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ABSTfiACT

Angular distributions were determined for inelastic
28 proton scattering to ten residual states in Si .

Measurements were carried out at 100 KeV steps in the 
incident energy range of 12 to 15 $eV. Since 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, The Van de Graaff accelerators of the University 
of Oxford were used for the experiment. The analysis of 
the 1000 proton spectra recorded In the course of the 
experiment was performed entirely by computers.

It was found that the angular distributions change 
rapidly with Incident proton energy, and that the reaction 
excitation functions exhibit structure of the intermediate 
type* Cross-correlation analysis revealed that there 
ie significant correlation between the structures associated 
with the different reaction excitation functions*

The experimental data were compared with the predictions 
of the doorway state theory of intermediate structure. 
It was found that both the characteristics of the



intermediate structure in the excitation function* 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 statistical theory of nuclear reactions* 
It was found that the experimental values of the mean 
squared deviation of the cross-sections associated 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 observed intermediate structure.
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1.1

Jlarkins aM Gan» (1934)§ foil owing the work of tfott 

f^aaeey in their ^tudy 0f eleetron >oatterin^9 proposed 

a sisll&r sodel for nualeon scattering from nuclei, J!owe*-sr t 

experl0«nts perf onsed shortly after showed complete dle*» 

agreement with this model (Tlllaan and xoon, 1935; ^silardt 

1935; Fermi and A:?jddl t 1^35; W>t9&h et al.» l$36j Haitian 

and frelswerk, 193^5 Ounniug;, 1935) J instead of the predicted 

slow energy variation af eross-seetlon t rapid variations la 

the form of narrow reactances were observed, Xo undei-Btafsd 

these observation, iJofer d9J6 t 1937) proposed that the 

nueleori-nueleon internet Ion was not weak, &s harking had 

assumed, tout instead wan strong eROu^h for the energy of 

the incident rmcleon to be quickly distributed amongst the 

target nucleons; tlnce »«ar5y decrees of freedom were involved* 

rapid energy vari At ions of eross-seo lions were to be 

expected. TV is ^odel, which beoame known as t>ie coaspound 

nucleus ^odelf was farther cortsider^d &y *ireit (193^) and

- 1 -



1.2

found its mathematical expression in the work of several 

authors (Kapur and Peierls, 1938; Wigner, 1946; Wigner and 

Eisenbud, 1947). The model was extended by Feshbach et al. 

(1947i 1949) to the high energy regions where the number of 

resonances becomes so great that strong overlapping occurs 

between them; for this reason it was only possible to consider 

the energy variations of averaged cross-sections; the model 

became known as the continuum model. This model gave 

reasonable agreement with observations in the energy region 

12 to 2i| MeV; however, when applied to 90 FieV scattering 

experiments (Cook and Macraillan, 1949) a difficulty arose in 

that it predicted nuclear radii smaller than those calculated 

from the intermediate energy experiments. Further indications 

of the inadequateness of the continuum theory became obvious 

when scattering experiments (Fields, 1947; Miller et al., 

1952) were performed in the energy region 1 to 3 MeV; instead 

of the predicted monotonic decrease of cross-section with 

energy, broad variations were observed. To explain these 

observations it was proposed (Weisskopf, 1952; Feshbach et 

al., 1953) that the nucleon-nucleon interaction was not so 

strong as originally thought, but instead somewhere inter­ 

mediate between this and a weak non-local potential. 

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

- 2 -



1.3

and Peshtoeeh et al. f U95U) considered and developed a 

aiodel in which the incident particle and target nucleus 

interacted through a complex ron-lo**! potential; it was 

shown that this i.;odel was in reasonable a^ree^ent witr, the 

experimental observations in the energy region 1 to 3 

This raodel, although somewhat controversial, was l 

wit the B^-irit of the shell iwodel of Hayer (1949, 

and Haxsl et ai. § (1949, 195-;.

Further evidenoe» that the incident ^mptiole did 

necessarily share its energy a::o,»^st all the tai^et ;iuclcoriS» 

came to li^iit when Butler (1>51) fourid it was possible to 

explain the forward angle peaking in td,a) reactiorys by the 

ass-v..,, tion that the incident ^article i.-a^i-ucted o.»ily with 

a few liucleons in the nuclear sarfoce; similar coiidusioas 

were arrive., at fcy ^oHanus and C.^arp ll->52) and aastarn et 

al» t (1953) studying (p»n) and (p tp) reactions. l--.eaotions 

of thie type r^aoaae known as direct reactions*

That tiie stror^ lateraotion and co.,:.;:lex ^ote-itiaJ 

^.xieia wen? interrelated rather than ooutradiotppy was 

demonstrated by the work of l?eshbach et a. f (1933), with 

later extension 'v Wi»;i-:er (Iy5^)f .^cott (195W and I^ne et al., 

(l'/55)» '-ihe Intoraci-ioii vrais cor.ai.^red to uo composed of 

two parts: an a?@ra&© jro<-i-•Cxil ^oteatial, pryu^eln^ a

- 3 -



aiaooth variation cf tho cre00*a0etioii0 9

Iat0ra©tl0r. union e&u0*a 0hm*p variations in &h*
section* by o?to:\tin^ u,« ifttorsal dagr**0 of freedom of the
targot nuoleua* inirth«r u ain*«tA*KUn$ cf th*
aotioa in i aceldar matter Ofl^e froia %h« wor«£ of
•t A!., (195Ui 1954i 19551
thmt «V<»u though th«

in n rmoleus ?»ad sillier prop*rtl0* to a 
owing to the »^vert^ rei-itriction« 
0ring by th* rauli ^xclvjeion ,.'ri

work wao furti^r «x termed (Ura«okaer *t al« 9 1959 L) t:-o
oase of n/i ur.iH?u?3<l liuel^on In nuoliNir matter a.? 4 ai^ln tf*@
similarity to a free particle $*mn

a 0idilAr approeo^ to that of

^c eonplax

miol«on auff«»r«d a h&rti oolllsion (i«0* 9 
in utiioh 0«0r®r 10 0ixotauig*d) • H« furtjior 
r@ ;^*t 0t0^<0 to the reaotior f to ^ic.i 

tor«0 alternativ^a: (a) 0130 or both collie ion



could woap* fro;;, t e m*»l*ar Interior, (to) th*

ooulcl &»0*y back to the €t£*t***ise* eh**i*M&l &«d (•) oa© 0r 

both aalliaion partial** c ,,,.-. Id uodonjo fttrtit*r

I® the spirit &f U»***

for «X«QI^« ujr^ttt futelftftr
by an idtal Forial ^a«» trm author was at?l« to 
raXmtive probak>llitie0 for i&*»« 

Tn« firet few® fegshanlssre iyr® cio&^Ljr fti&ilar ta tbo 
reaction ia*<wiiyii*fia ccmudor*d fe^y r,.,tl«r *t ai», 
last providaa tii* puaeibility of forrlag more 

0tAt»a and uXtifiateljr t:,e aoffipound nu«l«u«. It wms still 
poeslblo, of ouurse, for t"i0 i^cidont .article to travel 

through t«« m*eleu« witnout euff«rli%; a nard collision. 

.> in liar ttrgummtii abO'.n tii^ *equ^'--tial d^vftlo'pr^eat of a

rsaotion t*«f« b^Min ^ive.; in raoiae pie tor3.nl terma by

variation of oroes-.8cctio?Js ut low 

1 to 3 i-.«v f wiire «xploiri^i (7er*:beoii <»t ol« y 1 

•t «l*t 1954) i?i t«rtus of tn« optlo^l ^od«tl as 

to t:.@ i;;cidarit ^^rticle res^r^atii^; 1m 

aad 0g» ^im« l<a® %i^^;ia2^Ki \-.^&.ifir ar rot 

nould ro«alt

* 5 »
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particles e rented In fche seco:id r motion stage. (For a 

i^er^l is&s ffiese particles are the l.neideet and struok 

part iciest and the hole left be; lad In the gas; this as sen* 

bldkge of particles 10 hereafter referred to as a 2p-lh 

state.) These i3eas wer further developed by Eodberg (1961) 

who observed that variations In oros»-@«Jtlo«« ooulji also 

oocur as a result of an Interfer^noe of the 2p-lh states 

wit , thu dlreot nave amplitude* A sletilar sltuatlonv In 

atoalo phyeicc, has been studied by Fa&o (If 61) with the 

QOiKiluslons tnat the Ir.terfareneo between a discrete state » 

In which 00 oiie particle has sufficient e i^r^y to escape, 

and the contlnutum states gives rise to aharacterlstle 

asymmetrical peaks in the cross -sect Ion exoltation fuaction«» 

and *;' at the ratio k of the actual transition probability 

to the probability of transition to the unperturbed oontlnuua 

(i.e., abse.'ioe af the dlset^ete -tate) can De represented

by

2 / (1 * e2 ) (I.I)

where: q <* coupling con,ita«;t ^tweea t^e disc rate and the 

continuum; e * 2(^ * %>)/P 9 la which % * energy of the 

discrete state add P Is trie esoape width .

- 6 -



1.7

For large valuta of \, thie farction varies rapidly 

ir» the energy region £ &*> •,,•,. The aat hematic,-*! structure 

for the nuclear situation is qrate similar to this atomic 

case, since far both the interaction of the incident partible 

wit.i the target Is considered to *oe co?s-o®e4 of an averse 

nor—local potential ..tod a resides! Interaction, In general 

It w aid r^« expected that th-ar secorvi stage ir* the ^ev©lop:timt 

of a n* lear reaction wnla produce the greatest interference 

with the lireet reaction amplitude, eioce? the later 

b^in^ *5OPe complex in confi^uratrici: 9 would i*4ive 

coupling ooniitanta q*

1.3 y^f a3rtrre,aa^.h gypKH|t.lQ» ^M ttif Kir_si| ^ea^tion

It was well kna^n that the avara^o variation of 

low energy str^figtli fiiaction for aiffercnt alfeiasate originated 

from t?i@ interaction or the lucidmit particle with the 

nuclear complex potential, and no it was ^u^^nted io; Bio ok 

(1963) that the fluctuation of the strength furiotiou about 

the average resulted from the next reaction «tage 2p«lh 

interacting with the complex t tial; pursuing these ideas 

he derived the following expression for th$ S wave naatron 

strength function

- 7 *
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< r > • aw <DV A ) |< y I v X >g» ^_^a a a ft *»

(1.2)

+
where: X » incident channel *&ve function; «*

wave function of a 2p~lh state of energy width A ; 

Dj. m average ar>ergy spacing of the compound states which

can lie created through the state ^ ; V^ « residual inter. 

action.

This formula can b© under **tood by an ©rguiaent put forward
2

by eiBskopf. The number | < f a V,. | X* > I «ay ue

inten>reted a® the trantitio** probability of the 2p«lh state 

decaying back to the Ip «tate X "^t arsd therefore the average 

"idth of a oonpound «--tote is e,r*yecte<i to equal tills probability 

nultiplied by a factor which detereizmi the probability tliat

the 2p-lh state Is realised In the compound state* Supper© 

there is or.ly on© state ^ within mm energy interval of

order A » then in ttUs case only one teru need be considered 

in the 0iuBRatlon« and therefor© the period of saotior* of u;e 

compound state (Sreit, 1959) becomes V^a; sitiC« tivt life 

of the i*p-lh configuration la ti/A n the relative probability 

of -^ n in the oG»potttui etatc diait be about U|i/A a* 

Inherent li: thli arguiwerit is the assumption that decay and 

format ion uf t>ie compound BU te® car* ocily occur via the
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2p*lh rtates; this is true if V^ is composed of two»p»rtio.L« 

Interactions (Peshtiaeh, 1958, 1962} which ee«as in fact to 

be the case in view f the success of energy level oalou~ 

latior.s using this intormotioa (GoldhasaBer* 1963). 

Successive applications of this two body operator to the 

wave function of the entrance channel will produce &ore and 

more complicated configurations (i.e., 2p~lh| 3p»2lr, f 

l*P»^i arid EO on) until finally the compound nucleus ie 

formed. It 1« therefore beo^use the 2p-lh state fon»« tne 

estrar.ce ts» this * alleyway* that it has beer; termed th 

"doorwa/ state*.

Using ^iRilar argameats t Shakin (19&3) 

detaile4 evaluation of the strr^th functions for t ie isotopes 

of lead and tln t ana obtained reasonable agreement with 

experiaer.t* ?-'i* .so»t important finding fro® tnis K-?rK was 

the appreciation ti^at a small ener&y width associated with 

a cross-sect!on resc^anoe did aot necessarily iuply the 

formation of & complicated compound state t because 

that it vkuc j^T»3ible f^r t-e ^^trix fcie;»€u*t& 

the transitioa Ip to xp-lh to vaai@h u.Al@r ^-. taiu oirous- 

sti^aoes, wit'-i tr^ r^-jtlt c. at t..u widtii of ti.a i'-r .-atiori of 

a cc-fflpoufcj. stat^.- was amsJ,!, bei^ -.i^tei^ified onl^ b^ higher 

order effects*

- 9 -



1.1C

1 • k The J3p_qrway__State jir • d_ i.K:.t Nuclei

Lemmer and Shakin (196U) studied the elastic 

scattering of neutrons froi.: N ^ by a r.-.ethoa. similar to 

that used in Shakin's earlier calculations, and they were 

auit to obtain good agreement with experiment by assuming

the compound state was no more complicated than the doorway
i 

state. The target was considered as a p^ hole relative to
16 the c"1" core, ana the compound states as particle-nole

configurations. The calculation included energies up to 

10 iiev an a t,ave resonance widths from U.6 KeV to 8Cu KeV. 

