes the 6,38 and 6,89 sev
shates,

The states at 7.38 and T.41 HeV were sisilarly un-
rescived, and so0 in thig osse aleo Eq. (9.5) wee used $o
oalculate the varlauoe,

The errors 1ndiosted in Figb. 5.2, 5.3 wore caloulated

098‘



from the finite rmnge of data error formulas given by
Hall (1964) and Dallimore and Hall (1965).

533

Bl les il

It is evident from Pige. 5.2, 5.3 that the ealoulsted
values of the aoross-section variances for inelastic
seattering to different residual states ln.sxza
tently greater than the sxperimental values, Scme
understanding of the reason for this can be gained from
a itnay of Figs. S.4y 5.5. In these figures the experimental
values of the axcragid total reaction cross-seotions,

are consie~

corresponding to a centre of mass inoident enorgy of 13 HeV,
are plotted against the values caloculated from BEg., (5.4).
The points of eash graph, excluding the 1.77 HeV state,
form a more or less linear tremi, (Ine large deviation

of the 1,77 HeV state from the linear trend is probably

the result of s direot wmechanism in the reastion process,
This effect nay also be present, to aome extent, in the
other reacticns,) It is clear that, for both values of
the 5123
oross-sections are greater than the corresponding experimen.~
tal values, One possible reason for this discrepaney is

S5.CaPey the caleulated values of the averaged
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inedorrest mernalisation of the (I (Jw)/D(Jw)) retics (see
Appardix 7). The salculated velues of the averaged crose-
uanem are mwmﬁy preportional m this zmmllutmn,
and 80 the slopes of the lines drewn in Pigs. Seliy 548
Sugpest that the renorsalisution fastors for the mmw
(T {J%)/D{Iw)) ratios should be 1,75 and 1,65,

~ Using the remormalised valwes of ([ (Jw)/D(iw)) the
varianees for the differeci eross-seations were recalculated;
those values sre shaown An Pigs,. 5.6, 5.7 Tor the two epin
paAreanctars,. Jhese figures savw that Shere 18 closer agreo-
asut between S sxperiseutel and seiculsted values than
A the figures coasidered ecarliier. The rencrrualisation
argunent therefore appears tc be ocnylstent in that, at the
sane timg, both the averaged srosswsections and the ¢rosse
seation varianoes oan be brought fnto reascnable egressent
with the experiaentel data. ls 3eotion 5,7 further evidence
is presscted £0 support this wmwta. ,»

?ao reascn for the large nmrimm varianoe
umzam uxth the 1,77 Mev am&a 18 probably iluterfereuzce
bctmn the th and ﬁaﬁm mtmn asplitudes, The
ronmm mmnma. uged o eatimsa the wrr«um&ng
iecrease 3.1& vmm lea), was anggas!wd h@ the work
of seversl authors (Eriescn, 1963} Brink and Stephen, 1969;

Pope; % ¥
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hageliff, 1964)

var,.( o (ala')) = 2R(F/ A ) .:% Ghlaatypdw) o (ac’ pdw)

(5.6)

t of the oross.section}

where: 0, = direst reaction componer
Oy = compound nucleus component of the cross.section,

In order to evaluate this expression the ratio between
O, and o, was estimsted by using Plg. S.4; assuaing that
thies ratio is independent of the guantum numbdbers J, » and g,
the value of vtrbc(c) is about 1060 um?, This value, in
spite of this eorude ausunw&?on. is %Ot insounsiatent with
the plotted peint in Fig. S.6.

Pigures S.6, 5.7 show that there is only a small
4ifferenss Letween the caloulated values of the variances
corresponding to the two 8320 5.C.P.s; therefore, the
calsulations disgussed in the rest of this ehapter are

only conoerned with & 51°° 5.C.P. of 2,0,

Sok ihe Variance of Compounded Exgltstlon Fungt

If the resstion arosssections for inelastioc scattaring
to aifferent residual states in 5428 (Figs Lel) are completely

- 1%.'& -
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unocorrelated, then the varianse of a evmpounded excitation
funotion, produced by adding several of the reaction ¥
erosse-sections tegether, should be equal to the sum of the
variances of the asscelated resctien crossesedtions,

1.00, AL

g, = ZB o (u |t.n) (5.7)

then

var(e,) - Zn var(o (a]e,)) (5.8)

where: 2 labels the inelastic reaotion channel,

To test tre walidity of this last equation (kqg. (5.8))
several eospounded excitation functions were geuerated,
eash eeorresponding to a different comdination of the experi.
sental resstien eross-sections, and the variances of these
conpounded exeitation functions were deterwxined in a
sinilar way to that outlined in -ection 5.2, These values,
togesthor with the varinnees oomputed frow iqe. (5.8) {(using
the ocaloulated values of the oross-sestion varlances
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plotted in Pige 5.2), are shown in Pig. 5.8. The slopes
of the lines drawn in Pigs. 5.2, 5.8 sre the same. If
Eq. (5.8) 18 correat, then in Pig. 5.8 the plotted points
should be distriduted about the line; 1t is evident from
this figure that the aqur&mnutal values are greater than
those ealoulated from Eq. (5.8).

1f some correlation exists between the individual
reaction oross-sections (Fig. L.1) then the experiuental
variance of & compounded excitation functlon will be
greater than the value comguted from oq. {5,8)¢ The distrie
bution of points ir rig, 5.8 therefore suggests that there
is some correlation between the indlvidusl reastion cross-
sections., On the basis of the doorway state theory of
{ntermedinte structure such corrslation is not unexpected
{(see -ection l,6.0). However, wnhen (/D) = 1, as in
the present experisental situation, some oorrelation is
also tc be expected from the statistical khﬁary of the
recction mechanisu. The correlation in this case le due
to the fact that the different reaction channels o, are
assooiated with the sase sets of compound rucleus levels

(J,¥), and so & random grouping of these levels will affect

all the resction sross-sections in & sizilar way. “The
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increase in the varisnce of a ccapounded sxsitation
function caused by this random grouping effest is further
considered in the following paragraphs.

It 18 shown in Appendix $ (see Eq. (AS.34)) that, on
ascocunt of the randoz grouping effect, the variance of a

eompounded excitation funation should be coaputed from
the equation

var(c;) = > = var(o )

) Z .<<Z’_° (muoﬂd'r)><zﬁ c (ml;nﬁv) > -

Jwnn w [ (Jw)/D(JIw) nén’

(5.9)

Comparison of this equation with Bq. (5.8) shows that
the random grouping effect enhances the value of var(gg);
it is of note that the second term of Eq. (5.9) becomes
negligidle when (" /D) >» 1.

ul‘»‘hﬁ
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The points in Figs. 5.8, 5.9 correspoad to the gane
compounded excitation functlions but the caloulated
variances for Fig. 5.9 have been computed froa . (5.9).
The line drawn in Pig. 5.9 has the saue slope as the line
in Pig. 5.8, It will be noted from these figures that
the second term in iq. (5.9) is sufficient to increase the
caloulated variances so that the plotted points are
distributed about the line.

Figures 5.1u, 5.11 are similar to #1gs. 5.8, 5.9, but
the calculated variances nave been oomputed by using the
renormalised values of ([ (Ju)/D(Jw)) (ses section 5.3).
Even ia this case, whers the relstive magnitude of the
gseoond teru of .g. (5.9) is smaller than in tne previous
case, the distribution of poiuts in Flg. Se.l1 1s not
inconsistent with iqg. (5.9).

Prom these results it was concluded tiat, given the
set of assumptions from whioh Eq. (5.9) is derived, a
gignifricant part of the correlation between the reaction
oross-scctions (Pig. L.l) oan be asscciated with the

random grouping of the compound nucleus levels,



5.1

5.5 Zhe Legendire Coefficlenta

The Legendre coefficlents of a reaction angular
distrivution are defined by the equatiom

dc (c|e?t)
as

ZL BL (a|ct) Pb(emﬁ) . (5.10)

These coefficients, plottad as a furction of incident

proton energy, are shown in thi. o2y Le3 for the different

reactions investigated in this experiment. In the following

paragraphs the naturs of the By coefficlents 1s discussed.
The coefficlients may be expressed in terms of thc;@ﬁ;

scattering matrix S5 in the following form (see Lection A5.1

and Slatt and Biedenharn, 1952; Huby, 1954) @

&?

' » 3
Bplaja’) YETESTIEITSY) Z( 201,70, 159,38L)Z( 0}J, c'Jznh.)