Similar calculations have been carried out for the reactions 

C 12 (n,n)o1 and G1 ^(p,p/)C i ^ (Lovas, 1966; Pfitner and 

.:iedel, 1964) • In the first of these calculations the 

author assumed the compound states were again no more 

complicated than the 2p-lh configurations; tne second 

calculation was restricted to low enough energies to be

able to assume trie comoounu states were formed only by
12excitation oi trje neutron outside the J core, onu there­ 

fore, in diagrammatic form, tne reaction possibilities are :

•——•——— I/ // /////vl

\r7/ . / ^A



i.u

If th* f»»**ti@j5 followed the ttqtttne* a to e to 4» th**i tt 
would $0 tnrox^h «n int*rt$*dl*t* or disarttsi t tat#» 
on first »<*%•£ fcgr lodl»**g U96D* »tra**g 
would bs «xp**t»ft! if the ruction prc^ssdsd a to b to dt 
the oross^ssotioa voriatior^t iro%il4 not ft* so 
the lntsna*dlmt« syetso wouOd be ur.bouM arid

to 
' 

war**

short 

particular

aseumlag

it lias also basii 
cfrosa-eoctione

the a^iapotfiid stmtss

Soott

It has beer.

th© reaction jc»eehaiil«m

fnm th€

t!';an ono <^r two 

attempt ^reoisc 
moabtr of d«gr0ns ef 

or nith

nuclei is p«u*tIouI&rXy sii^ls,
It

and f ir tnis rtwwson it Is

no 

to
in tr.osj^ oa«ss 
Is Isw; ho«Krr«r| at 

the rubber rapidly

lo&$*r possible to att^apt

atffiualty

- 11 -



1.12

in tne of witn -a
inter motion; at <i,ow «u;0rv,iet'. only a fe^ out*?** *:K»UL ;;**•>, toiec 
arc ifcvcrivod f but at - i/, ar energies aaejtunt *<uiit jo tauen of

la

doubtful «<J^cr»

f it S.

In
lu to 2 find far

to the eju

f
.eV i iscner ©t 195^"; -gnu,, 1959;

(ly'6i)

and

it i ;
;-:it7lour coala -:ot

::?i «'t low

ber of

In

ajca, 1959, 

at

explained in
c?f £^c ,:cto jti&i yr oa;*poui.u nucleus ^xitu 9ir.ce the former 
only /5ftve variation.:; over several fieV, wuila t-,«s latter

with widt1 j? af fci onier ->f
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saaller than the observed structure. It was concluded 

that the observed variations were the effects oaused by 

only a partial equilibrium of the reaction particle* » 

Isufto was able to aystemtlae the observations to so»e degree 

by using a pheBtwaenolo^ieal approach; this considered the 

target nuelett* to be an inert core which provided a central 

potential for the incident ^article and outer shell nnoleeae* 

Thic few-nucleon system had its own set of eigenst&te* § 

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 -sect ion 

variations 0an be understood from this &odel ei^ce the 

energy per particle is in general greater than for a particle 

in the true co&pound nucleus « and so the penetrabilities 

are therefore greater and the lif etioe shorter* When the 

model was applied to different experiments* it was generally 

found that about six particles w@re involved lt& the reactions*

Beoe&t experiments* using good energy resolution 

beams, (Celli* l^a * 1962 k ; Faochini, 1962) have demonstrated 

the existence of a uarrotier t^pe of cross-section fluctuation. 

this structure has been interpreted by Lriosoa U>~3. 1966) 

ae resulting fron && interfar^iiee between

3 -



1.

ooapound nuoleue level*; the structure is r :t to be 
identified vita individual level*, but rawfetr ie to be 
oonaidered as tlie result vf a» aggr^fatior* of

the average fluo nation width oan tie

th* fluctuation croee^aeotiana are 
over several r^tiorea ^ev f cGa*id**rabi« 

«true tare etiUL reiaairia in ana oros«-seo6ia?«s (
et 

19^7) I t&ia »tructure i« ei dl^r to that
t. is structure ie intermediate but«e«a tnat 

expeoted for t ia oomplex pct^ntiwii «y i t;iat for t.-ie 
oucleua aodel it ftas been tended. intAnaediate struai
?ii<j pejrtiaJ, ecjulllbrlust tsodel ^f ljgmao» b@0auae of its 
piienoctenoloeioal mature, c-^:- .)t give a detailed aaooufst >f

structure; <*n trc cr,-ier hand, oon^tatidtml diffie^ties 
a eolation similar to th» type used far light
9evertteieas t it at111 regains true that if the 

residual UttsrM&otioc iar coa.,.o^ed :>f two body forces* i 
the initial torocea« i*. tb^> reaction is t^e g«i,-.*.r^tloi, 
a 2p*lli conf l^rati' i . It /-as been kziowi. for r,,:..: ;.1 :: 
that if t ,e caapou/.I rucloas reaonanoec are
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several He? 9 the average cross-section exhibits similar 

features to a particle scattering from a potential well. 

This, of course, is why a potential model is used at all, 

but also it shows that the interaction of the incident 

particle with the target is composed of an average potential 

plus a residual interaction, and this Interaction is not 

sufficiently strong to smear out the Gross-section 

resonances caused by the particle resonating in the average 

potential (Breit t 1959); stated in another way, the wave 

functions of the compound nucleus states still retain a small 

coherent component of the incident single partial wave 

function, So if the second reaction stage ie a 2p*lh state t 

it is possible that the compound states to whicr* this 

initial configuration decays t retain in a similar way the 

characteristics of the 2p»lh state; if this ie so, then the 

cross-section would be expected to exhibit structure 

intermediate between the single pexticle giant resonances 

and fluctuations due to the compound nucleus* This explana­ 

tion of the eause of intermediate structure has been pro* 

posed by Peehbeah (1965* 1967 b). A brief outline of this 

theory is given in the next section. Following thls f 

another possible eause of intermediate structure is 

considered.

• 13 »
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1 • 6 Th» .^oortfay State Theory of Intermediate 
iVo-e.fition opera ters in fffetlor.

Th« war« function of a r«action f oompoted of an 
Incident partiol* r0 arsd a tar^t nucleus with 
r t ^ **••* r » ^^^ ^* •i-yandaA la th« form

r2

6ui-4 Is .-v€r ail ^eeifel* c v ;.tic,ur«ktio^s of LNV carpet 
^-^ ««}^tkra&98 naturally iGvO two t*/«*^0 

on whether u(ro ) fc«iocig8 t^> a u?un<* or 
particle, ^esnbach (ly^» 1^62) has Intrc-Ouced projection 
operatora i aM H, t© saparate th*a* twc su^«. FY arid 
are vectors in the ut.tvund &>\£ bour«d «ub«^«icae of reaction 
space. Siii«e all e*.^efittantal &€^eurabl« (sJta\tities ar® 
contair.ed in i Y f the ai'.. of tto* proj«otioii method is to 
obtain u ; ,a::,iltor,iac witi, FY as ar^uB«Zit» If U.tt total

its U t t; er*

,^ o« tils c^u^tion stp^r^tol^ by 1'' and 

th* equation*

* 16 *
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(H

(H,, -

n

» - H_ FV

(1.5)

(1.6)

where: BtP is denoted by H t etc.

If these two equation* are solved by the inverse 

operator metroa l^o-nan, 1965)$ the equation for F^1 becomes

(H - E) (1.7)

I1 he transition for the iaeactlon ca^ the

written as (^ cstiiLn., 1966)

T
ii «• H. .-, <*> W ^-,'

(1.8)

where:

and ti

are solutioi:F of t
V

is the transition ti:.2piit;;c
„ —._— . _ ^

e ..ic.tion (n« -/* 1'

of this equation; and

Fro® £4. (1,8) it is evident that I may undergo strong 

variations when the incident ^.crgy is near an eigeuvalue

- 17 -
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of K

b ) I: rq4fclo o

To determine the effect of the first collision on
the transition ft^plitude further *jiv.,jection operators are 
introduced; ti ase are d aftd q, defined by

(1.9)

and di* » 0; « C; qd 0.

The project lor, operator d project* Y onto the 2j.>- 
ftiites in space Ht «tfd q projsots oato the re:naiaii:^ ..-ore 

complicated states• If M ̂  orly coriftistti cf two body

then .
* (^

H 0, The 1-u^dltoniait H
say be dec o/. posed in the following way

H,,d provides the c^plirv; between the doorway and•4^*
eosiplicated states, ^'he tr.^r.ltior. ar-^lltud* fer elaatlc 
scattering say be dec or, pored In a si^Slar way

T - (1.11)

- 18 -
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and < E -

In these equations frd represents the transition 

amplitude for the formation And decay of the doorway 

while f^ oormsponda to formation and deeay of the oo&pli- 

0tato« via tha ddormgr* Sinoo the density of levels 

to q Is graatar than 49 I will have tnrec? tjrpat 

of •^argjr variation; a slow valuation T± duo to the 

Incident ^article reuviiatieg In the potential weli f a sore 

rapid variation % due to the furcation of 2p*lh configura- 

tion» f and fiomlly a strongly fluctuating oomponoiit T q 

due to the forsiatlott of the more complicated statec*

^he effects of th* first ooUialom 10*0 &ore easily 

seen If I la averaged over an e&ergy interval whioh is 

large) ooiapared to the fluoty&tlng oo»ponfeat f Hut s^aH 

enough to regard % &s constant. If this is do&e it is

- 19 -
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found, that the average [!' ] has a slrril.ir c.-.-cr^: Viuri;rciQ ; 

to %f thti r*l.*i reaaor l.-elrjg *,iiat the complicated stutea 

can only r»e ferried via the doorway state. Since t^ese 

two termr hare nir tier otrvcture they we C'-^tjirea into 

one; the* •• Vf-r^gm tr,:»itlor ai'.Iitude ther '

< ~

(1.12)

1

i*

(l»irr) it will i>e 8^e« th»t c 

to l if W

«., —— *——— h^. (1.13)

rh*f physical uic.,.:it^. of thi» terw i& not too difficult 

to undar&t&adt beoaue® tn« width aiu?ociat*d wit., % alone 

only takes acocurt of the doorway state decaying back into 

the ^ s tra/:oe channel 9 tout the coisblnation of [Tqj with T^

- 20 -
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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 Wd(i and Wd(i are both diagonal, and so

* + £
(1.14)

where: W,,= A I - § I"1 I (escape to Ip states) 

Wdd = A d - I T d (decay to 3p-2h etc.)

V

where the sum is over q states within the average interval 

A E.

From hq. (1,14) it is evident that if the incident 

energy is in the proximity of the 2p-lh state, then the 

intermediate average transition amplitude will be in a state 

of resonance. Under these c i re uia stances the average 

absorption cross-section for P = 0 and zero c/iannel spin,

* 21 -
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becomes

I
IT Td ,_———— : —————— - . 11

(E- Ed )

The strength function, being simply related to cr , will
Jri

exhibit similar structure,

For simplicity the above equations have been restricted

to elastic scattering; however, reactions are easily included
+ 

in the formalism by respectively replacing ^o , 4^ by
+ - 

^V* ^i» wiiere these are the inelastic wave functions

satisfying the equation

(H - E) 4 = 0.
f

By followia^ the same procedures, and again assuiiiir.g one 

doorway, the intermediate averaged inelastic transition 

matrix becomes

•f I n "T
/ TJ> TT» A I ^V Jc « A / I"1 Id T

(1.16) 

where: (Tpot^fi includes the direct reaction and

* 22 »
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potential scattering amplitudes; the escape width 1^ is 

given by

The sum is over all possible open channels, including the 

elastic, to which the doorway state ^, can deca,y .

(c) Experimental predict ions 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. There are three 

reservations to this statement: firstly, the width of the 

structure f^ + fi must be sufficiently small for the 

resonance to be observable above the direct component 

' secondly, the resonance position j£ + AT +
t may differ slightly from channel to channel since A^

depends upon tyf ; and lastly, it is the resonance positions 

which are correlated not the amplitudes, therefore a 

particular resonance need not necessarily be present in
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ail rua&tiea ohaar,*l«u Another general result from ->q, 

(1*16) in that differential oroi»-8eotlons for particular 

reaction ehatmels* e.®asur*d- at aiffamit aft&l«s'» should 

exhibit similar structure,

There it Hsuoh «vid®me that feh« statistical tneory of 
nuclear reactions (•«£»» &Uaat 1941; Brfea at al*» 
is in r»a®Gn&t4e agra^ierit with a%:parla«atal 4ata with 
regard to orders of siagnitM* aM avtrag@ @imrg 
of cross- s@$t ion** Theretore it ha® 'b«$& suggested 
i£g«l staff, IV 56; ivriceon, 1960; ^odi at al.»

th© statistical tlisory should also &* capa^l® of
th« fluctuations of a cz-oss-s^ction about its 

average.
It has t*HN3 de&onstraUd toy iiluab^rg and rortar 

that if tha &&tri* aloiMiEts of tlia Haeiiltonia 
which d«fi£ias th« tiganstatas of the compound 

follow normal listritJutton®, the?* th^ distribution of 

widths aM l«vel spaoir^e art thosi^ propoead by rort«*r 

ffeos^ui (1956) aM i&r.er (1956) r«»i,eotiT*ly. The fact 

tbat thasa dietrlbutioris «tre supported by «rp«riawmtal
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evidence has been taken to l*$dieate the validity of the 

randoaness hypothesis (Peshbaoh,196G)* /roa these distri­ 

butions it should be possible to d«teraino the associated 

oross*s«etio& fluctuations.

In the light of tne above, analyses of cros8~sec&ion 

fluctuations have been carried oat by several authors; in 

particular fsufeada and i'aaaka (1963) and KoaahaA and £lwyn 

(196?) Investigated fluctuations of total neutron eross* 

sections on the assumption that the eause of the fluctuations 

was variation of widths and level spacing*; Agodi and 

Pappalardo (1963) considered similar erosa-sections but 

assumed that the fluetuations arose purely from level 

spacing variations* Srleson (1963) has shown that, at high 

energies, where the density of levels is high, strong 

fluctuations can occur In croes-sections even when the 

fluctuations caused by level-para&eter variations are 

negligible. The fluctuations in such cases are caused by 

Interference between the amplitudes aasoei&ted with the 

resonances of the compound nucleus*

If cross-eections are averaged over a sufficiently 

large energy interval the associated fluctuations will 

ultimately disappear* but for a smaller energy interval 

sose residual structure will remain* This therefore presents

» 25 -
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aa interesting question: oa; the recently observed 

intermediate structure be explained in terms of this 

residual statistical fluctuation? This question form* 

the subject of Chapter 5 of this t heals.

Other than the example t» considered in the first part 

of this chapter, further experimental evidence of inter- 

mediate structure and doorway states has oorne frost several 

different types of experiment* A brief outline of some of 

these experiments is given below.