Re(S{atym | a'tie! |[Jym)s’ (clpm [cttgs’ | Jpmp))

(5.11)

where: ( = orbital angular momeatum of the lncident
particle; i* » orbital angular momentus of the emergent
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partiscle; s = chanrel 2-°in; J and » are the gquantum

nunbers of the sompound system; the sus is taken over all

angular momenta and parity quantum uumbers but not over

uy 'y I OF 1; the Z ooceffiolents are defined in Appendix 5. .
70 elucidate the structure of g, (5.11) the ;umaatlaa

of the ejuation iz separated i:.to two components

ot
h (2i+1){24+1)

Bi(a ')

‘ 2 B
:E:E(c,e.;) | 8(o)] -~ :E: {;icl.cz,u}ga b(c1}¢*(c2))

¢ ¢%2 clﬂ‘z oot
(5.32)
wnere: cl = (E‘l' el'oﬁoﬁ'c:;lt'-‘%i?: @ lg deflined by
w(o, 40 L) = (nl)ﬁ'uﬂ*gtt J_0.J_gul) T(RrT BT sstil).
12! | “MVhY1%2%2 A9t

The first ter 1~ .. (2.17) 18 nonezure Only for
eveu L coefficic.ts (tuls iz a <irect res.lb of sarity
conciderations for tue vectors ([l. !2. L) oand 21. ?5. L));

the segondi teram a. u.ears it Loth ove. and odd soelfficlienta,

» 10T »
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but not for L = 0, fhe securd tere, however, may be
further seperated into two parts whioh are asscoeiated with
eisher odd or even L ceefficients., IThis may be understood

frea tre following relations for nenevanishing 2
eoeffictenty :

| zust Loth be sven
zi* !£+L

and so, for odd i, ol ther
!, is even, ?2 is odd

or
'y 19 oda, raly A8 even,

&nd for even L, eithey

81 is even, '2 is even

!1 is odd, !2 iz odd,

Eimiler relstions hold in the case of !i and | é.
v?h. above relatiocns divide tie pos:ible gonblrnations
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of o; and e, into two categories: (a) those whiec rave
non-gero values of wl(e,,c,,L) for even i, ard zero vulues
for 244 L; (b) those wricr have ron-zeérc values for odd L,
and zero values for even L. Trerefore, the same coublnatlions
of 0; and ¢, are ascoctated with all the even L (B)
coefficients, although, due to tie cther angular momentum
addition equations governing the Z coefficlents, soue
combinatione for a particular L may ;ive zero eontributlion.
Since trne saze combinationg a pear in all the even L
cosfficients it 1s likely that there ieg some courrelation
between these coefficlents. Similar ecorelusions hold for
the odd L (B;) coefficients,

It has been shown (Ericson, 1963) trat, if it is
assused that the dirsct emmpaﬁaﬁt of the scaltering watrix
is zero and the cozpound nucleus component is completely
randon for the different charnnele e, then there ls zers oross-
correlation hetweer the odd and the even By coefficlents,

The experimentel values uf the B coefficisnts shown
in Pigs. L.2, 4.3 are rnot ircoreistent with the above ¢OMw
clusions, singe there is some evidenee of eorrelation between
the even L-eaafrielanﬁs and between the odd [ coefficients,
the effeet being partioularly strong for inelastic
scattering tc the L.97 heV state. For the 4.97 tev state

. 109 -
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there also appears to be little or no gorrelation hetween
the even and odd L coefficients,

5.6 Yarjange of the

By ueing the same assumptions that were employed in
the derivation of g, (5.2). it is shown in Appendix 6 that
the variance of the BL coefficients defined as

2
'”‘BL) - < (BL - < BL> ) ) Y (5013)

ia glven by

var('BL(a. | at)) = Z mgto.o,h)'  6(e) > 2
e

v EE

+ Z (ua(cl,oz,l.) < 6(01) > < c’(ez) > )

2

o (Ju)/D(Im)

(5.14)



5419

where! Zz:iadicataa that the summation is only over
sets 0 assooclated with particular values of J and w.

Comparison of the terme in :q. (5.2) with those »f Ig.
(5.14), 4in amsociation with bg, (5.,12), suggests they are
similar in origin. The first term of Eq. (5.14) is analogous
to the rfirst term of Eg, (5.2), and arises mainly from
interferenee betwsen the compound resonances associsted with
a particular set of gusntum numbers ¢, The second term in
iq. {9.14) arises from an interference between compound
resonances associated with different sets of the quantum
nugbers ¢; this interference is repregsented by the sesond
term in :q. ($5.12)., The third Serw in Eq. (5.14) is analogous
to the gecond term of Eqg. {5.2), and arises from the contrie.
bution of the single resonance states te the variance;
this ters becomes negligible whem (/D) >)> 1.

Owing to the many different cembinatlioms of ¢, and c,,
5qe (5elh4) 1is difficult to apply te a geaneral experimental
situation; hewever, socue simplificatien oucurs if the
target and residusl muclel rave zero spin. Such & situation
arises in the case of inelastic soattering to the L.97 HeV
state of 54°9%, For this reason Eq. (5,14) has been

specifically applied to this situation,
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5.7 Variance of the Legendre Coefficienta fer
%
Resotion $128(p,p)51%8, ¢ = 1,07 me¥™

Whether or not a particular reasction channel contributes
significantly to the terms of Eq. (5.14) depends upon the
assooiated channel transmission coefficients., For the re-
action studied in this section the followling table lists the
most important channels:

TABLE 5,1
c s ] J 4 0! s'
1 % 0 % + ¢ 4
2 % 1 % - .1 8
3 3 1 2 - 1 )
I & 2 /2 + 2 3
5 Y 2 5/2 + 2 8
6 4 3 2 - 3 3
7 ] 3 7/2 - 3 %
8 i M 1/2 + N %
9 ] 4 9/2 + i ]
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The palirs of the caanioig whicr Bave dsuezere
w(cl,ca.u} coulfiocients, wnri ~iich tisrefure conitribute
te tie second term in e (5.1i), are tabulated in “uble 5.3
(see end uf grupter) for tuc Jiffereat i cuvefficients.

+he partial reastico eruss-sections occurring Lo L.
(5.14) were computed by using :g. (5.4) with the vaiues of
(I (Js)/u{dw)) corresponding to a 5128 5,00, of 2.0, and
for a ocentre of nass energy of 13 :lev., <{he values of
w(ol.cz.b) were oon,ubed frou tie 3ej and 9} cosfficients
tabulated by Hotenbery et al. (1959). To salculate
var{s ) for the averaged a. .lar distribitions investigsted
1+ tols experiicit, it was asgumed that .. (5.3) w&n true
for the B, as well a: for the U, coefficients., 'he ealculated
values of the terms occurring 3o -y. (S.14) are iisted in
Table 5.2 balow [ tha different .. coefficlaents.

i - oo ”
LRdLie 9.8

Term in Bq.(5.1k) (mb/strd)?
L 1at - __Eyd i d
1 95
2 29 1ok 7
3 134
L 1.2 124 33

It will be noted ipn Table 5.2 that the value of the lust
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ters of Zy. (95.14L) 18 s:alil eccupared to tae values of toe
other ter:s,

The galeclated varlarcer aure onapared wiitn the
experin-ntal vaiues in £fig. 9.12; the lire drawn in this
figzure has tie same slope av tho Line drawn L. lge 526
it wlll be ohserve! urnat, as was found for the varianoes
of the total reastion crossw-sections (Section 5.,3), the
caleoulated veiues aof the variances are greatar trnas the
experizontal values, & siuilar difficuldy was described 1In
5800100 3.3 and Lt was s ested tiat the remson was an in-
correct norsalisation of the ratios (I (Jw)/D{(Jw)). f%he
variances of the 3, coefi'icl.:ts were therefore recaloulated
with the renormalised values JUstercined fromx tne tutal
reaction ar&aa«aactiana.i “rigse recaloulsted values are
plotted in 7iz. S.13. It is evident that there is better
agreenant tctween ti.o ¢aloulated auwi experimental values,
altnough due to the large eéxperimental errors it is difficult
to araw any firs cusclusions.

The rencraailsation argument tvnerefore agyears to he
consigtent in toal, at the ssme time, the average t.otal
resstion crussegestions, yari&meeu of reaction crouss-sections
and tine variances of the 5, ocefficlonts can be brougnt iate

reasonable agresmont witi the experiicntel regults.
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ChRAPTEH 6

BISCULNSI0UE a2 UuigiddB Il

6.1 eview of the ixperimenta) hesults

The inelastic scatterin: excitation functions
determined by this experiment (Pig. L.1) exhibit structure
of the internediate type, 7The siallarity between the
interzediate structure in the different excltation functions
is clearly apparent although tnere are differsnces in
detall; whilst intermedlate-structure peaks' oocur at
sinllar crergies in several of the reaction channels, a
particular peak is not always conspicucus in themn all. That
there are comzon structural features in the sxcitation
functions becowes even more evident whern several of the
functions are added together (Flg., L.l)e The relative
fluptuations of these compounded ourves appesar alwost ag
great ns the individual curves - this is contrary to what

would be expucted 1f the component curves ware uncorrelated.

atom i

% 3.0., a structure "bump” with width several tices

greater than the fine strueture coherence width,

- 116 -



6.2

The results of tiie oross-correlation anslysis discussed
in Seation L.4 pruvide further evidenoe that the different
reaction oroas-sestions are correlated,

The approximate energy poeitions and widths of the
intermediate~-strusture peaks are listed below.

TABLE 6.1
 Gaergy (MeV) | Widtn (KeV)
12,9 30
13.4 230
13,7 200
1k.1 00
14,8 | 200
ORR——

The widths listed in Shis table have been estinated from
the ocompounded grogs.asction exsitation funstions (see Fig,
Bel); 1t 18 to be roted that the widths vary betwsen the
individual ‘exeitation functions, |

L Ymepe is scome evidence that the differential erose.
seotion excitation funotions asscolated with isdividusl
resstion channels are correlated. The ensrgy vaeriastion of
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the differential cross-sections associated witn two
reaction channels are swown in Fig. L.7.

The angular distributions and tholr assoccliated Legendre
coeffiolents for tine a&tftrant‘reactton cnannsls vary
rapldly with ineldext proton energy (ses Appendix 8 and
Figs. Le2, 4.3). It will be observed that in the case of
inelastic scattering to the L.97 eV state there is corre-
lation between the L = 2 and L = 4 cosfficlients and also
betweon the L = ] and i. = 3 coefficients; a similar effect
also ogours, though less iarked, in some ¢f the other
reaction channels,

inelastic preton scattering from 5128 has previously
been studied by several workers. Brenner and Hoogenboom
(1962) investigated the reaction, in the energy region 4.8
to 7.0 HeV, by measuring diftcrenclil cross-sections at
several scattering angles; they discovered twenty-three
resonances in the energy region. Cohen and Cookson (1961)
deternined 90° differential cross-sections cver the energy
regicn of 10 to 12,3 XeV, and discovered nine structure psaks
in this region, The authors however were by no means
gertain that the poeaks corresponded to genuine level positions
in the sompound nueleus; in view of the later work of

Brerner and Hoogenboom this does indeed scem unlikely. i.ow
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energy studies of the resction in the region 2 to 5.5 MeV
have been undertaken by Oda et al,(1959), Belote et al.(1961),

From the work of these authors, it is to be concluded
that the intermediste-structure peaks seeurring in the
excitation functions determined by this experiment are une
likely to be assoclated with individual levels of the cocmpound
nusleus., The Ericson plot for the coapound nucleus P29
{see Section A7.2 and Pig, A7.2) provides added support for
this argument; extrapolation to the excitation energles
used in the present experiment yields o value of about 900
for the number of cospound muclear levels csourring within
the experimentsl energy range. The value derived by this
nethod probably overestinates the actiual nunber of levels
(see Appendix 7); howsver, even Saking this intec asoount,
the number of levels will still be much greater than the
obeerved number of intermediate.structure peeks,

Hesantly discoversd examples of intermedlate.structure
poaks in resction excitation funotions, for nuclei of the
sane mass region as 5128, nave been reported by Allardyce
ot al.(1964); Firk (1964); Singh et al.(1965); Allardycs
o% al.(1966); Klliott and Spear (1966); Lévi et al,(1966);
Nebta ot al.(1966); Singh st al.(1966°); kroepfl et al.(1967);
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Lee ot al.(1967)3 HMehta and Divatia (1967).

6.2 The Ucoprway Sita

The predietions of the doorway state theory of iaterw.
mediate strusture have been disoussed in Chapter 1; briefly,
thcy‘ara the predigtion of strueturs correlatiom (a) betwoen
the cross-seotions asscolated with different reaction
channels (b) vetween the differential cross.sestions
corresponding to the same reaction shananel but different
scattering angles, Both these characteristics are to he
- observed in the data ecllected in the course of this experiment
(see Seotion 6.1)e. 1n the following paragraphs a brief
discussion is glven of the widths ard spacinga of the
interuediate-structure peaks in relstion to the doorway
state theory.

The width of a doorwusy state rescnavce (see section 1.6)
1 determined by ite escapes width to the open resction
channels and its damping width to the more eowplicated cone
figurations (1.8., 3Ip=2h,, Sp=Jn, otec.). The doorwsy state,
however, ¢can only decay to the more complieated astates
whioch have the sazme spin and parity, otherwise the matrix
olements deSermining the transition will be geroc. These



&
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congservation laws tharefore ylace strong restrietions on
the number of fiual states to wileh the doorway state oan
decay; thls alone will cauuse the damplug widths to vary
betwoen the differsnt states. 3Ipesific saloulations of the
daaping widtlhs have been sarried out by Frauco asd Lemser
(Feshbeoh et al., 1967) for the neutron mass region eentring
around § w» 126, on the aspumpticas that the doorwasy states
are 2p-lh goufigurations, and the next reastion stage Jp-2h
eonfigurations. 7These ealoulations suggest that the daspling
widths for thess nuclel snould be rougnly in the LUU KeV
region, although the autnhors emphasiss that the particalar
aake-up of a doorway state oun change this estisstion by an
order of pagunitude in elther direetion, Cn the other hand,
caloulations glving results iz reasscnable agreenent with
experiment (Pfitner and Hiedel, 19643 Lovas, 1966) haVe
veer. asde in the case of light nuelel, on the assumption

that the width of the doorway state resonance is only detere
wined by its escape width,

It has therefure been concluded (Peshbach et al., 1967°)
thet for the eneryy and nuclear sass region ccnsidered in
this experiment the typleal width of a doorway etate
resonance should be several hundred XKeV, The experimental
widths of the internediate-structure peaks found by this
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experiment are therefore not iuconsistent with this
ostimation (see Table 6.1),

The spacing of 2p-lh statez has been estimated by
Le Couteur (1964) on the basis of the Fermi yas model., For
the mass and energy reglous used in t.is experiment, tnis
rOdol Zives s value for the average spasing of bdetween %
and 10C XeV., Im the spirit of the shell model, Lande and
Blook (1964) have scunted the number of 2p-lh states peor
FeV for a range of rnwolel; unfortunstely #*? 1s not inoluded
in the range sconsidered, ‘The phenemenclegical model of
Izumo (see Section 1.,5) gives the spasing of the internediate.
struoture peaks as about 500 EeV, The above estimates are
to be compared with the experimental vaiue of the spssing

wnhich 13 about 3S00 KeV {see Table 6,1),

In Chapter § tne experimental data were gompared with
the predlotions of the statistieal tneory of ihe resction
sechaniss, Using assuszptions about the widths and energy
spacings of the soapound nucleus levels wihilch enter into the
theory, it was found that ressonable agressent eoculd be
obtained between the experimental and oaleulated variances
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of the individual reaction exeitation functions (see Section
5¢2)., It was also found that the experimental verianges of
compounded exeltation runeuloms‘ were consistently greater
than the values oslculated on the assusmptiosn that the
individual reactien cross-gections were ungorrelated (see
Section %.4); this would seez to iaply that there is structure
sorrelation detween the individual reaction ¢ross-sections.
i1f the experimental data are in sscord with the
statistical theory, thea when ( /D) D> 1, the individual
reastion cregs-sections should be uscorrelated; hkowever,
when ( /D) & 1, as in this experiment, the reundom grouping
of the sompound nuclear levels begins to dbecomo s significant
fasctor in determining the oross-section variances (see
sestion S.4). S5ince the same sompound nuclear levels are
assocciated with ecach reasction channel, it is to be expected
that correlation between the resction ¢ross-sections will
become significant when ( /D) = 1, This eorrelation will
cause the variarce »f a sonpounded excitation function %o

be greater than it would be if the resction cross-gections

were uncorrelated,

Ry WA

% §.c., an excitation function produced by sdaing togsther

several of the experimental reastlon gross-secticns.
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For the experizental compounded excitation functions
considered, the inorease in variance hac been estinated in
each case on the assumption that the oompound nuclear levels
are randosly distributed in energy (see Eq. 5.9}, Jiven
this assumption, the caloculated variarces of the suapounded
excitetion funstions are in ressonable agreement with the
experimental results (see Fig. 5.9).