States

Analogue resonance* probably provide the clearest 

examples of intermediate structure • Sine© their discovery 

in 1964 (Fox et ai», 196U) several hundred cases have been 

found* The most noticeable characteristic of these 

resonances Is that they nave very small widths f the accepted 

reason being that the doorway state ie inhibited froo 

decaying to the more complicated configurations because 

Its isotopio spin differs from that of its ia&ediate 

neighbouring states*
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thermal Meutron Capture

Ikegarai aad Siaery (1964) observed that there exists 

an antleorrelatien between the yields of (n»Y) arid (d,p) 

react ions, ar^d that this could be explained In terms of the 

doorway state concept.

Meut rofl £ va uo ra|l os ^0ea tra

Energy studies (Wood et al. 9 1965) of evaporated 

neutrons from (p»n) reactions often reveal a high energy 

11 tall 11 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 "tall" as the result of an 

emission of neutrons before the establishment of equilibrium 

amongst the nuoleons.

o Level v>treths in (d ) Inactions

Bolsterll et al., (1966), considering 

have studied the proton groups which are produced 

mechanisms other than stripping* It was discovered that 

there exists a coherence of reaction strength between these 

proton groups over a period of 1QO &eV, this was Interpreted
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as the result of 2p~lh states sharing their 
between the states of higher seniority.

M.

Beoently Singh et al, t (1966 b ) carried out a phase 
shift analysis for the reaction H^Cctga)^ . rftey found
that the scattering amplitude varied in a s/stoiaatic wayi

over periods of eeverml hundred KeV9 and thi* they have 
Interpreted in terai* of the doorway state concept* (rhe 
behaviour of the scattering amplitude In the proxiaity of a 
doerway state resonano* ha0 been discus sod by , ouaiian, 1966.)

If the giant reeojtiaiiee of a (p»r) reaction is 
aeatally stuuied with good energy recoiafcion, it IB found 
that the reaofi&noe is composed of a flue structure of a 
type propoaed by Krioeon (1^3) • ^hea the ero*s-*eetiOR* 
are average4t the fluctuations decrease la amplitude, 
but a broader, i&temadlate structure is sose times evident 
(Siagh et *l.t 1965)* this structure has been interpreted 
is tens* of the doorway state concept (GiHet et al* 9 1967).
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1.9 Sfo^etaeff fr of i hes 1 s

Kany experimental examples of intermediate structure 

have been taken to imply the existenoe of doorway states; 

however* few experiments have beer, undertaken to test the 

main predictions of the doorway state theory* These 

predictions are (Section 1*6. e) :

*

1. Exeltatloz* fUnetio&s corresponding to different 

reaction channels should exhibit structure of width inter* 

mediate between the widths of compound nucleus fluctuations 

and single particle resonances.

2* fhere should be some correlation between the 

intermediate structures b«langir,g to different

3* For a particular reaction ehannel t the differential 

cross-section excitation functions should exhibit later* 

mediate structure; there should also be soum correlation 

between the intermediate structures associated with 

excitation functions measured at different scattering angles*

It is the purpos* of this thesis to test these 

predictions* for a particular nucleus* by measuring the

- 29 -
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excitation flotations Of inelastic*!!? scattered protons 

for as aany reaction channels as possible; further, to 

determine the significance of any conclusions which may be 

drawn fro© these tests, an attempt Is made to interpret 

the experimental results by means of the theory based on 

tha hypothesis that the reaction ^eohanlsm is of a 

statistical nature*
2.BThe nucleus chosen for this work was Si . The reasons

23 for this choice were that Si belongs to a r-ase region in

whieh the tet*l neutron oross-sections of nuclei, In the 

incident energy range of k to 12 :ieV, uMergo considerable 

fluctuations (Tsukada and Tan&ka, 1963; Carlaon and 

Barsoha!l t 1965; fasoli et al., 1966), and, of this ^ass
28 region, Si is unique in having a doubly closed subs hell,

which therefore may be expected to simplify calculations 

of the second reaction stage« The reaction was investigated 

in the incident proton energy range of 12 to 15 BeV, since 

in this range, the ooapQurul nucleus excitation energy is 

within those values corresponding to incident neutron 

energies of U to 12 KeV*

Since the purpose of the experiment was to search for 

intermediate structure, it was decided, in order to reduce 

the amount of data analysis, to dateraine the cross-section

« 30 «.
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•xeltation functions by •••curing the r«aotioia m

at o :-.rg/ intervals of luO A«V .,t,-a with 

resolution of 100 K«V.

- 31 *
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L MKTHOPS

2 «* Introduction

The University of Oxford Van de Graaff accelerators 

were used aa the source of high energy protons for thl» 

experiment.

Since the intrinsic reaolutlon of theae machines la a 

few &eV it waa necessary to devlae a convenient method of 

obtaining cross-section averages over 100 KeV. the a oat 

obvious way of doing thia la to uae a thlok target; however* 

thia suffers from the disadvantage that the ac uttered 

partielea entering the detection ay a tea alao have an energy 

spread of luc KeV. A spread of thia amount becoate* a serious
2&concern if states la SI above an excitation energy of 

6 KeV are to be resolved; the situation la even more serious 

if ooataainanta are preaeat 1» the target, aeoauae of 

thia disadvantage another method wae used in which the 

current of the final analysing magnet waa aodulated In such 

a way that the energy stabilisation loop of the accelerator 

in turn modulated the acceleration voltage, and consequently



the energy of the accelerated particles* this energy 

spread of the incident bean produced * to a fir ;t order of 

approximation, a si&ilar energy spread for all the scattered 

particles from the target, ro compensate for this spread 

a small variable voltage* synchronised to the energy of the 

accelerator, was subtracted fro* the analogue pulses 9 

corresponding to the reaction particles 9 so that the 

resultant pulses regained constant.

2.2 The Aoce1«rat0r

The oxford accelerator complex consists of two electro* 

static generators (Hutherford tab*, 1962, 1966 ) t a single 

stage and tandem Van de Graaff (Fig* 2.1). i^acn machine 

may be used aeparately or coupled together la such a way 

that the single stage accelerator acts as an injector into 

the tandem• The injector can accelerate several mioroamps 

of negative ions up to an energy of 10 BeV; the transmission 

of this oaa« through the tandem is about 3^ per ceat. 

Since the centre terminal of the tandee operatoa up to 

6 aillion volts* the combined rmohines can produce proton 

boa&s of energiea up to 22 ftoV. With coupled operation 

the proton bea& has «m energy resolution of several

- 33 -



which I* principally deteraifted by the voltage ripple 

of the accelerator voltage terminals, and the finite widths 

of the analysing slits before and after the bending magnets. 

Energy stabilisation of the accelerator is achieved by 

comparing the amount of bean currewt striking the two sides 

of a vertical slit placed after the final analysing taagaet. 

If, due to an energy change, the beam passes asysmtrioslly 

through this slit, the net pick-up current is used, after 

suitable amplification, to operate a serroaechanisaa which 

restores the beam energy«

The layout of the experimental be&m line is shown in 

Fig. 2*2* Tne beam oo&trol system of the accelerator is 

designed to prodooe a horizontal focus at the position of 

a vertical slit a distance of 2j* froi^ the centre of the 

analysing aag^et t where 11 is its radius of curvature. The 

bea^ emerges from the ssagnet to again form a horizontal 

foous at a aecotid slit which acts both as an analyser and 

a probe for the energy stabilisation system* the beam is 

finally focused onto the target by a doublet sa&netlo 

quadrupole focusing lu the horisontal and vertical planes.



deflector* are inearporat** in th* llo* to 

faoilltat* st**rag* of th* besnu Viewing boxes, containing 

retractable quart* sointillators, were install*! osfor* and 

after th* seatt«ring chamber. fh*s* eointlllatora w*re of 

value In helping to align th* b*aa at th« a tart of

The beam, aftor passing through the fsoatterin^; chaaber, 

was stopped on a small block of uraniuns throo a«tr«» froc 

th* target. th« beam pip* over th* last two metre* wan 

electrically i«olat*d 10 that it could b* iaed as a Feuradajr

oup.

Soa 1 1 *rl C nam b<? r

A «ohe»atlc diagram of th* soatt«rlng chamber it shown 

in Fig. 2.3. tti* *ha»b*r i. totall/ cons truo ted of duralumin; 

it ha* a diaaeter of 214" and a depth of 8"; th* beeua *ntran** 

and «xit ports are welded irao plaoe, The d**i^i i^- 

corForat*d a rotating bas* pi Ate, sealed against external 

pressure t in order that th* oount*r angl*a could be changed 

without br*aki^ the vacuum CFig, 2*4). A Kell f seaurod 

to this plmte, enabled introduction of eleetriaal leads 

and liquid nitrog*a pipe* into tli* oh^aber« In this

- 35 -



everything associated with the counters remained statie 
relative to the rotating base plate - an important con­ 
sideration when many counters are tc b® used. Six targets 
could be mounted on a frame supported by a steel rod which 
passed through a vertical 0-ringed shaft; in this way a 
change of target position was possible without breaking 
the vacuum. The chamber was rigidly secured to a table, 

whieht once aligned with the help of its four adjustable 

legs, oould be solidly claaped t> the floor,

The layout of the counters on the rotating table is 

shown in Fig* 2.3* sinoe four counters were used, four 

positions ef the rotating table were required to give an 

angular distribution of sixteen points, the rotating table 

was driven bar an electrical motor operated from the counting 

area; the angular position of the table was relayed by 

closed circuit television.

the design of the counter mounts is shown in Fig. 2.6. 

The mounts were guided by stainless steel rods pinned 

accurately along the radii of the rotating table*

2*5 The Chamber Golliaiator

The purpose of U»e chamber oollisator was to allow
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passage of trie primary boct&i but to prw«*at passage of t^.e 

soattereu protons fro 1 the eXits associated witu the 

analysing magnet.

The design of the o^nftUer ool lima tor is aiio*m ii* Fig* 

2.7t and a schematic diagraa of its wornii^ priooiples is 

shown in Fig. 2.8. The sis* of the first aporture was made 

equal ta the expected sis* of tfce floal foousod bea^ spot. 

the aubsequent ai^ertures redyood tne soeondarjr sc&tterir^ 

fro® the first afcjertur«.* the eollinator wa« electrically 

isolated BO that the pick-up current fro;, the various 

apertures could bo s&oaitored. **ltr. this oollimatlon njr«tem 

it was found possible to recora speotra that were reasonably 

free frots spurious :>a/-Kgrouna at scattering angles 

small as 1-°.

2*6

ri,e choice of detector yas mini? influenood b^ tue 

requireaient that it should bo oapatole ^i" sto^pii^ a 15 HsV

proton* this required a autootwi^ with a sensitive tl.iokncsss 

of 2 &&» The r^iu ty^ee of semiconductor particle 

deteotors b«Ior^ to the foil owl n^ categories: diffused 

j uaot ion, surfuoe ^ai^rier and littaluet drifted

- 3? -



lo the oase of the first two it Is difficult to produce 

reliable count ere of the required thicknesa; how«v«r» it 

ia possible to aa. .ufaoture litniua drifted detect ore with 

sensitive layers several ail lissa tree thick. Lne resolution 

of these lithium drifted court tara oam INI Improved If they 

are cooled.

For thesa rea«oos t lithium drifted detectors vnioii 

oouia &e cooled to liquid nitro^a te^permture were used 

in this

2.7 ^e Counter; v

the *&? id vision the counters were cooled is illustrated 

in Figs* 2*4 and 2*6* The counter* were clasped to copper 

plates which were cooled by contact with a metal pipe c«m~ 

raying liquid nitrogen. The pipe was a oontinuoug piece 

of coppar tubing bent into snape after annealing; to achieve 

good thermal ooataet the pipe was hard soldered to the 

oopper cold-plate«. External connection to the pipe was 

mad€ throu^j ^/te vaouum seal shown ir, rig. , .9. This eonsists 

of a stainless steel cylinder with tnin walls arid Dana 9 

the inlet pipe being nard soldered to t.ie base ^.a further 

supported by a tnemally insulated plu^. ^inicage with

- 38 -



tho pip* inside the ehaabsr was sato by ©sans of » copper
*

slssrs* Tfes tain consideration la ths dosl£& af the vacuum 

ssal was to pftfVft&t ths <Xri*ig tr&z fi*Mii»g» This tan 
ftOrMlly IMI aehlovsd by ffiakli^, tn« cylU<i«r ior^ mid wide» 

but owing to reatriGt^d tss>»o* thle *&* oot po«*tbl«. An 
alt^matlv* oethod laeorporAtln^ 4 heating •leacnt wouM on 

th« cylinder «ms u*«d ln*t«^l* It was «5plrleAlly four^d 
that a dl»»lpA%lon of t«n watte WM »ufficient to keep tht 

at nx>a twapsraturs,
RltPOgon wa« pasesd throu^j th« pipos by 

ths inlst 0sal to a flask of pro*8uri»«d liquid 
nitrogon* Sines this soal ims oonr.^ctod to ths rot At ing 
part of ths otisj&sr* it *as r^oessary to stale* oora&etioa to 
ths flask by moans of a Heavily Isggsd flexible tube; 
l«6gi>^ ww asesjssary tto prerent ataospisrie st&lsturs fros 
lolng ths surfaos and so rendering th« tubs inflsxiblc. 

Originally air prssnurs was uss& to prsssurlso ths flasfe of 

nitrogsn biit this provsd unsucosssful bsoauso of loo forsatlon 

at ths air Inlet, A &ors suooessful method wae the us* of 

a self«prs**urisia£ oontainsr; sitob vosssls are ^artufaotursd 

by Usilaar (wostsrn Qorosjiy) and havo aa iateraal prossurs of 

22 Ifes*/ sq. in*» wnioh for this appllcAtloe was foiuid



sufficient. Tte flow of itrogeu was adjusted until the 

liquid phase just emerged frota the outlet pipe of the 

chamber; under these conditions about eight litres of liquid 

nitrogen wore consumed per Hour.