Further testing of the statistical interpretation of
the experisental results would involve investigation of the
way iz which a Wigner type level eracing distridution
(#igner, 1956) affects the theoretical estimates; further
information about the level width distribution would also
be required, iowever, is the spirit of the ealeulations
presented in Chapter 4,1t would seex that the statistical
iaterpretation of the croasg~section variangse is not
unreascnrable,

The widths of the intermediate-.structure peaks to be
expected from the statistical theory when g >> 1 have
been considered by Singh et al, (1966°), The authors
simulated erogs.zections with parameters chosen in a randoa
fashier from preset distributions; when the cross-seotions
were pathematioally averasged it was found that they often
exhibited struoture suggestive of the intermedliate type.
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In fact, the authors found tnat, for an excitation function
of interval lenzth 25" , there is a 3U per cent chance
of fimdin, an intersediate-structure peak 6" wide, with
olpeak) = 1l.4c(average). (For the present experimental
situation tre vslue of 6 = Juv KeV, which 18 approxi:ately
the same value as the cbserved experinental widths (see
Table 6.1).) The authors iowever only cu:usidered large
vaiues of (" /D), and so it is difficult to infer what ig
to be expected when (/D) = l; nevertheless these calou-
lations su.est Lihat the cgourrence | intermedlute-structure
peaxs iz not incompatible wit: the statistical theory,
it would be of interest, ia conneotion witih the presant
experiuent, to extend this type of caloulation to low values
of (I"'/D), and to study, a&s a function of (I"/D}, the corre-
latlon bvetween excitation Tunciions wich are gererated
witr the saue distribution of level snergy positions but
different level widths, If tinis is done, 1t zay be found
that the stricture sszociated with the excitation functions
beooues nore and wore correlated as (" /D) decreases in value,
In Crapter 5 of t:la thesis a study 1s alsc sade of
the variance of the Legeudre coefficlants agsociuted with
the reasotion au;ular distributions; again 1t was found trat

the sxperinental results are in reascnable agreexent with
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the statistical theory (see “ection 5.6).

it seexs therefors from the preceding discussion that
the experisental results are not inconeistent with either
the statistical theory or the doorway state theory of iunter.
sediats strusture, <he scrrelation of orvss.sestions
between the differsutl resction channels and alpe the 80rre.
lation betweeu the differential oross-sections are conslatent
with the prediotions of the doorway state theory (see
Section 5,2); skiv theory algo offers acme explanstion of
the expericental widths and energy spasinges of the internediato.
structure peaks, On the other hand, both the varicanges of
the experisentsl reacilon excitation funotions and the
strusture correlation between inese funetions can reasonably
be explained ia terms of the statistlcal theory.

1t 28y be that, for the experimental situation studied,
the reasticon mechauigns currespoudlng to the theories in
question each have & signifieant role iz the resstion process,
Therefore, to gain conclusive evidenge that docrway stutes
do in Taot give rise to intersediate~strusture peaks
further experimental data are required,

- 126 o



Jedd

Cne possidle experizent would be erosesoorrelation
analysis of ditrargnt reaction cruss-sections, as ceseribed
in this thesis, %utArnr &5 energy and auclear uege region
where ('/2) > l; in thig 0488, grouping of the statistioal
Faraneters iz urlikely to bve the cause of oross-correlation

Letween the reaction Srogs-gnvtions, In such an experineni
it may ve umprofitable to 408 Loo high an energy, otherwise
the escape widths of the doorway states are likely to
becoue g0 larxe thet tne assvcluted rescuant strugtures
becune indistinguishable fros the basokground,

Aaother poseible experisent {s8e Sectlon 1,8) would be
to aeasure slastic soattering augular disteidbutions in sORe
detail at ensorgies in the proxioity of an intermediste.
structure peak., If the presevae of the peak is duo to o
doorway state resonange, then analysis of the aagular
dlstridbutions using an 5 matrix of the form S = N expl{2i8)
should reveal that both 7 and 3 ehange swootily tharough
the resonange, 7 pegzing tirough a minlmus and ° 2ither
passing through /2 op ¢ deperding upon the sscape width
of the doorway state (see Hloigh et al., 1966Y),

ihe experizental situetion, however, Bay deasni wmore
than an elinsination o the pO881BILity that iaternediate
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strusture is caused by grouping of the statistioal
paraneters, since RLoldsuer (1%57) has zow drawn attention

to another possible statistioal explanation of the strusture.
i8 points out that *...in the pressuge of strocgly abeorbed
shannels, sueh intermediate rescuance festures are also
predicted by the statistisal nodel of highly exoited puclear
states. These nodels specify the frequensy of coourrence

of the average properties ¢f the interzediate resconances

and yield properties very sicllar to those predicted by the
dynasisally sores detsiled doormeay-state zodels,.®
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This appendix 18 concoerned with the effect of the
incidont bean cneryy wodulation on the crergy uf the
sosltered particles from ths target,

if & partiols of cass my travelling with linear
nomentum I’} and kinetlo energy E is inelastioally scattered
froa & static rucleus of zass mz, then its scuttared

aczentus ?i is siven by

A u 2 % 9.0y 2B
1 .(T‘%’.(comm*(l-a 8113.-»&(18)))

(Al.1)
ol
where: g = o } # = laboretory scattering angle;
< = intringlc excitation enerzy of the ruclous,
Lalng . (Al.i)
P TER (s cose + H)é (s cosw + i)
-L—-A e w— 'i >
Py ar, " (102 H{1+8)8 (4.2
wrere: R e (1 - o° sin®e . § (1+m) )V .
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For the experisental situation studled i: tnls thesis

8 = (.35, ard 80 a ood approximation to .. (Al.2) aay
be cbtalned Ly neglecting elexents which involve terus

in 8. Io tuls approximation iq. (Ale2) beccmes

P! ! 2 8 cosd r(l+s) 1
iy ar, (1 +20) | 2(ler(lem) ) (1+28)

{(Al.))
)
whelre.: re -,
§ WY
Eqe (Al.3) may be writtenm in the form

4Kt - (2 sAcose + 1
4 (3 + 28)

, 8 (hoose -1 (AloLy)

{1 * 2s)

s £{0,g) +1

where: 4 denotes that .art of Uge 12l.)) enclesed in

square brackets,
 ihe Panction £(€,5) is plotted in ~ig. 2,16 for
different valuea of e and ..
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AP rBUDIX 2

A salculation, glving the reducstion in tne amplitudes
of the spectrum peaks caused by a finlte energy spread of
the incident beax, is presented Ln this appendix,

Por thle ocalculation it is agsumed that the lncldent
beanr energy spread oan be re.resented by & LOX shape

resoluation functien «f the fore
'A\

Charge

&6'1 iao i’sG* A W
~oergy

when /A = O, it 1g further assumed that the spectrum pesk

profiles are Gaussian, 1.0,

yix) = A oxp (= (XaXg)2/wf) (42e1)
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where: A = peak height} x, = peak oentrold; w = widih

of the peak,

dith the above resolution function the peak amplitude

at porition x is given Yy

A
A (x) = ﬁ‘/‘ exp(-(x-xous)zliz)dx
A

and 80 the psak height ls
A
y (x5) = ﬁ‘/\. exp(-a/n")as
-A
- oA 0, mEe
2 »
where: a = % ;. Eif(e) = errcr funetion,

Using "“g. (A2.3)

, (2) /7, (2,) = ’?- . m,-m .

This funstion is plotted in 7ig. 2.15.
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APPERDIX 3

Tre formula used tn estimate the sounting losses
(gec Section 2,13) caused by the dead tinc of the counting
elcctronics is derived in (15 appendix,

Hfter & pulse has been recelived by the A...C. subsequent
pulses zre rejected If they srrive st the AD.C, during the
anslogue te digital conversiorn time, or the waiting time of
the memory buffer, Let the total dead time for a particular
pulse i be denoted by $;, and let ine astual scunting rate
of pulses corresponding to channel e, at time Iy, be
H(c.?i). es the probability that r pulses of asplitude
¢ arrive at the ~.b.C. during the dead time 3 18 yliven hy

P(ree) = (E‘c"*:g i oxp(w(li{B,yi)ty) ) (Adad)
r

and 80 the average uumber of pulses arriving at the A,..0.

during ti:is tiue 1is

r |
- ; r(?:(o.f.{’l)tx) expl={}(o,Ty)ty} )
o

- K(O.T‘)ti . (A3.2)
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This nusber will be the average numbdber of .ulses of
Anplitude ¢ which are lost during the dead time ti. Denoting
the sotual nunber of pulses of asplitude ¢ oesurring during
the experimental rur as T(c), and the resorded nuaber

by T'(e), the relationship between these two quantities 1s

F'(e) = T(c) » ZE; Mo, )8, . (A3e3)

The ratio ELL‘;“%!- will vary if the beas intensity
(¢
fluctuates, but at any time it will be independent of o,

Jenoting this retio by b(Ty), iq. (43.) may be writtea
Ble) . , _ . -
E(a) 1 21 b 1’ [ (A3.4)

ir 31 and 3, are the nuwber of events recorded during
the experizent by the uninhibited and inhibited soalars
(see Seation 2,13), then

51 - Z E(O) (»‘”‘7‘305)
(=%
and S = Z (¥(o) = z& "5(@.1‘1)&-‘) (A3.6)
Ml

where: o) = amplitude discrismination threshold for the
two scalars,
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Usizxg I‘l;s. (A)os)g (A’oé)

32 Z Zi N(eyiy) Att

g;t l - ?.:?A._....t
| Zﬁ(e)

o=g]

= 1 - Zi b{T,) Atl . (A3.7)
i'rom _qs, (A3.4), (A3.7)

“e) = H'(e) % .