Cu-Cd thermal Junctions were used to determine the 

temperature of the counter mounts « It was founc that liquid 

nitrogen temperatures could be attained in 13 to 20 i&ittutes 

by using a pressure of 15 Ibs./ sq. In, to foroe the nitrogen 

through the system. To use a tiffie any shorter than this 

seemed unwise owl rig to the Increased thermal stress arid 

strain in the counters*

In so&e earlier designs of the cooling system, flexible 

stainless steel pipes were used to convey the r.itrogen 

inside the chamber, this design had the advantage over the 

rigid pipe system in that the counter mounts could be moved 

radially; however, this design feature proved unsuccessful 

because the flexible pipes became porous after several hours 

of u## at 14<luid nitrogen temperature*

2.8 Energ

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

the energy stabilisation systen of the Xaftdem accelerator
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(section 2.2}. the principle of the method was to modulate 

the current slowly in the final analysing magnet so ae to 

cause the beam always to pass slightly off-centre through 

the stabilising silts aad so produce a net current pick-up 

which, is turn, caused the stabilisation system continuously 

to change the acceleration voltage of the tandem and 

therefore the energy of the proteme.

the generator energising the analysing isagaet was 

controlled by the output signal of a differential amplifier. 

In this amplifier a comparison was i^ade of the voltage the 

magnet current developed across a staiadard resistance* and 

a reference voltage which was produced by dividing the output 

voltage Vo of a stabilised supply across precision potentic* 

aeters (Fig. 2«10}« Changing the value of trie potentiometers 

produced a net output from the amplifier which caused the 

generator to change the raa&nat current until a mill 

condition was restored in the amplifier.

to moaulate the magnet current a small triangular 

varying signal was superlnponed on the reference voltage. 

In order to ao this, a standard resistance of low impedame 

aad a voltage rasap generator of high impedance were inserted 

In the reference circuit as Illustrated in Fig. 2.10. The 

circuit of the ramp generator IB shown in Fig. 2.11; It Is
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no <aore complicated than a transistor emitter follower

with a varying base voltage which is produoed by periodically

driving the spindle of a ten-turn potentiometer*

The response of the magnet current to a sudden increase 

in reference volta&e is shown in £?ig, 2.12. Over a period 

of about 15 seconds the current remains constant, and then 

changes to its new value with an approximate exponential 

increase wnleft has a time constant of about five seconds* 

For a s&all voltage change saturation @ffeots do not occur, 

but instead the current immediately starts to rise exponen­ 

tially to its new value* For a reference voltage modulated 

by a triangular waveform, the occurrence of a finite time 

constant results in a distortion of the magnet current 

modulation wavefom; this distortion is mainly a round ing 

of the turnover points (Fig* 2.13). It is Important to 

ensure this distortion is not too severe t otherwise the 

accelerator spends aore time at the extreme cycle energies 

and this results in a distortion of the energy resolution 

function (Fig* 2*11+)* To gain a better understanding of the 

effects of the finite time constant, a calculation was carried 

out to Investigate the response of a system with a tine constant 

C to the passage of a triangular signal Vo(t). If the

- 1*2 -



triangular period is T, then VQ(t) may be expanded in the

form
00

vo (t) * 2 T cos(2imt/T) (2.1)

and the response waveform may be expanded as

CO

8 cos((2*nt/T) +
(2.2).

n-1 w n / (1 + (2*Cn/T))

where: tan ^ « 2«nC/T.

From this 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 ^ ~> 

and so cos((2irat/T) + ^ ) becomes co8(2tm(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 occur when the cycle period is 

made as long as possible. However, owing to the fact that 

the beam intensity fluctuated, several energy sweeps were



required ia order to produce a rectangular-shaped resolution 

function. Sine* the tiae of an experimental nu. was limited 

by other cireuf&st&xwes to about It minutes* a eottproaise

between these two requirements wag ®et by setting the oyele

f * 
» *igp9 ami the-

•nergy was swept twelve times.

2*9 fha

If the erierg/ of the imident beae is modulated so also 
if the energy of the scattered particles; in tnie olrcu^- 
staiaee it is therefore not poseibl« f,® exploit the full 
resolution characteristics of the partiole counters* This 
section desoribes an electronic method ^Uiuh overcomes this

The kinematics or U e problem are considered in Appendix 

i. Vhe results ^r these kirer.^tic Oiilcult.tiui e are displayed 

in .'ifo » *~«16* A fraction f is plot tea, wi^re f is 

by

where: J( »

energy spread uf protw;^ ^-.tured iiitc

state of excitation energy <*•
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*he ®eti»ul used to uuAiLovtv tit

the amplitude oi' she bias voltage aoauiation Av^ mad the 

.a is described in Section * .ilib) uf this 

-'ra-j Uus caiibriitiOn tho appropriate val-.e of .il

cnii.noo. fron t!a« ar^uiaent t^ k.a for a , , oton of 

energy Mf with oorreaponui ng analogue voltage v 9 the volta&e 

Tariatioo Av for Itu KaV energy :.ooulctl.ion is ^iven by

AVB

• 1 0 ooutrol. ^irika' i^tween th dulfotor and

lo r«taia tii* intrinfiic raaolution of the counters tha

eouulution ami ootapcnsatiou ie&uat D« in pfta&e* 

a» ui6cu««ed in J«otion , *8 t tn« phase of the 

t2 U'i^. 2,li) f controllihc . tiM» «n^rgy 9 is advanced in 

r»lation to th« energy of the aocolerator. it is therefore 

necessary for *2 to be in odTanoe of the potentiometer 

controlling the coKpen«ator. the method toy which tnie was 

achieved 10 illustrated in j<*i&« 2.1b. ihe two control 

potentiometers were itKi«i>erjdently driven by tha low 5jcared 

eleotrio iftotors ftl and 1^2; tf.e rotational direction of h2

* U6 •
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was controlled by a mioroswitch Sl f which was operated 
by a oas attached to the actor spindle of M2, The 
switoh not only reversed the direction of K2 but also 
triggered an eleotronio circuit which reversed* after a 
pro-act tine* the aotor HI. A sohematic diagram of this 
delay circuit is shown in the upper half of Fig. 2,IS* In 
the following paragraph a brief description of this cireuit 
is gives*

Suppose the states of the relays RL3 and HLJ* are as 
shown in Fig* 2.18, i.e., RLU is energised by the current 
frost the .-30 V supply to the earthed point of SI, and HL| 
is de-energised. When SI is actuated HLJ* remains energised 
but one plate of the condenser Cl is earthed* This condenser 
begin« to charge with a time constant of HI x Cl. When the 
potential on the base of 71 is high enough, Tl begins to 
conduct and so energises ELI. the contacts of thin relay 
connect the earth directly to one terminal of ELl f discharge 
Cl and energise KL3. If HL3 is energised, iiL4 and ELI are 
de-energised. The result is that after a certain time-lag, 
determined by the time constant Hi x C1 9 RLJ* is de-energised 
and HL3 is energised. If the mioroswitoh SI is again 
actuated the circuit action is similar to the above, but 
tho result is that 114 i* energised and RL3 do-energised.
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1'tae contacts of the relays ,u-3 arid ii~U respectively connect 

to hi the electrical power for clock* tee and anticlockwise 

rotation.

The speeds of the el *o trio motors were found to be 

slightly temperature dependent, and so» In order to keep the 

relative speeds the sa&e ft a variac 4 U was inserted in the 

eleotrioal supply-line of HI, Indication of the position 

of *1 relative to 12 was provided by the meter M'A! . It was 

found necessary to adjust rk after about twelve hours of 

continuous running.

(a) feaoyjty, Hocluiation. Since the energy of the 

partioleis wms modulated toy varying the eurrent of the final 

analysing aagnett the relatioushitj between the isa&iiet's 

iiagnetie field ami current was required, ihls c<axi oration 

was carried out by noaauring the magnetic field with a 

nuclear Magnetic resonance probe t and by measuring the 

current by the voltage vi it produced when passea through 

a low iepedanee standard resistance (Kig. ^.!UK rhe results 

of this calibration are displayed in Figs. 2.19 and 2. ,20. 

It is to be noted that tne oagaetio nysterosis is quite
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- the variation in current, for a particular field. 

aaouatitig to no »ore than 3 per cent. The relationship 

between the aa&netio field an a current can be approximately 

represented t»y the linear equation

VI •

Kroe; this equation the current variation in terms of VI t 

ean be detereiasxi for a particular energy modulation AE,

It will be recalled from fig, 2.1C that the method used 

to vary the magnetic current involved modulation of the 

reference volta&e V&» Strict? tie potentiometer *2 t of the 

BVA aodulatlon unit (Fig. 2,11), varied between fixed limits, 

the relationship between .J and AVI was required. I'his 

was determined by using a high impedance digital voltmeter 

to laeasure the voltage variation AVI for different settings 

of h3. This relationship w,%s fauna to be linear, aad when 

used with l^q. (2.5) fav^ the relationship between '3 and A£

as

k
t A *** 
/ A£.«

i'his relation was e^peri&autall/ verified ii. ti*« following
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nay. Inelastic proton spectra were recorded fur the two 
end eyole values of potentiosetir r2. By examining these 
two spectra the shifts in the oedtm ids of correaponding 
peaks were reassured* '.hen by using the f correction faotor 
of Fig, 2*16, the value of A£ was deduced froy the average 
shift* The values of AE aotertcined by this Kethod wars 
found to bo In reasonable agreement with -q. (2,6}«

The ealibratloa of th« ooapsnsator
(S«otio& 2«9) involved a aetenai&aticm of th© relationship 
between the bias variation AVg and the resistance HI* 
To do this t the potentiometer ^1 was set at an eiid oyele 
position, and niialogue pulses genera &ed by a hg oscillator 
were ^aa*e<l through the compensator circuit and then 
analysed by a kioksorter, TMu was repeated for the other 
end cycle position of JP1. Proa.- the difference in the centre Ids 
of ths two peaks, the eninge in the bias voltage AVj| f 
oaaged by a cycle of Pl t e^ld be tt^ter.-rlned* Vo obtain the 
required relationship this ^rcxseaure was repeated for 
different values of HI.

2* 12 £jufti«'.Lies .of Kaer/gy hv^ulutlo.^ uixl vO.jSi>eKfla.tion

The lower portion of a speotrua of inelastioally
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28 
scattered protons from Si , corresponding to a pura

incident energy of 13 Ka? ( is shown in Fig. 2.21. A similar 

spectruB* but with the incident energy aodulated by an 

amplitude of 100 KaV v is shown in Fig. 2.22. Finally, Fig, 

2.23 shows ths iBprove&ont of this spectrum whan ths analogue 

pulses ware proeaasad by ths compensator. It is clear that 

thars Is such it&provenent. In particular, the three topmost 

groups are wail separated in Fig. 2,23 but merge together 

in fig. 2,22; similarly, the three groups halfway down the 

spaotruai are wall resolved lr* Fig. 2,23 but unresolved In 

Fig. 2.22.

It will be noted that for the speotrum in whioh the 

bean energy is »odulated,but for whioh there is no energy 

ooapeneation, there is a reduction of the peak amplitudes - 

ag there must be since the area of a peak remains constant 

for a particular bean charge. A forsnila whioh relates the 

peak reduction ratio to the incident beam energy spread is 

derived in Appendix 2. If the energy is spread by 2A, and 

the peak profiles are Gaussian with a &.K.S. deviation of 

<»t then the peak reduetlon ratio is

* « V*o *
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where: s • A/»j &u?(a) « error function; X * peak 

height.

Tht» function r in plotted in Fig* 2.15* ?b« Gaussian 

shape that best fits the peaks in lag. 2.21 has a value of 

M of 21.4 &*V* (This corresponds to a ?.'* -.h.H. resolution 

of 36 KeV.) The peak reduction ratio for corresponding 

peaks in i?igs. 2.21 and 2.22 is 0.39, and so by referring 

to Fi£. 2.15 this ,iv*G an s value of 2.25, &J®d the energy 

spread of the scattered particles as

9?

Since the Incident bea energy was actually spread by 100 KeV,
0 and the counter urns at 1*5 t tha calculated and experiroantel

values of the beam spread are In reasonable agreement. The 

reduction ratio between ?ig. ?.21 and :ns« 2.23 is 0.95t 

which gives an effective energy spread of 12 ReV. ^roa 

this, it nay be inferred that t. e eaergy compensation is 

about 90 per e®nt» "rh«r reason why it ia not 10C per cent is 

probably associated wit » the distortion of the modulation 

waveform dig. 2.13).
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Independent amplification gystaas wer* used for each 

of the four counters employed in th« determination of the 

angular distribution*. The electronic systssi for the no*t 

forward angle counter is shown soheaatically la Fig. 2.24. 

A similar diagraa for the regaining counter* is shown in 

Fig* 2.25* ¥ha reason why the forward counter had a different 

electronic sjrete& froa the reet oan be appreciated fron the 

following ooaaents. This counter, due to Coulomb @catt«ring9 

had the hlgheet oountlng rate of all the counters, and 00 

while it oould be counting at the maxinufit penai*»ible rate 

the Daaftward counter* would probably be counting vary 

inefficiently. Overall efficiency was therefore determined 

by the ttaxlejua counting rate the forward counter could 

accept. Ihi* rate waa limited by two factors; the deadtiae 

generated in tne analogue to digital converter* (hereaftar 

A.i>.C.) 9 and the deterioration in resolution due to ba**line 

Jitter* fha deadtiiae limitation was particularly 

oaoause t of *2>1 the analogue *ignml* 9 those 

to elactlc soattering had the greatest amplitude, and 

therefore, the greatest A.U.C. coaversion time, xo avoid 

this lis&itatioa it was oecided to intercept these signals

- 53 -
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before they entered the A*D.C, This was done by using 

an electronic gate * ich only allowed passage of those 

analogue signals which were accompanied by a logic pulse* 

the logic pulses were generated for all analogue signals 

exeept those corresponding to elastic scattering*

riie reason for the use of a double delay line clipped 

amplifier for the forward counter is that, at comparable 

counting rates* It has lees base line Jitter than an B.C. 

amplifier* However, s»C* main amplifiers were used for the 

remising counters, since for these counters the counting 

rates at s&xirauia never exceeded several h mdred events 

per second,

bach counter amplifier system used separate A.D.C.ej 

these A«i>*C«s were linked into an cm-line I *D,i .7 computer 

(Murray and Maeefield, 1967). After an atmlogue signal had 

been processed by the A.^*€,, the digitised signal was stored 

in a ropery buffer until the computer was free to transfer 

the information to its memory, the different buffers had 

a descending order of transfer * riority* ^n analogue tslgnal 

was rejected if it arrived at the A*u.c» during the period 

of an A.w.G. conversion tin.c or the waiting time of a buffer* 

to determine the number of rejected events, the prompt 

analogue signals fros* eaoh jaain amplifier were fed into
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discriminators which generated logic pulses if the input 

signals were above a discrimination threshold. The logic 

pulses from each discriminator 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 

waiting tide* It is shown in Appendix 3 that the ratio t 

of the actual number of signals to the number recorded by 

the computer is

where: N(l) » number of counts recorded by the uninhibited 

scalar; N(2) * number of counts recorded by the inhibited 

scalar,

This result is independent of the analogue signal 

amplitudes, and therefore, if the number of events recorded 

by the computer in a particular channel is ti(c), the actual 

number of events is t»N(o).

2.li* Control Electronics

The beam charge integrator, which also recorded the 

Instantaneous current, was used to control the experiment

- 55 -
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(Fig* 2.26)* When the beam charge reached a pro-set value 

the computer and soalars were automatioally s topped • If 
during an experiment the beam fell below a certain value 
the bead threshold control unit automatically stopped the 
computer* soalars v and the electric factors controlling the 

energy modulation and compensation, tfhen the beam rose 

again above the threshold the apparatus reverted to an 

operative state. Had the experiment not been stopped follow­ 

ing the disappearance of the beam, it was most unlikely that 

the bean would have returned at the same energy as it left* 

The beam threshold control unit consisted simply of a Sohmidt 

trigger circuit operating a relay* A slave output from 
the beaa integrator which was proportional to the Instantaneous 
current provided the Input for the trigger circuit.

2*15

Xhe beaa was stopped on a block of uranium positioned 
at the end of an electrically insulated two-metre section 
of beam pipe* In SOJMI earlier experiaents an electrostatic 
electron suppressor was fitted to the e&trmifte of this 
/ar»day cup pipe* £his suppressor was later rejected since 
it was found to oause a fiuotuation of ? per cent in the

- 56 -
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ratio of the integrated beam charge to the number of events 

recorded by a counter* The reason for the fluctuation was 

believed to be connected with the lonisation of the residual 

gas caused by the incident beam* In later experiments a 

colli&ator* electrically connected to the Faraday cup, was 

employed to restrict the escape of electrons.

The beam charge was monitored by a charge integrator 

manufactured by SI cor Incorporated*

2*16 Targets

?o avoid unnecessary contamination* self-supporting 

silicon targets were used for this experiment, the method 

by which those wore produced is as follows*

First of all, a glass slide was covered with a sodiua 

chloride substrate by evaporation of the salt in a vacuum* 

Silicon, evaporated by an electron gun, was then deposited 

on this slido; after evaporation the slide was allowed to 

cool before exposure to air* The usual method of flotation 

was used to remove the silicon fro* the slide, the salt 

acting as the release agent* Owing to the extreme brittle, 

ness of the silicon films* the success rate of making the 

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

_ 57-
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greater than 150 jigm was considered a near Impossibility; 

this was not only due to the handling problems but also 

beoause the file tended to break up If the thickness exceeded 

this value during evaporation. This break-up was tentatively 

attributed to theraal strains within the fllsu

The thiokness of the target was mainly dlotated by 

the energy spread It caused for the Ion energy soattered 

protons, the criterion adopted was that for a 2 HeV proton 

this spread should be no more than 20 KeV; this gives a 

silicon target thickness of ISO ug». The targets used in 

the experiment had a thickness of about 100 ugs.

the thickness of a target was measured by two methods: 

direct weighing and alpha partiole attenuation, the direct 

method Involved weighing a duaaay slide before and after the 

silleon evaporation. The alpha partiole attenuation method 

Involved measuring the reduction in air range of alpha 

particles after they had passed through the target*

Subsequent analyses of the proton spectra fro® the 

targete revealed the preeenee of considerable quantities 

of oxygen and carbon; since their presence considerably 

ooaplieated the data analyses, several atteapts were made 

to eliminate these contaminants, but without success, the 

oause of the trouble was thought to be fundamental in that

- 58 -
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during evaporation the pressure of the residual gas was 

not low enough; the pressure used in the evaporation was 

It/*6 gas. i; se of a better pui-.-.p, e*£. t an ion pump, and 

provision for bafcirjc; the apparatus would oe an obvious 

improvement, but unfortunately at the ti&ie of this experiaeat 

these facilities were not available.

* 59 -
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O

OUTPUT

ASFORI 

AS FOR I 

*-4AS FOR I

Tl 2N696
T2 2NM3I 
T3 2N696
T4 2N696 
D2 4-7V ZENER

INPUTS INTO ENERGY 
MODULATION AND 
COMPENSATION UNIT 
SEE FIG. 2-18

FIGURE 2-17



ENERGY MODULATION AND COMPENSATION 
CONTROL UNIT
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HYSTERESIS BETWEEN PROTON ENERGY AND 

MAGNETIC FIELD CURRENT
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FIGURE 2-19
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ELECTRONIC SYSTEM FOR FORWARD COUNTER

PRE 
AMP

ELASTIC 
EVENTS

FIGURE 2-24
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FIGURE 2-25
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J.I

C H A P f £ H

IkwCSDUBE A^JD KSDUCTION CF DATA

3.1

The bea»*spot six* and position were roughly checked 
on the retractable eeintillator positioned in front of the
•tattering ehaaber. with the scintillator r«trftot«d» tht 
bOAa was finally foouiod and doflootad for aiaxinua boaa 
tranamicsion to tho Faraday cup and ainisua current to both 
the f iret aporture of tho ohia»ber oolliwator and to a dueey 

aotal target with a 2 MB. diaaeter hole.

3*2 Adjuafraent of the E^oerl«ental Ecu 1 patent

The oountero and their associated electronics were

tested» before the beaa was passed through the oh«*ber» by
2kl using an A« ^ alpha particle source to provide the appropriate

•igaal*« the aouree was attached to one of the target ttouuts 

in the target ladder (Fig. 2.3). tffeon the counters were 

oooled to liquid nitrogen tesporature, the recorded half* 

width of the line corresponding to the 5.5 KeY alpha particle 

was between 25 and 35 KeV.
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3.2

To determine tho range of liaoarity of tho aaplifioatioa 

8/steas, signals from a Eg pulse generator iioro injected 

into oaoh pre-aaplirier, and tho analogue signals froa tho 

associated aaia amplifiers were analysed by a fcioksortor* 

By varying tho amplitudes of tho input signals t tho rang* 

of linearity ooald bo established. Under rtwfiing oofiditiona t 

it vat onotarod that tho tignalv eorrotpcmding to tho olaoti* 

oally soattorod proton* woro within tho rogion of liaoarity*

Aftor sotting H3 to a value oorrocpondiog to tho 

roquirod aaplitudo of energy aodulatlon, tho actual expert- 

nental modulation was determined by a slailar method to 

that described IB Sootioa 2»lla» rhe correct ooaponsator 

biaa settings were estimated froa the oalibratioa curve of
»

AVg ADd Ml (Sootioa 2.lib).

la soae early experiaeats* it was dlsoovorod that tho 

elootronio noise level of tho aouater-aapUf ioatlon systoas 

increased by a sigaif ioaat aaovtat wheu tlio boaa passed 

through a target* It was ooasiderod that tho laaia omuse of 

tho increase was ojootioa of electrons from tho target 

oeterial, (Classioally, the greatest oaergy which a 10 BoV 

proton oaa transfer to a statio electron is 5 *•?•) la 

later experiments, to provoat these eleotroas froa being



3.3

intorooptod by tho counter*, an eleotron deflection syftto* 
was positioned before oaoh oouatert fhooo dofiootioa 

syatOB* oooalatod of two oolUaatiag alita 3 oa. apart, 
with a pomaaoat aagaot feotwoo® tho® (fig* 2*6) .^fho &ag£iet 
had a aaxiftti* field strength of 500 gatift»» which waa 
soffioieat to prevent a 5 &of olootroa froa traToroiag tho 
aoo<md oolilaator* when tho deflection g^atoaa were u«od( 
tho energy roaoiatioa of tho protoa spectra iaprotod froa 
50 KeV to 35

3*3 ^ifpar JttORta3

The counter* were fixed at a dletanoo of 10 e®. front 
tho target* The aporturo widths of tho counter ooiliaatora 
were 2 aw, With this geoeetry, the angular energy eproad 

of tho scattered proton* « within the solid angle defined 

by tho oolliaator*» never e*eeodod 10 KeV.
the oxporiaeatal beaa current variod between 75 aad 

150 m* dependiag upon tho angular poaltloa of tho moot 
f orward-angled counter. The tiao for an oxporlaental rua 
variod froa between four to eight aintttoa* for oaoh iaoidoat 
energy t four oxporinoi&tal runs wore perforaod, oorronpondlag 
to different positions of tho rotating table; in this way,
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sixteen points wsrs determined for each angular distribution, 

the saallsst scattering angls was 15°i in g»nsral 9 ths 

spootra rooordsd at this angls wsrs reasonably fros from

spurious seattaring} an example of suoh a speetrua is 
shown in Fig. 3.1.

All the proton spootra were analysed with a dispersion 
of 800 ehan&els$ the spootra wore stored on aagnetie tape.

Angular distributions wore recorded at 100 KeV intervals
.,*..•

within the incident energy range of 12 to 15 KeV. For 

all the experiBental runs t the amplitude of the energy 

aodulation was sot at 100

eatal Spootr

A typieal experimental speetnift is shown in Fig, 3*2*

It is evident that the target contained considerable amountsI** 
of oxygen and earbon* The possible reaction products,

corresponding to an Incident proton energy of 14.5 HoV 9 

are listed below* The nuabers in parentheses are equal

to the C«ft« kinetic energy of the light reaction products 
whieh leave the residual nooleus in the ground state;
the) energies are expressed in Wo? «



3.5

si!

tfco partiolo asorgy opootra* shows In Fig. 3*2 
rooordod at a ooattorisg anglo of 155°f for an laetdoiit 
proton oiiorgr of Hi* 5 *£oV, It shows inolaotio groups froa 
allioon9 e&rtxm and oxy^O]it feut tlioro it littlo obaonrabl* 
ovido&oo for tho othor roaotic^ai this result 1« not 
uaoicpootodt ftiaoo tiio aoro ooisplioatod reactions hair* gmallor 
ponotration faotoro t^as tftoao oorretponding to tho lnolaatio
proton roaotiona* Bio proton group* froa all tho known 
otatoa la Si * up to aa onorgy of 1^ NoV 9 arw proooat in
tbo apootra* 'aioro i» alao •nd<sno« of tho roocntly 
diaoovorod 6,66 ^o¥ atato of

3.5

IB tho oourto of this o^poriaont about ono thoutacd 
proton apootra woro rooordod* Since oaoh apootrmn was 
ooapoaod of about forty linos* a&d with soaio linos only



3**

partially resolved, hand analysis of the apeotra waa 

considered unpractical* A eoarputer was th«r*fore programed 

to perform the data reduction, the computer programme 

Included the following i rooedure* :

4

!• Automatic determination and subtraction of the 

*4; spectra* background*

2* Determination of the spectrum regions eoatalning » 

one or oore peake*

3« Deterainatlon of the number of peak* within a 

peak region*

km Fitting of a standard sh&pe to each peak within a 

peak region*

5* Determination of the probable error associated with 

eaeh peak yield*

• Idectifioatlon of the Q, value (eriergy of residual 
a»eleu»y^aaiiooiat0d with each peak*

7. itof»alUation of the yields for electronic dead

alisation.



3.7

The different procedures will be described in the 

following sections.

The programme was written for the S.R.C. Atlas computer 

at Harwell. The programme execution time for a complete 

spectrum reduction 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 if positive results are obtained for either of 

two sets of tests* Denoting the channel content, of channel 

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

1st Set.

and

- N(I) > + / N + N(I)

NU+1)
(3.1)

2nd Set.

and

N(I+1) - N(I) > 

> N(I+1)

3 J N(H-l) + N(I)

(3.2)

The first test of the first set determines whether the 

difference in channel content between two adjacent channels

- 67-



is greater than tho standard orror for tho dlfferenooj if 

sot I is increased bjr unity and the tost is porfonaod a 

sooond timo* A peak is therefore only dotootod If it is 
statistioall|r significant above tho background. Tho sooond 

sot dsals with thoso oasos in which tho peak rlsos sharply 
in ono channel, aad then regains reasonably constant over 

two or throo channels* In a spectrum r*gion devoid of any 
truo peaks* it is still possible for a positive result to 
bo rooordod for olthor of tho two sots of testa* Tho combined 

probability of this happening is 0.025, and so for a typical 

speatrus) of 800 channels, about et&ht spurious poalcs would 
bo rooordod; howover, most of thoso peaks are rejected la 
tho reMlning parts of tho programs.

To determine tho and of a peak, or poejt region, tho 

following tests are performed :

1st rest* M(l) <

2nd fost. •(!) • M(II) <

whoro: M(iH) « channel content of tho peak starting ohaanol*

The sooond tost dotominos if tho differenoe botwoejn 
tho channel contents of tho starting channel and the current 
channel I is smaller than the orror for tho difference.



3.9

(b) Background Subtrac tion Bout 1 n,f

This routiaa f irat tatamiaaa tha non-paak regions$
of tha spectrum, by utilising tha paak dataatioa routiaa 

to find tha paafc region*. In principla it ia than poaaifela* 

by using tha laaat aquaraa taahaiaua, to fit a poiyztoaial 
to tha aoi»«»p*afc ragioaa» Howavart if tha shapa of tha 

spaotrua background ia adttpiiaatadf this prooadiura haooaaa 
uaattraotiTO baoauaa of tha high ordar raquirad for tha 
polynomial* (The difficulty arltas froa tha lll»baiiavioi*r 

of tha lavaraiim matrix (tfcCraoken *nd 0omt 1V^)*) to 
avoid thia oo»plleatlon9 tha epsotruis i§ divided into aavaral 
parts, and a low ordar polynomial is fit tad to aaoh* Oaaaroua 
ovarlap ia allowed batwaan naighbouric^ s«^*nts t to ensure 
tha polynoialals join aaoothly onto one another.