.ne true echannel ccntent can therefore be deternined from

the retio of the scalar events,
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APPENDIX 4

THE VARIANCE OF Ci10SS-SECYIONS AND FINITE BEAws o LRGY
RESOLUTION

It has been shown by Lang (1965) that the ratio of the
cross-section variance measured with good energy resolution
to the cross-section variance measured with an experimental

energy resolution function A(E-E,) is given by

(var(o). )
= I exp(-k ") a(k) a(-k) dk
(var(e) ), _, o (AL1)
+ 00
where: a(k) = exp(ik(E-E,)) A(E-E,) dE.

For a box shape resolution function similar to that

shown in Appendix 2

Using Eq. (A4.2) in ig. (al.l)
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(var(eo) ), o 2 |
odn (kA
- expl{-%[ )} ~..“__~§_,au
(var(e) ) ° (k)

oy
) ltnz t
- p explept) - 5 ds (i)
) t
I’

The integral of Lq. (AL.2) 1s tre Laplace transform
of .%‘ s &nd so

{var{e) )
- - p(un'l (%) + %).cs' ﬁ)

{vari{e) ) N
dse )

This fuuction is plotted ia i.. Alie 1o
it nas also bee:n shown by iang (1968) that tre coherence
widt: of &n ex; eriseital exclial.on funetlon keacured with

a box snape resviution rucction of wiuth 2A , ie given by
‘m. = (2,11 - %;" v e®2) (Adlely)

3

provided p < 2.
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AS.1

Ihe orvss<section for & reaction between two states
¢ and ' say be written (Pesnbash, 1960) in the following
form : |

2
(21+1)(24+1) |8(atoarire ,' Jv) |

(AS.1)

whare: S(a L e | o'l's' | Ju) 18 the soattering satrix
element descriding the trensition from the state a ochanne)
spin 8 to a state o' ghannel spin s', the compound system
having a total angular momentum J and parity v, the incident
particle an erbital angular somentum [+ and the emergent
particle an orvital angular momentum ('3 1 is the spin
of the target nucleus, arnd i the spin of the incident
partiele; the sum 1s over the quantum numbars ({i'sstdw),

It 1s sssumed that the scattering matrix elesents nay
be decomposed into two parts (Ericson, 196); Peshbaoh, 1967°) .
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one associated with & ocompound nucleus mechanism, and the

other with a direct reaction mechanism, i.e,,

ay (aa',pdw)

+ byt
' (EEy) (S(ats|a'l's' | dw) >

S(ats|a't's'|dm) = >

(A5.2)
where: the sum extends over all nuclear compound states
of particular J and ¥ quantum numbers; < S > is the energy
averaged component associated with the direct reaction;
B = (1y8,t'8'); E; =9, -1 ",/2, in which ¢, and [,
are the energy pesitloa and width of the compound nucleus
state .-

In the subsequent working it will be assumed that the
real and imaginary parts of the coefficients a3 (aa ' ypdw)
belong to Gaussian distributions, ;nd the ccoftiqlcnta
corresponding to different sets of (aa',pJdw) aré independont.

k..
A5.,2 Ogi

This seotion is concerned with the cross-section
variance of reactions in which the reaction particles have
gero spin, and the energy is sufficlently low so that only

S.wave interactions need be consgsidered,
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| The srosse-section variasnce is defined by

- _4,5 . /

var{ 6) = < (o - <a->)2 >

- < 3? > < o >2 (5503)

where: the angle brackets denote an averags over energy.
For simplicity the direot reasction component of the

scattering zatrix will be taken as zero; im this case Eqs.

(ASe2)s (AS.D) glve

Y

2 S mtt
{& ) = |
z*m AN (E~Eq) (E=E}) (Ewiiy ) (BaEp) (45.4)

where: the channel subscripts (au',pJw), since they are
unique, have been omitted from the identification label of
the coefficients ag; the kinematlc fastor v 32 has'becn
absorbed into the coefficlents a4.

Owing to the assumed random nature of the ay coérrxcientc.
oaly terms in the summation of EQ. (AS.4) for wiich the 71
suffixes are pairwise equal can sigaificantly oontribute
to the total sum, and so the possibilitles are (Awj men, i)}
(Aon,Jomedh)); (Lwm,Junyif)) and (Lejwmen), with these
terms Eq. (A5.4) becomes

ulhl*



P‘.5 014

2 L
(S = 2 Z ] + ; o >

1 |(E-biH2 |(E-E,

2
(a,)% (a* .
+ <ij;§' - : (45.5)

(E..Ei)2 ( S=k

The values of the first and last terms in Eq. (A5.5) depend
upon the energy spacing correlation between the nelghbouring
compound levels. Moldauer (1964) has argued that if the
energies of th¢ levels are randomly distributed along the

real energy axlis, then

8,12 |a,l?
ail a; 5
[(E-2y)] 2 [(-n )]
i#]

' 2

(a,)% (a%)
and )3 v , = 0 . (A5.7)

B (B-Ey® (B-EY)
J 14

If the spaclng distribution of the levels is of the Wigner
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type then the results are nore complisated, but Heldauer
shows that evan for this distribution Egs. (i5.6),(A5.7) are
true when ( /D) D> 1, For the calculations in this appendix
it will be agsumed that . 8. (45.6), (AS.7) are valid. In
this case tqe. (A5.5) bec.mes

2 2
(6> = 20> <Z |"1|I> © (A5.8)
i‘
1

Using EqQe (AS.8) i- .q. (A5,3)

&
2 Ei |8y |
var{o) = <@ * 1 T * (A5.9)

A ’0 2 < ve ,ELQM

This seotion is coucerned wit: the sross-seotion varlance
for a reaction involving several cowponents, £, each having
the saze compound system quantum numbers J,w.

The cross-section for the reaction iz :iven by

e = D5 €U

a; (8)aj(p)
- “J) - (A5.10)
255 ZE;J (Emig ) (E«iY)
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where: the identification subsoripts (uc'y,Jw) have been
omitted from the coeffiolents ay(p); glJ) = (25+41)/(21+42)(21+1).
Froa Eq. (ASQIO)

- ¢ hud 1] x V'
RO oL i
| na (Bwky ) (BeEY) (EeEQ) (=ip,

(AS.11)

The svaluation of the terms in iq. (AS5.,11) for whieh
g = p' 1s ldentical in metuod to that uged for the one

channel case considered in the previous section, and 80
€ =

.mof(w)umsuﬁz <olg) *52‘3’Z<11 4
Soming

In the determination of the quantity

< S ay(Blay*(Blag(st)ag*(p') N
MIRR (kg ) (i ]) (B ) (Eip) -

M|

only terms need ULe considered for whieh (isj, m=n, idm)

and (imjmzen),

-1%-
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In this case

2 S ay(8)1% |ayt8")|® >
(ehp") verm = gD { & ;
(e8| ? [(E-Ep)]

2 2
(8*)
+ &) <z |2, ()] ° lay(8")] > (k5.13)

| (E-Ey) | &

By using arguments similar to those used 1in deriving Lq.
(A5.8), Lg. (A5.13) beccmes

7

d | 2
(g) (g')
(g#B') term = ( o(g) > olp* )>+ g (J) <§‘|31 g | |31 g | >
|(e-E,) | ¥

(A5.14)

Collecting terms for Eq. (AS.1ll)

| ja (g)| "
<a'2> - Z 2<a'(B)>2+52(J) <Z M
B i I(E-Ei)l

ng (8) ]2 ag(p)|?
. Z”,<<c(a> 5¢ c(s')>+¢2(-r)<z 1 : i >
1 |E-E| Bis !

(A5,15)
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The square of the averaged cross-gection may be written

<"'>2 '<Zp ﬂﬁ)‘>2 - }:”. <c(a)><o(ﬁ')> (25.16)

08138 Ea.. (A5o15)t (55016) in Eq. (5503)

3 2, 2 (S Jayte)|
var( Q) = 5 <o(p) > + g (J) . Ih-rﬁill‘

2 2
) Z |8, (8)|” |agle*)]
Ry + &) Z‘"< 'A L .
| iy | Bég !

(AS.17)

To evaluate the summations occurring inslide the angle

brackets of Bqs (A5.17), it iz assumed that the sums may be

replaced by integrations

+00 b :
1.4y z "1(3”‘4 <1J I‘i(b)l d‘>
- - 1
1 (geEy) | D J_ |(E-E)|b

(35018)

wnere: D = the average eceapound level spasing at energy :-.

- 1“6 -
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The integrand occurring in :iq. (A5.18) has a second
order pole in both the unper and lower lLialf portlons of

complex E plane, and lLlierefore

_._-f‘”'“ a0 = M ey

| ety

t;““’

8w 2 2
me IO LI LT DA

]

{A5.19)

wnere: | = the averajse total width of tae compound states.
Ir tihe last step of Eq. (s5.19) use has been made of
t}.c assumptions that the real and lmaglnary parts of the
coefficle:ts ai(ﬁ) belong to Gaussian distributions of the
same dlspersion.
By again replacing the cammatio.. by an integration, the
averagzed cross-section for tie reaction component B ay be

written

i

<& (B)>

a, (Blas*(g) !ai(ﬁ)lg
2(J) D ath)es =g(J)<Zi ,,

Y (e ) Comi | ( ey )|

"

2
—ELM;QJ <lag(p)]™ > - \A>.20)
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Using Eq., (A%.20), (AS.19) in :gq. (A5.18)

b4 L2
8, (8)] 7\ 2 <<F)
£ () <Z i —_ D . = !
1 |(@.El)|u v (=

=)

(A5e21)

By similar argumsnts

n.n<zi j_:::h )|° > “1; <ata)>r<aw>>
&= php' ()

(A5.22)

The different numerical factors in Lgs. (A5.21), (.5.22)

ariginate from the relations

lag@®> = 2 < |agtp)? > (25.23)

2 laganl? <oyt ><lagien]
< lag(s)|® |ay (") ’ ade |a, ()] ><layip

( Yif’ ozh)

Using Eqs. (AS.21), (A5.22)in Eq. (AS.17)

<Zaom>2

2 i 1

&) = - K a(g) (1 + *{F/0y ! *

var( &) zp e)> a (/D) . (F /D)
(A5.25)
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It 1= .f note tnat when ('/D) > 1, g. (A3.25) reduces

to tue e uution

var(o) = Zﬁ <o‘(a)>2 : (25.26)

The form of t.e seccnd teru in ..g. (A5.25) is deterii .ed
by the fi.ct that the different .artlal channele have the u..ce
raidon set .f compound system levels. ..o tne nu ier of
chassnels iucreases, tils term becomes of i.creasiu, importance

bec..se Af the ruwber of cuwiicls 18 :y, then

<ZB ¢ (g) >i
ZB <<:r (s)>2

= n . ‘15047)

A5.4 ne ucrnergl Compound Sygten

In this section trie formalism [ tiv previous section
1s extended to 1 c..de compound nucleus levels of different

quattul nuzbers J,w.

Sor this case

- 1LG -
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¢ = }:M o (8Jw)

‘1(’{f) aJ*(ﬁJr)

*(Jw))

ZZ’ g(J) ZE:
Jp (BB, (J3)) (£

>
P e _é‘ L
g. r oA TR e e PO R .

= e (A5.28)

J

whiere: E: (Jw) = the complex energy of tine compound
nucleus state 1 with quantum numbers J and w; the ldentifica-
tion subsoripts . ' have beer omitted from the coefficlents
a (piw).
Pron kq. (A5.28)

2
Cod> = 2 g B9 W0

J P
‘1(“') &J*(Nﬂ‘) “(5"]0’4) "n*(ﬁ"‘; tyt)
< 2y (BBy (30 ) (im0 (oI 00 )) (omi 3 ))

(A5.29)

The evaluation of terms for which (J'sJ, w'mg) 1s iderntical
to the case eonsidered in the previous section. ZPor the

terms in wcich one or both pairs of suffixes (J,i'), (w,u')
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differ, the ouly ti&nltipant sleaents in the (i)mn) summation

correspond to (imj, men), [lie sus value of these elements
is given Yy

168,10 2
£)gle ) <z |at(6uw)| I:,,ff_a v )L
| imity (S| 2 | BeB_(Jw)| ‘

s« o) > e(pitat) > . (A5430)

Ihis last result follows Af it ig assumed that there is

gero oorrelation catween the poles for levels of different

quantum nusbers J,w,

The average squared oross-section may be written

2
(@) = ZJ.,.a. <o (pdn) > < elpu'e')) (AS431)
Jwp

and so using “qs. (A5.31), (A5.30), (25.25) it iq. (A5.3)

N2 |
varlo) = ;% {own)” ae b rrrmymmy !

JZ' < ; a(.eJer)>2 / (T (Cw)/o(dm)

(A5432)

Cin R
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A5.5 Scattering to Several Besidual States

The cross-section for a reaction involving several

residual states a, 1s glven by

o = Z O'(G.an,ﬁJw)

= :2: 2(9) ZE;J a, (cap,pdw) aj*(aaﬁpBJﬂ) o
ngJiw (E-E4) (E-Ej* ) (A5.33)

By using simllar metheds to those used in the previous

sections, the variance of the cross-section in this case is

given by

( = ( J >2 (1 + = )
ver(e) = 2 o (eap,pim 7 T (9m)/D(3m))

+ JZ,T: < g G‘(c..o,n,BJ'lr)>2 / (o[ (Jw)/D(dw) ).

(A5.34)
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APPLNDIX 6

VASIANCE OF THE LiGENDLE CUEFFICILATS

A6.1.§otgt;og

If the angular distribution for a reaction between the

states a and a' is expanded in the form

do (o | a') 4
— ZL By (ala') P (cos ) (A6.1)

then in the notation of Section A.5.1 the BL coefficients
may be expressed (Feshbach, 1960) in terms of the scattering

L d

matrix in the following way :

!
2 (*1)8 =8 - - '
Blefet) = % z(21+1)(21+1) Uty b, Jpi8L) Z(1y T, 050,58 1)

* '
» Be (ST(alys|attis! | Iym) S(at,e [atlis! [ 7))
A6.2)

where: the sum extends over all possible combinations of

)
?.-‘
Y
L
i



A6.2

the quantum numbers (!1'22’ei’eé’s’s"Jl’Jz’ﬂi'ﬂé); the Z

coefficients, in terms of the Racah and Clebsch-Gordan

coefficients, are defined by

Z(LJ 0,0,580) = [ (209+1)(237+1) (22,+1) (2J,+1) ]
. (Blezool LO) w(elJlesz;sL).

To later simplify the notation, a coefficlient w is

introduced by the equation

g8'a8 = . ] ceal
w(ﬁlJl,ﬁsz,L) = (-1) Z(0,3,0,d,;8L) E(aiJlesz,s L)

un/ (209 #1) (2T5+1)

where: B. = (Qfs,!{,s').

1

It is assumed, as in Appendix 5, that the scattering
matrix may be decomposed into two components - one associated
with a compound nucleus mechanism and the other with a
direct reaction mechanism. For simplicity this latter

component will be taken as zero, and so
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slals|utitgt]Je) = ZZ, & ypdwr)
4 (EEy)

- Zx b, (aa ! pJw) (4643)

wiere: the sum i is over compound states of given J and w;

B = (ly8,0',8'); the last step in the equation defines b,
In the succeeding sections the idertification labels

. and ¢' will be omitted from the b coefficients,

A6.2 Compound Systes of ng;rictag_ggggggg_ggmberg

In this section the formalism is restricted to the case
where all the compound rnucleus levels have the same values
of the gquantuz numbers J and ».

he variance of tne U; ocoefflolent 1s glven by

var(B)) = < (B - < u > )% >

L.
)
N

where: the angle brackets denote an average over ¢.ergy.

From qu.‘(Aé.Z). {A0.3)
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52 ] - 1 i 2
< LL(ulm ) >J'> f';z; 8o ”‘51'32") w(ﬁi.ﬁé.u)(2J+l)
172%1¥2

‘{zuu(bi(ﬁl)bj‘az)*bj(ﬂg)bi‘(ﬂl) )(o, (B1IB2(B3) +b () bE(: 1) )]

(115606)
whnere: the quartum numbers J and v have been omitted from

the w and b coefficients, since, witnin tne summation, thre

. . 2
values of J and v are fixed; tne factor (32/ \2i+l)(21+1))
has been absorbed intc the b soefficienss,

<he expression in gjuare brackets irn the above equation

Bay be ex,anded as
[ Z“M by (B))03(B,)b (31 )b%(83)

+ Z“m by (£1)B3(B,) b, (84)%(p1)
+ Zu-n by (82)b] (B1) b, (8])b2(83)

* EEIJ by(B2)bf ()b, (84)0g(8y) ]

For similar reasons ;iver ir -ection AS5.2, only the following



AGe.S

combinations of ehannels will give any siganificant condri-
bution te the above expression:

(a) By = Byi ai = 8y By * b:
(b) By = 84i B, = B3 N £ s,
(o) py=#3  Bp=8l B 7 ;2
(d) B, = Py = B1 = &)

1f, for these different possibilities, the expreesion in
square brackets is evaluated by a method similar to that used
i: the evaluation of iy. (aS.4)y then .qe LAG.2) becomes

g

2 :Jl - o ' v
< BL(“'H.) >Jv = Q+7F (Jt)/D(Jﬂ)) g- (““f*ﬁ'v—') Ww(B'ei'yo)

e Wl(Byit,l)) < alp) > < alp*) >>
2

BEE  ;
ey 2 Z oz(bohh) < &) >

P
(A6.7)
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‘he square of the averaged BL(ula') coefficient may
be written

2 2
v /

p

S D, eBeain(s 8tk C1E)> C o131

{ i’iﬁioa)
Using tqs. (A6.8), (A6e7) im iLge (40.5)

2
var(s (o[- "), = Za @2 (BuBal) < 6(p)

e D [ aBpeptei) < atp) > <a(a'>>)
as'< ot BAs "

1l ' . 2, oy 1
) o LAJw) [ 2;4 ( (wBoBol) wl@'yitel) + @ (igi'yl))
D (Jw)
2 |.
. (op)> <c(&~’)>> v 2 0 w(Bep'el) <6 (8) ) ] :
/ phg* B

(A6.9)
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This equation reduces to :q. (A3.17) for the coefficient
Bg(. |«'), as 18 should, since this ocoeffiesient is proportional

to the total cross-sestion.