Co)

This routiaa f Irat utilisas a stodlflad varaio^ of tha 

paafe dataatlon routiaa to aaloulata tha paak ragloss for 

tha background subtraotad spaotrua* It ia aaoaasary to aodify 

tha paak detection routine, as outlinad in part (a) of thia 

saction, baaanaa tha H*H.S« of 1^. (3*1) should be oaloolatad 
from tha original apaatftin» irhila tha i*.K»S* should b«
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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 negative second 

derivative.

The routine then proceeds to fit a Gaussian shape peak 

to each experimental peak within a region* The principle 

of the fitting procedure is to minimise the sum of the

squares of the differenee between the experimental and
2 calculated channel contents; i.e., X is minimised, where

X 2 is given by

) 2

O.W

where: 1^ » starting channel of peak region; I2 * end 

channel of peak region; i * peak identifier; NX(j) =

channel content for background subtracted spectrum.
2 The minimisation of X is carried out by an iteration

procedure in which the amplitudes (?i)» channel positions

- 70



and widtha (D£V) of tha li&aa ara Iterated, fhs 
starting values of tha different parameters aro tot equal 
to the associated experimental values* For exawple, tho 
amplitudes (I}) aro initially got equal to tho eaperiiwmtal 
channel contents of tho peak channels* fhe widtha (£1?) of 

tha fittad linos for tho different pea* regions ara allowed 

to vary, since tha value of tho experisu»ntal width m*y 
dlf far from speotrua to spectrua, dtie to a poseible variance 
in tho degree of energy eoojMmsatloiu However, all tha 

lino widtha within a region aro variad in a similar way.
A Oausei&n shape was used lit tho fitting routine oalnly 

beoause of its mathamatioal siaplielty. It was not 

o on tide red an advantage to use any other shape, sinae tha 

actual experlme»t«l shape, due to i^sosiplete energy compen­ 

sation, varied for the different speetra. It was found that

a Gauss ian shape gave a reasonable fit* sinse the & In i cams
2 value of X t divided by the ny»ber of degrees of freedom,

was generally of the order of unity*

(d) arro^ flout^ne

the fields associated with each eatperlwental peak are 

calculated froa the fitted Gaussian* the errors of the yields

* 71 *



3.12

are oottpouiidad of throo parts: the background subtraction 

error9 the statistical counting orror and tho fitting error. 

Tho orror routine estimates tho background orror and counting 

orror for a particular peak by first calculating a quantity

}* 
& - —————————— (3.5)

whore: &T(I) « cVmnnel content of the fitted 

the eutt extenda over the neighbouring r>on*peak region* 

surrounding the peak region. The routine then calculates 

the oonblGOd error S& by the relation

8(1) + 12 • 0S? • £ ) (3.6)

where; 2 / "j(»lfiftf" * nuaber of significant channels 

a peak*

The error associated vlth the fitting procedure is

difficult to eftlft>atet and for this reason the error routine)
2

gives no account of it* iiewever, since X m is generally



3*13

of tha oorraot ordar for a good fit* tha arror of 

fitting prooadura la likaly to ba aaallor thaa £&•

(a) Klpaaafrlo Ideatlf ic^ipn

Thla poutlaa idantiflaa tha * valttaa aaeoclatad with 

tha apactrua paafca* Tha first oparatio* In tha reutina 

aalibrataa tha onargy-ohajscal ralatiaaahl* top calculation 

tha raaatiom •narg/ aasooiatad with two paalui af wall known 

4 valuaa* froa thla aalil»rationf tha proton a&argia* 

aerraapondiag to tha raaainlag paaJca ara aaally oalouiat«d f 

aod thua thalr a valnaa. fna input data iiaadad far thia 

routlna icoludaa: proton inaidant anargyt tha couctar ongla 

and tha paak eantroida of tha two aallhratlon Unas.

3*7

r

Tha output data fro« tha tpaatnoi analyais progrataaa 

waa traaafarrad onto fortrao oarda* &aah oard contmload 

infor&atioa about oaa partiaular proton group, thla inciudad:

tha yiald talua, tha /laid arror, tha oouatar angla» tha 4 

«orra«po«ditig to tha raaidual atata and tha energy of
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J.Ik

the incident proton* These 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*

(b) The Angular Pigtribution Programme

The first procedure in this programme converts the 

differential crosBisections from the laboratory frame of 

reference to the centre of mass frame* The conversion 

formulae are listed below*

Angle conversion:

tan 0T - sin t. / (sin ** * y )* (J.I)

Differential cross-section conversion:
3/2

o- (e)/0£<e> - (1 + r *®« V / (1 + 2 y cos 00
(3.8)

where: y • ^ (s m ^(( * m)) ) •

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

to the laboratory frame; £ is equal to the incident energy,

* 7k -



and KI* BU danota tha oimas of tha incident partiola and 

targat nuolaua,

Tha naxt prooadura in tha program** f ita a aariaa of 

Lagaadra polynomials to tha axpariaumtal angular distribution. 

Tha fitting prooadura datarmiaaa tha coaffioianta B^ of tha 

axpausion

Ke) « P {000 §). (3.9)

To dataraiaa tha eoaffioianta tha principle of laaat squares
2 2is utiliaad; tha quantity n is roiniiaisad, whara ri , ia7 ' .*i

giTtn by

9

C3.10)

whara: YK^ - axparimantal yiald at afigla i^; w^ ia tha 

walght of tha axparioantal point* which is taken to aqual 

tha itnraraa of its standard arror*

Tha routina datarminaa tha bast valua of M for a

partioular aat of axpariaantal points by aaloulating for
2dlffaraot valuas of K tha quantity
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3.16

of r 
of « (Wllkt, 1962). TO wold um.oo.Mry .o.p«t.ti<m, th.
•othod of orthogoiMl polynoiBtali i. Ull^ to oaleulat. tho
•Ufforont trmiuo, Of ^ (s^.tou, 1965).

Tho .rror. IB tho ooofftol«t« Bt art. o^ouUtod b, 

in UHM of tho oxporl»oat*l q«antltioi.

- 76 -



CHANNEL CONTENT

--n

O
c
70
m
CO

-F"

T^____

r <> T KJ
, f -VI

2 
16*- O

-^^c^
f v Z K^ w 

m F ^0
^ ^ /^

[j-r -. . yy/ °/?
J_

<•

jr1,1

i

Vo>
00
CO

A.
6*

_y*.

\jk.
4LCJ

O

J

—

_
-\

T» 
73

O

^°
Jl -ir

Co 
•O
m
n

J <"
i O

70
c

> 5
m O 
TO ;o

O
m

-j

H
>
Z 70
O m 

m o

J d 2
Co

to
00

1
XJ

ĈO
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k.l

C H A P T E fe U

Froei the experimental apeotra, angular distributions 

were determined for inelastic scattering from all state* in 

Si » except the 6*69 state, tap to an energy of 8 KeV, and

for incident proton energies between 12.1 ft«V and 14*9
in 100 KeV steps. Angular distributions were also determined

28 for the eua of the jrielde of all st&tee above 8 ^eV in Si •
the experimental ai^ular distributioni are aiiowa in 

the figures of Appendix 8* to produce tneea figures a 

eoaputer was programmed to print* on a iiaepr inter output, 

ttae experimental yields, tue a«»ooiated error toar« aad the 

fitted curve through the experimental point •; these gratia 

were then photographically reduced in size, the axes of 

theee graphs refer to the centre of &a»* scattering aye tea; 

the y axee t except for the elastic 'scattering etate, represent 

the yields by a linear scale; for the elastic state the 

y axes represent the yield® by a logarithmic scale* la all 

cases the y axes are divided by ten markers; the fel&hest
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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

&°~ x -T -1— « 1.6 » Y • N • 10 •* mb. steradian

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 yield values plotted in 

these graphs were taken directly from the 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 yield 

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 yield at an angle where the peak was 

resolved. If this procedure appeared to be dubious in any 

way (e.g., by the yield of the contamination line changing

* 78 -



a.3

rapidly with aiJ£le» or the contamination yield being 

comparable to the yield of interest) tiie data was

In the absence of interference fraia contaminants the 

angular distributions are represented tey sixteen 

points* *'owevert due to a counter fci*eak«*4owijf the 

distributions corresponding to the incident energy £ « 

13,6 r^eV are only represented by twelve experimental points* 

total croee-stHjtiori oorretponding to each angular 

was deteriiined by using the best fitted curve

through the experimental points ii^ the following formula™^ V m" W^

yCt) sin e uo

The total cros^-ts cot lone for laelastia fieatterii^ to
28different states in Si are shown in Fig, 4.1 «

the coefficients of the expansion of y($) is; terms of 

^egendre polyaogilals are shown, for the different angular 

dietribution«B, in figs, li*2 t ii.3; ^ the graphs the ratio 

BX/% is plotted as a function of energy, where

fT' » / I*? *"T \WW» %«»/ }*a* L-^I,
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u.u

.the Experienal

The errors associated with tfce experimental yields 

consist of several

(a) Beast monitoring errors

Co) Beam averaging errors

(o) Errors of normalisation b«twe«n the different

counters 

(d) Spectru® analysis errors.

To investigate the conslsteney of beam monitoring 

several long experimental runs were performed under idesitieal 

conditions (no energy modulation or compensation)* It was 

found that the experimental yields for tne different runs 

%rere consistent to within 3 per oent* iart of this variation 

was probably due to a slight non-uniformity in the target

thickness*

Siiage the experimental beam 1 tensity fiuotu&ted, it 

was possible for the shape of th* energy averaging fuia«otlon 

to var.y from run to rua» To oheok tne goodndcs of averagi/ig 

between different experimental rune, part of th@ experimental 

energ/ raege was investigated witn good resolution and the

then r<atheauatioally average* over intervals of 100 &eV*
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The values fouM in this WD- were consistcM to within 5 

cent of the values found Urootly froa the experimental 

energy modulation method.

Sioee four counters were used to determine the. 

distribution**, the riormalis^tlor. uotwe^M the 

courtt^re was roqulr^d. To d^t^mlu^ th«6« 

«xp«ri«teatal spectra were recorded frou* the oountsrs for 

different positions of the rotating tat>lo y in such a way that 

one ^r both pairs of counters wero at the same aoatteriug 

angle but on opposite sidee of the soattorin^ chamber* Krom 

the proton yields the relative normalisations between the 

different counter* could Im dedaeed to within 3 per cent, 

for absolute determination of the nuclear croas-eactioas 

the solid angl«« whlei ti^ counters subtended with the target 

were required; these angles were measured directly to 

within 10 per cent*

fhe spectrum analysis errors are discussed in Section 

3.6, d« It was usually fourjd that these errors were within 

5 per cent*

Proic t^ese estimations it was concluded that the 

relative magnitudes of the yields were uncertain to wit? in 

d per cent; the absolute yields, due to the ©olid angle 

aod target thickness errors, wore uncertain to within 20 per

* 61 -



cent. In some cases the errors of the relative yields
were increased to aa aueh aa 20 per cent due to contamination
froa other proton group*.

the relative total eroae~aeetloa error* were computed 
from the angular distribution yield errors by aaauftiag thea 
to be independent. The average error* for the different 
oroea-aeetiooa are Juodieated in JTig*

Fiae

lo determine the coherence width associated with the
differential eroae^eeotieaa for iaelaatio scattering from

28Si » at* experiment wae performed in which the inelaatie
scattering >^ielda were ^eaaured at one particular angle with 
an incident baa© resolution of 5 &*¥• The incident eiiergjr 
was varied ID 10 EeV steps fro* 12.5 BeV to 13.3 He¥, The
differential croee-sectione for inelaetlo aoattering froa

23eix etatea of Si are ahowa in Fig, U.4.
the aethod of peak countijag was uaed to determine the 

coherence width r aetociated with the atea«ured excitation 
fjiactioR*. ^ie method wae introduced fey Brink and Stephen 
(1963) who calculated the relation between r ami the 
average number of igaxina K per unit energy interval for an



u.v

If channel r auction to be

0.5

where: b » 1, b • 0.78, b » 0.75 and b^ » 0.707.

There appears to be sosse uncertainty as to the exact 

value f the constant in this equation* since for one-channel 

reactions Stephen (1963) limn derived the relation

0.587/K.

Van der Woude (19^6) investigated the peak counting 

method by studying synthetic excitation f motions; he con­ 

cluded that th® value of the constant only deviates a few 

percent froa u.5t »»d the average number of maxima per u*dt 

interval is nearly independent of the number of channels 

part lei pat ir# in the r« action and the amount of direct 

interaction involved. In these studies w( P /l>) is generally 

taken to b« »uch greater than t-iaity (generally In the region 

of lOO) t However 9 in the present experimental situation 

this value is of the order of 7« How a low value of »( r/^j 

affects i:q» (k*k) i« auccrtai:^ but it is of note that a
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recent stud? by DalUnttre and Hall (196J> &ive«
evidence t.f the validity af t*:e fluctuation theory when
*< r /i>) « 6.

For the above raaaoae ^4. tu.4) WM attd fe
but wltr* trie a*a;ja*>tio}j that the variation of b$ with & 
could be ignored. The nuaber of peak* in each curve of^^r ~^- —- £ —• -^r 

* 
*

is about the 0amef the average number being ?»5 
. Usiag tMs value, r^u C^W i^vei! a value for P of 

5c t 4 Kef t { inie quoted error i« o'btaised free the wcrii of 
Vaui der ^mide Cl :/66} ulio QO,,eluded t&at for an. ©accitatioa 
curve of interval lei^gth 15 P the etandai^l trror of P 
computed ty th^ peak coaatii&§ iiethod is 2C per cent of P *} 
i'his v>U:.*e ->f P is within t.v*e scat;t<?r of values for other
nuclei iu tMa mass regl^r;. Itto ag^re^MNNi af tiie

•values of P for tint oospoti&d nytmlel Si 
et al*» 1963{ Qi^tioli ®t al*»

Ai.i 19^5; 'iift««l«t iS^5)t Al27 (liiuseer et alt, 
Allard/oe et al.» Iy65i ;aiard^ce et & 
tAllardjroe et ul« § 19 Si*; BlcsaU et al* §

et al» t Ij65j SlogH et
the



U«U Correlation testjKeifeij,. .t.hj£ IofeXu&tii3 a emotion,

This section gives the results of an investigation 

which was carried out to determine whether there is a signifi 

cant correlation between the structures of the experimental 

excitation functions cemented upon in section J*«l.

Several workers analysing reaction cross-section data 

have use4 tne cross-correlation function to determine if 

there is corrolaiiu*. (*»tweeu dlffereia react!<-n excitation 

functions. If any two excitation functions are aenoted by 

o~« and o* then the cross«correiatloa function is defined by

a / *

where: < x > * energy average of it over the experimental 

energy range.

In the absence of correlation between excitation 

function* which are of infinite energy range the value of 

a. j(e) Is zero; for any experimental situation, however, 

it is possible to obtain a finite value of *^(«) due to



the limited statistical sampling. It la therefore of 

great iaportaao© to be able to estiaate the finite 
range of data (F«^,$«) error associated with ^4<« 
problen, together with ita related aspeeta* haa been 
considered by several authora (Hall, If&t; Ualli»or« and 
hall, If45; Beasmley et al, 9 lf*5l aibba* If65 a ; Oibbe 

1965b ; aalbert and B6halagf If65). IMU1 (1964) originally 

calculated the errors by aaaualug the excitation functions 
te be eoapoaed of n independent poiots, where aP is the 
experimental ecergy range aod T the eohereaee width of the 
excitation ftwotions* the F. .0. error for ^«(o> (expressed 
as a standard deviation) was oaleuiated to be

(4.6;

where: I la the fluetuation daftping ooeffleieat arising 
fro* the effeetive nuaiber (K) of equally oontribating 

iadependeat reaction ehann«ls.
It ^ias been pointed out, however * that the assumption 

of no eorrelation between pointa P apart in an exaltation 
function la invalid (Dmllioore and Hall» If65} Oibbat If65 a 2 
Gibba, if45b )« i>alli«ore and Hall (1965) investigated 
the y.a.D. errors by ayntheaialng artificial exoltatioa



fuz&tione from a s\w of Breit-n&ner amplitude*; they 

concluded that tne F*ii«£i* error for E* .(•) should fee

qu«0tloa of the •ffaotlv* auabar of 

a0soclat«d with total reaction oro»»«saction 

fuaotlons has b«*« di0au0Md fcgr Krloaoa (1^6 

argu*4 that if a raaotioa bQtuaen two statea & and & 1 

tak«» plaoe by a eoapound ny«l«u0 machanisiB, th«n the 

•ffeotive cuiaber of channels associated with the total 

reaction croes-seotlon Is

B
E0I

( I »•» ww

.8)

where: f(e> t 0), fie'C's 1 ) are the tran0jcie«lon coefficients 

for the reaction partieXec in the entrance and emit channels 

respectivel/; the mm ever o includes the sue over the 

quantuw aumbors J t «-, | • f S 0 »ad a* (0ce Section A5.1).



before tha Eqa. (4.7) and U.6) could tea applied to 

tha experimental situation atodiad im this thaaia thay had 

to be extended to tha oaaa of eaarg? ftvwagad axeltatloo 

functions. Tha following consideration* suggested tho way 

ia whiefc this ftigfct bo done. It has ba*a shown by i*»g 

(1965) that If aii excitation funetlos, having ooherenoe 

width P 9 la measured with a Loreat**»type a&argy avaraging 

function, having a F.w.a.fc. valua of A » than tha 

width of tha resulting excitation function ia

A

suggest* that the value of a to use in -q* (4«?) should 

equal the ratio of the experimental energy range to tha 

width PA . L&R& alao shows that tha variance of tha 

fluctuations of an excitation function deoreaaes by tha 

factor P/( P + A ) whea tha excitation function is »ea*ure4 

with a Lorent* averaging function* This than suggests that 

tha daaping ooaffioiant aasoolated with tha energy avoragad 

exoitatiofl funotioQ ia K( P • A )/P ooaparad with If for 

the original excitation function.

The energy averaged cross-sections determined by this 

experiment (fig* i*.l) were measured with a roctAtigular
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shape averaging function and not with a Lor«nta ahapo 

fviootioag the of foot of a rectangular ahapo averaging 

function oil II and a la considered in Append!* J».

(b)

Tho oroas-oorrelation functions •- ,(o) for different

combinations of experi*ental excitation functions (Fig. £* 

aro shown la the graphs of Figa. U*5t fc*6$ i» those figures 

tho y*axis normalisations are the sa&e for ail tho graphs 

in any eoXuan. Tho value of tho arguaomt o could only 

bo varied ia discrete steps of 10$ KeV since tho oxportaeatal 

excitation functions were measured at 100 ^oV intervals* 

tho errors indieated on tho side of each graph aro tho 

probable F«a,&« errors oalculated froa Lq. (k.7) with the 

appropriate values of H and n. Tho F.H.D. errors for tho 

combinations which ii^ludo tho olaatio scattering excitation 

function aro not shown because of tho uncertainty ia tho 

value of £ for tho elastic scattering reaction,

If tho different excitation functions (Fig* 4*1) 

are uneorrelated, then ia an/ one graph of Figc, U.5t U.6 

there should bo approximately tho sa»e nuaber of points 

lyiag within tho orror bar aa there aro outside. The 

interpretation of tho results involving tho excitation



U.Ik

functions oor responding to Inelastic scattering to tho
2filower energy states of SI is aado noro complicated by 

tho possible presence of a 41 root reaction meofeanisa; this 

causes the values of &|j<o) to bo da?******* Mevertheleaa, 

there aro at least four difforomt excitation functions 

which, whoa correlated with tho 1*77 &oV stato excitation 

function, give *j«(*) values greater than the associated

error over an interval of 300 KeV* The two main 

conclusions which oaa be drawn from Figs* i*.5§ *t*6 aro:

(1) Of the forty possible different oo®bi nations of the 

exporiffl«ntal excitation funotions, only six oases have 

aagative M. ,(o) values for e » 0.

(2) For tho majority of the combinations which exclude
*

tho 6.27 HeV and 6»6B KeV state ojcoitation fuootions, the 

values of Rj«(o) are positive for a region of several 

hundred KeV centring around e » Ot and, for many of those 

oases, the values within this region are consistently greater 

than the oaloulatad ?•&*$• error*

BotH those conclusions aro contrary to what would be 

expected in the absence of correlation between tho 

excitation fua&tioiis* It »ay bo oonolu&ad that there is 

some evidence of correlation between the excitation functions



corresponding to inelastic scat taring to the 0,C 9 1.77 t 

Iu6l f *u97t 7.4, 7*8 ami 7.93 *<«V states of Si23 .

Further evidence of ^orrslatiou between the experimental 

excitation functions nay be educed fron Fig* U.I; this figure 

shews graphs of the experimental reaction crosa-cections, 

together with coaposite graphs suaaing several of these re­ 

action croso-noctiowi. It is clear that there is correlation 

between the structures of the single aad compounded 

excitation functions » a result w-iich is c v-trary to that 

which would be expected if the reaction cross~£©ctiong were
»

uncorrelated.

One of the predictions of the doorway state theory 

of intermediate structure (see Section 1*9) is that there 

nay be a correlation of structure between differential 

oroM*seotlen excitation functions measured at widely aif fe- 

reat eagles, fiftptrlaental differential oross«seotions for 

inelastic scattering to the U.ol MoV and k*91 h*\f states

of SI** an show in Fig* U.7. Fro& this figure it will 

be aaen that there is some similarity between the structures 
of the excitation functions corresponding to different 

scattering angles*
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4.16

_ Some angular correlation would be expected if thedU 1

reaction mechanist! were of a statistical nature* brinkf 

Stephen and Tanner (1961*) have calculated the expected 

correlation bjr aaavaiag that the outgoing reaction waves 

are emitted by unoerrelated sources on the nuclear surface. 

JL'hey conclude that if a is the angle between two outgoing 

directions, the* strong correlation* should only exist 

between the differential oross~*eetions when

2KB sia(a/2) < 1 U«10)

where: H * radius of. nucleus; K • wave number of the 

enitted waves.

IB the present experimental situation this statistical 

model gives an upper Unit of about IS for the angle 

between the outgoing particles, for which the corresponding 

differential cross-sections should be correlated. Pro* 

the experimental data (Pig* U*7) it see®* that the correlations 

extend over a auch wider angle than this »odel predicts*
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5*1

CHARTS

tHB...BJXPmiliJ&TAL RESULTS AKD THE

5*1 Introduction

Xa this ohaptor a comparison IB ttado feotwaaa tha 

oxporiaoatal rcaetion data and tiia pradiotioas fr*» tha
*j'

hjrpothoais that th* roaotion aaolianiMi la wholly of a 

•tatiotloal oaturo*

The statlatioal thoory of tho roaotion aootoaaisa ia 

eoaaiderad IE Appoiidix 5* Using assumption* about tho 

random naturo of tho widths and **t*rgy spaolngs of tho 

eoapousd auolous lorals wnioh entsr Into th« fchoory, it is 

shown that for a roaotlon twtwaam two states a aad a 1 , 

whloh tho diraot roaotlon eoffipoRsnt is small, tho total 

oross*»so*tioa Tarlanoo def luod as

(5.1)

ia glTon by

- 93 *



5.2

var ')) • T

v"—%

<" 2, 0 (aa'ftrr / <«T Uw)/D(J»)> Jr N

whoro: tho anglo brackets denote an average over energy; 

0 donotof tho quantum numbers g, •» e' t •' (000 Section 

A5.1); o (a&* 9$Jir} are tho partial reaction cross-eections 

(000 £q« (5.4)); T (Jr),D(Jir) are the average widths and 

energy spacingt of the compound nucleus levels having 

quantum numbers 3 and v*

The first term in this equation mainly originates

from interference betwoen the reaotion amplitudes of tho
•^ 

different ooepound nucleus resonances which are associated

with the sane 0et of quantum numbers J, w and p* The structure 

of tho second tera results from the fact that tho partial 

cross-sections * (aa%$Jir) t for different ^, are associated 

with tho ea»e sot of ooopound nucleus levels (4 9r); a random 

grouping of these levels will therefore have a similar



5 5.3

af f«et 4m all fch* partial eroaij-seatieiia. ma first tans 

in tha a<nmUoa rafealna finite whan ( r/D) » l t but tha 
0eco5K* tans baoowaa ttegUfitriUf^fw this raaaon or.ljr the 
first tens ig oon»id«r«4 in moet analysis. for the a*parl- 
waatal eituatloft studied in thie tnesie» nownrar* ( P/0) ^ l f 
aad *o for thl« raaeon both tame of l%* (5.2) arc 

this

fft* aroaa*»«otionfl d«tortdtiad ^r this axparisaafc wara
with a flmila energy r««©latioof ftiid «o befora 

?«tl«t«s aalculutad fro® ^» (5.2) could ^ ooifipared with 

$tsa axpariffieiatal data. It «ms naeasaarjr to 1? v^stifata th«

of fcraas-uecUon tarl^aaa amiaad fey flmita
v • t 

ra*oluUa&« Bit* radyetlon r^»a feaam aaimidarod If- •*-.
$4|)* aisd. hi» raeultR for a box cimpa ra*oiufeioc 

funatioa (*a uaad in thia ajsparima^t) &ra oos3»id«rad is

A|>pai^iJi 4* It la ammn* la thl« n^faj^ixt t^t ^Ni ratio 
«f fcha warlajona for a aroaa^ftactlom aa*aurad with a box
ahapa ra«olati«ti fwj\otlo» of a^i^ipr width 2 A to th«#
aectioa Yarla«to« aaasurad, witr, gcnpt ^n^rgy ren^lution is

r/A) (5.3)
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3.5

two lifelt*& foruu ©aoh distinguished by 
of %H* *piift oui-off par&sic*ter of

* tu^*«t tuft fu-otlftiw, oorrwpon&iiig 10 Si
» .

«f»tlt

and 

of
>

in Fig* 5*i»
4 f

In |5^« t*«$ of i^«« (5*3) t (5«4) t» eaKkultttMi tH0
* it was asjiur;&4 that th« factors 

th«s avvij^^ proiuiot af el .0
oculd fcm repii^M bj ths 9t&u* *>f th* product 
to tfeMi 0«r.ttml ewnngf of the **p*rlia&nt01

to omioul^t^ th» 
Hs« fu^otioa HC P /A )

to be ir&m$9i&&&.t of ^ and IT; t'^ valtie of P was 

t© t&$ ¥&lu« found fros tl'i^f hl^ii i
rid the falii^ of A waa taK«m to equal

**r$ tet«i«ia«l IJT flttiiic » iwootli 0unr« through
points t and tr^ii oalculattr^ th$ n*a&

« 97 -
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5.7

froa the finite mnge of data error formulae given by 

BaU <if*|>) and D*lli»ora and Hall

5*3 Plgeuftaioft of J^o

It i* evident from Fig** 5«tt 5*3 that the calculated
valuta of the aro»9~e*oticm variance* for inelastic

SB scattering to different r^Bidual states in Si are cone IB-
tftntly greater than the experimental values. Some 
uodarctaodi^; of the reason for this can be gained from 
a «tu4y of Figs. $»kt 5.5. In these figure* the experimental 
Taluee of the areraged total reaction cross-sec tioiui,

a centre of imst incident energy of 13 MeV,
are plotted asaiaat the values calculated from 14. (5*^)* 
The points of each graph, exoluding the 1.77 ^«V state, 
fore a more or lees linear tr«md. (the large deviation 

ef the 1*77 ^«v state fro@ the linear trend is probably 
the result of a direct s^eolmnitua in the reaction process. 