A6.3 Ihe General Case

In this section the formalism of the previous section
is extended to include compouﬁh nucleus levels of all J and
¥ values,

iz thie case, the sum in Bq. (A6,6) must extend over

For those combinations iam whioh J; = J2 = Ji = Jéﬁ and

Wy = iy = 1i = sé the evaluation ¢f the corresponding

term in -g. (A6.6) is the same as in the previous section;

the total sum of these combinations 13 therefore equal to

1l
Z (1 + pur (JrﬁD(J;)’) [25:' <(u(aJ.sJ.L)u(a'J,fs'J,L)wz(aa.ﬁ'J.L))

s (o (pdw)> < F(p'dm) >ﬁ

2
+ 2 2: uz(aJ,ﬁJ,L) « < & (pdw) > .
r (A6,10)
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For coxbindtions in whicr the angular sementa or
parities differ, only those which obey the following relations
will give any signifiosnd oonsridution to Eq. (46.6):

(a) o = o ci = eé; oy # ci
(b) o = o}; o = 63; 01 % 6o
(o) - 01 = 0;; 6y = o] ‘ olaf o,

where: 6 = (Bydo®.
tvaluation of these terms gives
Z ('(OI'GI'L)‘(.:.'Q'L’ < ﬂ‘z) > < ﬂ.g) g )

0102 01 hz

. | L L) < > < b )
‘%’ <l(‘1|03a ,)ﬂ(ﬁzoﬂlc ) #le;) “.3) °1hz

{A6,11)
where: the sum over ¢ isplies the sum over B, J and =,

The square of the averaged Br(s|c') coefficlent may
be written

< DL(“'“') >z - Z ﬂ“lgclgl-)ﬂ‘czg.z.&)
e bt |

e < €log) >< FHoy) > . (46,12)

«160‘



A6.9

Using Eqs. (46,12), (A6.11),(A6.10) in iq. (A6.5) _ives

2
var(BL(c|o,')) = BZJ wz(BJ,BJ,L) < o (pim) ?
m

+ z (wz(BJaB'J,L) < opdm) > < o(p'dm) > )
Jupg ! B#R !

ﬁh‘ @

 BEpec’

+ Z,J (wz(B'J',BJ,L)  &(pdm) > < G(ﬁ'J"rr')))
ﬂ’ L

gYJ'w Jurkd '

(Jm)/D(JIw)

Z ( ! ) Z ((m(eJ,aJ,L)w(B'J,a'J,L)wz(ﬁJ,p'J,L))
wl
Jw i BB

' 2
« £ o (pdu) > < alp'dw) >) + 2 Z wz(ﬂJ,BJ.L) Co(pdw))>
1 P

(A6.13)
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Cabuba IR OR THE TOPAL wIoih [ (Jda) 2,

A7.l

With the proton erergies used in this experiment the
average excitation energy of the compound nucleus (#29)
wag about 16 ineV; the statistical model of decay (zrilesoun,
196U, is therefore expected to ive a falr repjresecntation of
the averuge total width < ["p{Jw) ) (Gadioli et al., 1906).

ihis wodel glves the widti: as

J
(T (Ja))d - < Belin))> Z w( 0 Ju) w(E:)T!(ur)azr
B 2”’ re
(a7.1)
J+! S544]
where: W Jw) = ‘zz :E: f{jm).

stmfdat]  Ju5te]

In #q. (A7.1), r denotes a particular decay mode, e.g.,

Ps Ha“;' p 13 the average total dernsity of levels for the
residual nucleus at excitation energy Lgi; f(Ja) ie the spin
distribution function for the residual nucleus; T,(L.) is

the traunsi:ission coeffiecient for an emitted particle of

- 162 -



!iT. é

8pin I, decaying from the sospound nucleus state Jw, wit:
Orbital sngular mesentus ! and energy .

The parsseter distributior functicos for tiv residual
nusleus 5478 are discussed 1n the following seotion,

A702 .."' . 8

Bethe (1936, 1937), in his original work in ealoulating
level densities, considered 8 nucleus as & z8s of two types
of fermions; ke dencnstrated trat this resulted in the level
deusity aprroxizately varying as exp( (GE)& ). At low
excitation energies, however, there is significant deviation
from this behaviour; it has been noted (Ericson, 1959;
Gilbert ard Cameror, 1968: Gilbert et al,, 1945) that a
linear expenential ~ives & better regresentation fur tnis
ensrgy region. 1In faot, if the logaritia of tne ausber of
observed levels up to & gertas: energy is .iu.ted agalingt
a linear eneérgy scale, the: {or nany lig.i elements the
resulti'g curve 1s linear over tsn ur Gore PaVe  lhilr Buggests

the relation

B e m[ (LKG)/TJ (&7.2)

woere: B = puscer of ievels Qacurring up o am exci:ation

- 16} -
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snergy a; bors are constants,

&8 high éxcit. ¢l uitti'wles Lhe ex.crlaental vRl.ce
begin 0 {.ll beluw this ourve; this ie probacly pariislly
due to levels being missed ex.erinentally (.:luert ot al,,
15.5) and .artly :. & real devi.tlon {rou tne linear
relaetion - a result not urnexpected sirce all tieurles . lve
the hi:, enery s variation as exp((aﬁ)%}. The [iestios of
“ oz @X0italion eiersy abt whlch t g twe forsulae aro0taly
JO4n ras bevs diccussed by Glivert and Cameron {1y,

ihe wriegson vlot for tag GUGL L ﬁiga is 2hiomn L.,
“Lie d7el; the luveis have veey taken frow & regent Burvey
by Endt sni Vas er Leun (167, %Tie vest stocight lice

Lircugh tro plotted woints rasg tns Pjuation

“(E) = exp ( *3”33;‘5 ) (47.3)

l I - .; &, .

and so  plk, w Ao (maZasy Lo
2‘} 2,)

Gilbert and Cameron (1945) quote o value of 1: ¥ev rop
Lie range of valicity of ‘g, {i7.3), and e {1 w.g assuued
that tre equatio: was vali: over the SNOrgY range consilered

in these oalculationg,
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The level 8.1 dietribation nas Leey Co. slduwrci bY
wrrioson {(1963); he eoncl .e. tast e e . by 7 .uvels of
slven J, 2(5,J), .8 reigted *o Lre te..] .evel derriby

pE) Wy

Bl 2d) = 5% iﬁ? oxp ((a+)2/2 £) . \&T.5)

[rere are two difficuitles 1u usdng tnis fom ila. In the
first _isce it is based on - very caeral notizi of purdon
oouysling o7 o arn uler rdmger La Of $r..ivicia! nucleons

con rislng the nucleug; « .l e this iz erpucle. to ¢ &
good model at high exoliamticon energles, it 1e ¢ v LO ztLe
doubt ir. Lle lower regloas, since nere the uclevnt worald
be more currelated, {(U.fortunately for the calvilelion of
( /D) knowledge .0 twne s, da wi:tribution in 3128 was
ranuired over tihe ..i0le escitalio. runge from o Lo 1L feV,.)
Tne gecond JifflCuiuy is Lhe uncortedily 1o tae spida

p ot aetar O Sxpevriccsntel weloir i Bion ks swhe ron Luwo
gourona Glrest oussrvation, .t deterulastlon of lsouneriec
crogg-eect .c:. ratios. ..Aibdon (1957, +Y9i) aelerw. 1ed the
gpias oI soveral buwiréd 1'esefu/ueE CuBervel 1. neutron

scuttering from fw aad Al, el Fouad tuat o Vuiue of @
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1

Trone 1.8 to 2.2 provided tre beat it to vhe data, it
nas been showm (iulieags end Vandenboson, 19¢.; -e.nal, 19u2;
~elsGh, 1%8)) that inforiution on O oan le vihLelired frow
the rallos of r=.clion orusseseccicus leauing to diflerent
fecvers of t.c final muclous; noaevoer, (e & wrisesntal
rezulis tend to give usreliutic vaiues of & Yscsuse of <iier
influences on L@ ratio, but svme l.es of the trenu of
with . 18 (iusived: @ lucreases in o genersl way wiln .,
Delng ar.uwild 2 for & = 2 ww 3 f.r A w =

e values of tha syl arumelers guoted Ly GLltert
v vameron (17C5), for tue ufe reglom L.ruoutil g o1
ars never greater t .n 2.05, and #u for t.uu regsenl Cullus

°8
1ations tne spin aroometer of &0

was takoen to be ciween
2o and 2..5,

e questlon of narity distridbut:ion amongst lre
cuolear levels nas been ocanitored by ricaoa (1964} who
S0 ule8 thoat at hich envath exgiiatlion energles, 8.:-ui-~
tisily 1. the rapion of the moutron oF . roton Lniing
ener, ies, . ere is equal . robabllity oI «i.iu sarity, but

deviaetiong fr a thls ~eraviour are rot unexpected gt lower

erergies,

A7.3 GRLz latden of tne me'ivs: & [\ewifufsti L

In the use of ¥, (AT7.1) it wae agsumed L0 CL.p0uUd

oo
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piuGleus 29 could wrly uecay by protou enissien. i 1uci,

&t tre ener ies coLsldeitu, Lie w-purtlicie Cusonel 18 just
Opan, wvuil .uli, lu btie groally reduced penetration faetors
12 cow, :rison with protouw smission, its influence on tne
average .iuta is lihel, Lo e small, ™e interruls .cu.orlog
1. %9, (L7.1) were cuiculated wit: transuission esciiiciente
TB(L; interpolated from those deternined by Meldner und

~inde: (1904), ¥10 used the ;-

reralised optic=l -otentlal
coeffiglents of Ferey (1963); the leval density p was tuker
a8 re, <cented by 3. (A7./.!. The caiculation was carried
out for a conmpound nuecleus energy of 16 KeV, whlc: Correse
ponded to the mid-energy of the exgerimentsl rarnge. The
calculated vaiues of tre integrslg are tubulated in .ab,
47.1, (see end of Appendix).

he factore Qe & were corputed for two vl cocs of the
.

28 cipia purneter ¢ = 2,0 and 2.79. Tres: lactors are

51
talal=ated in Jr:. AT7.2; the factors correspond to cuapound
~tutes -f elthoer parity si.ce Licy were calculaleu by
essuming un equal <istribution of parity amon ot “ie levels
of Miza.

The vilves of ( M{(Jw,/ 2MJdn)), cnloulited with the

-

ihfﬁ!‘ﬁ:&ti@ﬁ 11"‘ I&bg. A?ol, :“»4’.2, arce 8 AL 1{'. Fi,&;. j".7,3;
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aleo glotted it2 ihis flzure are tho valuos curiespondds o
to arn 1afinite gpin juruieter - = value whilohn Lag uen L9l
»J several guthora singe it leads tu 2 lioear detade e

between (" (Jw)/o(dw)) niu J, Tor §in this case

and 8o
C T{dui

e e 00 (20915, {470}
<oidws 2
Proag Plg., A7.3 it i3 evident tvuat wge. (AT7.L7 18 a poor
approxi=ation fopr Lthe eon, oumd rucleus z;9; L& Sluation
is sxpected to be nore volld {or heavier nuclel.

15 thess calroylations of ( M{Ja)/ " (Jw)) Lt svas
congid el that tre wsin uncertalnties in SLo valies were
caused by irconjete kaowledse of tie g irn neramstor ©
and the ;arity dlstribction .0 t:e levils in 313&. v Bl
now the values ware [fectal Ly tne o by 2ialriovaition,
the ratics were recaloulauted wil Lo aB2.3 1o Jhet Lie
residusl levels were only of cositiva par.by) the res.lting
velues &8re showa 11 47, AT. . <8 A8 T. W@ note. that i
twls cas: the ratle ( M{Jw)/Lida)) depsuds .0 the pariiy

of tie Couapthid state, Lub Ltie siapes i Lo fwo uurves for
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eitler Jarii; are .ile si.ilar, ad ti.o wVeorage of the
two o..ves 38 ddeatical by tie curve of clge Te3 = & Tuob
winloh ¢an ¢ ungeretuvd fron Lie ass.Clated augl.ur
wolent . aduition equations,

Tiue Pelanive ue .euderoe of | M{vw)/ul(dw;) witn respect
to J was cuncluded to Le @:milar tou the curves [ ¥ige AveJ;
t:e absolute norcalisations of the - tlos, howavaer, were

re:arded as scmewrat wicsrteln,
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.L*t&.:?:..a-é Aki ’;

SR

G - urEK(E)p(E)QE

0 0 1l 2 3
C‘r2 16.0 15.5 8.2 1.2
QE (8128, spin parameter = 2,0).
Ju
, 1/2 3/ 5/2 1/2 9/2
0 0,210 0.285% 04230 0.137 0.057
1 0.495 0.72% Ue652 Cli2y 0.194
2 U515 0,862 V.919 U710 Velilly
3 0367 C.709 0,919 0.919 Ue U9
2 28
1Jg (8% ", spin parameter = 2,29)
; 1/2 32 5/2 1/2 9/2
S ve165 Se 2§ . o238 Velbl £.082
1 Velidlly 0.652 Vo651 04484 0.246
2 0487 0.816 0,898 G.73) Col4BlL
3 U402 0,733 ¢.898 G.898 0.733
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APP:sYEBIY 8

The ansuler ¢istribotions determinsd in ihe courss of
this exveriment are displeyed in the fuures of t:is spandiXe
All the snyuler ¢igtributions, -» :;t thosS COXTele~
pond ing to the elastis scatterins reaction, sre tlotied on
a linear scale} ths elastie scattering ~newler dictriruticng

ere Flotied on s lozerpittmic seale, ~hw imeident preton
energy (8) at which esch sngulsr €istridetion vas measured
is zivem, im oV, on manh ~TADI,

The rethod of determiyin. the sbsolute diflerentinl
erosg=neotion scscveiated » it amy plotled oint v Geserited
{n Seetion L. the nowm.»lisstion eonstent (B} is =ives. om
engh Tspi:. Tt shewld be yoted, howsver, that » norrole
1sation eonstants 2ypesrime (o T13. ~S.2y 5,10 should
tiret be mmltiplise hy = factor of 10 hefore tiwy are used 1in
2ge (Lel) to eslculate 2 difrerent 18l srope-sectior, and in
using this equstica to caloulste aa elastic moaibsrin: 6. fer=
ential eross—sestion the sntisle;urithm of ;. (Szse 10) ahould
be used,
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AB,.2

Angular distributions of the prote£4yxcxd from

the reastion 51%%(p,p)si®® (&' = 0.0 Hev).

Figa 48,1
(see rollowing figure)

A S

TIn this appendix 4 denotes the éxcitation energy of

the resldual nucleus 5128.
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AB8.3

Angular distridutions of the proton yield from
the reasction 3128(9.5')5128 (XK = 1,77 Hev),

FARs AB.2
{(see following figure)
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AB.ly

Angular distridbutions of the proton yleld from

- E 3
the reagtion Siza(p.p‘)sizs (A = 4L.561 KeV),

Pige AB.3

(see following figure)
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A8,5

Angular distributions of the proton yleld from
the resstion 31”0.?')3128 (Q = 4,97 RevV),

EAga ASLl4
(seoe following figure)
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A8.6

Angular distributions of the proton yleld from
¢ _ .
the reaction sxza(p.p‘)3123 (Q = 6,27 HeV),

Pig, A8.3
(see following figure)
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A8.7

Angular distridutions for the sum of the protea
yields from the resstions

28 .t 28* .

S (pyp')as (4 = 6,88 HeV).

EAK. AB.6
(see following figure)
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A8,.8

Angular digstributicas for the sum of the proton

yields from the resctions
28, _,\c.28"
817 (pep')St (Q = 7,38 ReV),
stzs(p.v‘)ai“ (Q = T.41 KeV),

VP N A
(see following pege)
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A8.9

Angular distributions of the proton yleld from
. e
the resstion 5128(p,p')51%8  (Q « 7.80 nev).

Pigs A8.8
(soe following figure)
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AB.1o

Angular distributions of the proton yleld from
o *
the reaotion ﬁl“d(p.p')5128 (¢ = 7.93 FeV),

Pilg, £8,9
(see following figure)
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A8.11

Angular distributions for the sum of the protoa

e
yields from the resactions slza(p.p')szza in whioh
the residmsl nueleus is 1eft with an exeitation

energy greater than 7.93 HeV,

EAta 48210
(ses following page)
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