Thie effeet raay also be prenent, to a one extentt in the 
other reaction*,) It is elear that, for both value* of

90
the Si S.C.P., the calculated values of the averaged 
cro««-eectiofls are printer than the corresponding experimen­ 
tal values. One possible reason for this di&erepan®? le



5.3

i2t*3*f*«t jwjFttaliB&tior, of the ( P Utr)/DUir)) ratios (»e* 
7). the «*ie«a*fc*& values of tint *t*a*g*& 
&r® Ui tersely pr^pc*rtioft«a to thi*

•++ \ ' v i, . ^and ** the eiopee of the Ur«e* dm»n l»i Fig«« 5.k* 5*5 
*ui^««t that the r*nor, ̂ 11 fiction faotorc for 
( r ( Jif)/D( J») ) ratio* should M 1*75 a^ 

tne reeoriAlldod mlinio of ( P 
for to« 41ff«r«ni MO^r«MMMiti0

in Fife« 5*** 5*7
U

meat between tfce ejt*>eria6«at«a. And a&XovO*t«al ¥*lu0*
•-^s- ^

cc a«Ad« red earl i«tr. Ir.a r«ciorj.-aii»ation
th^t, ^t the 

cross-

with the experi^e*it«d data* la «otioe 5*7 
ii preeeated 10 support %t&* 

reader, for the lai^
. '..• ' .^s,

with the 1*77 **v *tiate i« proba&ly luterf ex*«iMi«
''. ' S » .i ,1

between tiie direet and ct^poiuid r«aotior. aaplitudce* The 
expre««lorit used to eetlaate the ctivrreeporidir^

by t&e work 
of 0er«rel tuthoft (Ericicn, 19^3 » ^Ink and Stephen,

- 100 -



5.9

» lf£it)

(5*6)

where: aQ « aireat reaction eompofwat of the oro»&~aeetloiii 
OQ • compound nucleu* component el* the ero«8«e«0tion«

la order to eraluat« this *xpr«»aiois th« ratio b«$«««a 
a^ and 0^ wa« e«tiiaat«d by using rig* 5»fc; «a0y@iing that 
thi* ratio is i»d*|MsndeQt of the quantta* mmfe«r« J» «r siid 
th« Talu* of vmr^to-) 1» about 100 »b2 . this value, in 

of tfei» orud* atftuaptlon, 1« aot inoon«i«tent with
*

oi^t in fig* 5*6«
5.6, 5*7 «How that th«r« la only a »»all 

diff«r«no« between th« calculated values of the varlaaoes
2ftta the two Si S.C.i'.ej therefore, the

o*leulatio»» di»oue«ed in the rest of thi» eh&pter are 

only ooftoemed witu * $128 S.C.?, of t»0*

If the reaction croet-aeotiomi for inelaetio 

to different reeidual et&tee In Si29 (fig, U*l) are coapletely



3*10

u&eer*elftte4t th^n feh« variaBee of a coapoiindad excitation 

funetiOftf fredaead b> adding eeveral of the reaotion f 

ero»».«eetioaa together, is haul d bt «qu«l to tho vuai of

of th* 

. if

(5*8)

To to*t tr*« ralidity of thle liuit equation (Ui. (5.8))

«xoitatio& fimctlotui w«r« g«t^0rat«df 

to * different cooblcatlon of the 

cro««~**clions, «&d tne v&ri&*u»os of 

eiwitation funetloct wore determined in a 

wey to that oatliaed in ection 5.2* Xh«§e v«aa«», 

together wiWi the varianeee ooeputed froc 14* (5*8) Cueing 

the o*Iouiated T&lae« of



5.U

plotted in fig* 5.2), are shown in UK* 5*§* Th* elopes 

of the linaa drew** in Figs. S*a t 5*$ a** th* saine* If 

2q. (5*8) ie correct, than in Fig* 5.8 tfc« plotted points 

ehould be distributed about th« line; it IB evident from 

tfiift figure that the toqpaHMmtal valt*** ar« greater than 

thoae eal0ul%ta€ from Kq, (5*$)*

If *o%« oorrelatioc exists betw«®B tlie individual 

reaction oross-s^otione (fig* U*D them th« 

variance of a GOffipoatided ejtcitatictn fuactlori will 

greater than the value commuted from 14. ($*S)* the distrl- 

but ion of points la Fig, 5.8 th«r«fore suggest s that there 

ia sose correlation ^tueem th© i*i<llvidu<il reaction cross- 

On the t^aaia of th* doorway atata theory of

struuture swoh oorif^latiori ie n@t unexpected 

(see ectioa i«6»e)« H'onavart wbeii ( P/D) « 1» as in 

the preeent experlsacjitia eituatlorj, some oorrel&tion 10 

al«o to be expected from the etatlctioal theory of the 

reaotion aeuhmniBia. the correlation In this a&ee is due 

to the fact that the different reaction ehannele an are
•IMU

aaeoalatad with the *am* sete 0f oompouj;4 nucleus level® 

U § ir) § aai to a mn&m $pQv$tm of thaae level* will affect 

all the reaotion croas-ftijotloue im a similar nay* the

• 1C 3 -



Increase in the variaaee of a expounded exultation 
fufiotiea oaused toy this random grouping effect is further 
oonsidered in the following paragraphs.

<

It is shown in Appendix 5 (*•« Xq. U5.3**)) that, on 

account of the random grouping effect, the variance of a 

•expounded excitation function should be ooaputed fro* 

the equation

(5.9)

Coaparisen of this equation with S%* (5*8) shows that 
the random grouping effect enhanoes the value of var(oc ); 
it is of note that the second, term of Eq« (5*9) becomes

•

negligible when ( P /D) » 1.



.13

The point* in Fig** 5.8, 5*9 carrea^oad to the same 

compounded excitation fuBction« but the calculated 

variances for rig* 5*9 have been computed fro*s &q. (5.9)* 

The line drawn In Fig* 5*9 has the easte elope as the line 

in fig* 5*3* It will he noted from these figures that 

the second term Is ^q. (5*9) ie sufficient to increase the 

calculated variance* so thai the plotted points are 

distributed about the line.

figures 5«1"» 5*11 are similar to Figs* 5«$t 5-9, but 

the calculated variances have been computed by usi$g the 

renonaaiised values of ( P (Js)/DU«)) (see ^action 5*3)* 

Even ia this case v where the relative magnitude of the 

second term of .^. (5*9) is smaller than in tne previous 

case, the distribution of points ia Fig, 5*11 is* not 

inconsistent with ^q, (5*9)*

From these results it was concluded ti.at, given the 

set of assumptions from which Eq, (5.9) is derivedt a 

significant part of the correlation between the reaction 

cross-sections (fig* U»l) can be associated with the 

randos grouping of the compound nucleus levels*



5*5

7h« Legeadre coefficient* of a reaction angular 

distribution are defined bjr the equation

dc (e|a*) , _,!.»_, ^ ,* .«%

These coefficients, platted as a fum»tloa of incident*-

proton energy, are shown iti figs* U*2 f U.3 for the different 

reactions investigated iio this experiment* In the following 

paragraphs the nature of the B^ coefficieats is discussed* 

the ooeffi&ients »ay be expressed in terms of thev'^,, 

eeatteriag matrix s In the following fora (see section A5.1 

and blatt and Biedeoharn, 1952; Huby, 195U) :

(5.11)

where J £ « orbital angular nomentua of the incident 

partlelei E 1 « orbital angular oomentua of the emergent

- 106 *



partiole; * » ohanr.el s-in; J and «• aro th«

auatami of tfeo «*&jHftmd *ysta*; th« tun is taken or«r

Angular »o®a8ta and parity quanta* i,umb«r§ but not ovar

a, a», I or 1} the I ooftffieiaitts ara definad in Appendix 6.

To aluoidate the stracturo af ^q* i5*H) the 

of tho aquation i« taparatad i to two co«por.«fjt«

w

v V 
^

c

whara: c v { I, K* t » t s',J »w); 5 i* dafinad
J. X X J* »

Tha fir«t ttrr lx r.^. (S.V?) is non-zero only for 

1 coefficient® (tnie is a direct ros.*lfc of parity 

deration© fir the vectors (L, I «. t U and ( X J t f | § 

tha aooorui. tavm a,;,paara i*; both ava i and odd <joeffiai<mfca f

* 107 *



feat »o* fw 1 • 0, $n* M*ond *•*•» IMMNHW9
«*per*t«d into two part* w*ioh ar« a*««oiat«d with«v

or *wi i, co«fflci*ttts. %i* my
n»lfttior.s for 

coefficient* i

for *&& i,, either

Of*

r is odd,

muei Iwtfe fe*

or
even

aa& for

iff «rim t is

of ? * 
1

t4h» above ralaticna divide t!:« pos ibl« ooKblr

* 106 -



sa?

of c^ and C£ into two categories: (a) tftose whlc 

non*»8ero values of wCc,^,!*) for even l t arid zero

for odd Lj (b) those wJhlch have non-zero values for odd L t 

and zero values for even i». therefore, the same combinations 

of c^ and c,, are associated with all tne even L

althoughg due to the othar angular womeattw 

addition aquations go verging the f coefficients^

for a partiemlar L may gi*« *«ro eo 

the sa&e oonblnatlonc a.r-paar In all tha ®v«n L

it Is likely that there le «on« eorrelatlon 

between these coefficients. Similar ecr^clunions hold for 

the odd L (B^> coefficient*.

It ha© b^en shown (iriceon, 19^3) th&t f if It 

aesused that the direct component of the ecaitering 

Is zero and the cos2pour.4 nucleus component It 

randc® for the different channels e f then there Is zero cross 

correlation between the odd a«id the even % coefficients,

The exp»ri»eatal values uf the B^ coefficients 

In Fige* li.2 t Iu3 are not irjeor^lsteat with the a&ove 

clusio^B, tiace there is so^ evidence c-f correlation between 

the even L coefficients and between the odd 1 coefficients, 

the effeet feeitsg particularly etreac for inelaatlc 

Bcattering t© the J*«97 Be? state* For the J**f? ftev state



there also appears to be little or no correlation between 
the even and odd I coefficients.

5.6

By using the same assumptions that were employed in 
the derivation of Eq* (5*2) 9 it is shown in Appendix 6 that 

the variance of the B coefficients defined as

var(B^) (5*13)

is given by

var(BT (a a*)) «
Ji e

i <

> <

*i»

* llw «



5*19

Iwh«r0: z_ indicates that the smmaation 10 only over 

sets o a*0ooiatO& with particular values of J and ??.

Coaapari00n of th« t*r»0 in ^q* (5.2) with tho0« of £ 

(5-14)* In association with %* (5.12)» suggests they a** 

•1 jailer in origin. The first fc*rtn of i%» (5*34) lo 

to the first teraof Kq* (5*2)i **& ari0tn

int«rfer«iio* fe*ttf**& th0 aompouBd r«6oimn«e8 aesoclatod with 

a particular ««t of <|»6iituifi nnmlMir0 o* Tha B*oond torn in 

arisas froia an interf^re?ioe between 

as© elated with different s«t« of the

nuab«rs o; this intarf&rmic® is r«pr»«ent«d t>y the second 

tena la -q. 15*12}, The tnird term 1m %* (5*14) 10 

to th* a®aond t«rui of Sq. (5»^-)» aaa arlesoe from the oontri* 

butiOB of the sli^le resoimac© states to th« variance; 

this tons b«ccnaes Begligitol* wh*n ( r/I» » 1.

Owing to the manjr dlffcrerit oo^blaations of c^ ant c^ 9 

^q* (5*14) is difficult to apply to a general experimental 

situation; however, soia© »lapllfiaation occurs if the 

target and r«0idual nuclei are 00.ro spin, Sueh a situation 

arises I® the caee of im01a0tio so At to ring to th« U.97 

state of Si23. For this re AS on %« (5/1^) Has 

0p««ifleally «ppliod to this situatlo/u

- Ill »



5.2C

5*7 Variance of the Legen&re Coefficient 

Reaction Si28(r).T>nsi28 . l> « L.9?

Whether or not a particular reaction channel contributes 

significantly to the terms of Eq. (5*24) depends upon the 

associated channel transmission coefficients. For the re­ 

action studied in this section the following table lists the 

most important channels:

TABLE

c

1
2

3
1*

5
6

7
8

9

.

ft
ft
ft
ft
ft
ft
ft
ft
ft

l

0

1
1
2

2

3
3
4
4

J

ft
ft

3/2
3/2
5/2
5/2
7/2
7/2
9/2

I'

+ 0

- 1
1

+ 2

i- 2

3
3

+ 4
* k

B<

ft

ft

ft

ft

ft

ft

ft

ft

ft
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5.*i

th» pairs of th*

Ogi^} eouffioiantis, ^.^ ^.iiots therefore
to trui ftocond term In Hq. (5.L*), art t*toyl«*t*d in "r&ole 5»3 

and of ojr,«4^t*r) for tue ^lff*r«at J-
partial rcactiwi. cross- :;©ctior,s occurring

computea by usln^ ^-q. (5.4) wi&n tha v.^ue« of

3.C.I* of

for & oentra of r^uis values of

tabula tod by 

; } for

of 13

tie

et «!• (1959)* i'o o^loulate

1- t/.is expcrX ^ ^t, it

for th» 3, as wall as for tun
jrf

of th* terse
V

that /-.;. (5*3) was tru« 

c oaf f is lent a* fh® calculated

5.2 f -- - ooeff icieate.

1

2
3

» «Afi4M|IMMkr^v«-t9«HMlilwv»j»«f*»ft^-.<i»

1st

29 7 
3*3

It will b« noted ia Tabl* 5.2 ***** *f last



5*22

tern* of &^. (5*14) la a.?ail cc,spared to t;ie value* of t&e 

other terms,

The oaleulat&d var'*w3#£ an* -3 spared wittt the 

experiawr;t<*l *,uue« in fig* >,12; trie liz*e dm*m in this 

figure ha« t»,4* sane sxope at? th« lln* draw** 1*. 4<l£» 5»^« 

It will be ot>8«sr^®\! &nat t as was fouisd for th^ 

of the tatnl reaction crog««4ieoti-0n« (Station 5«3)t 

cal-oulattd v«Xu*t of the v«riana*» are greatQi* tn*c* tht

taluss, A aiisilmr difficulty was d@sorit>«a in 

5.3 and it ^as ti i-..,-•*eue-i that the reaeo?i was an In­ 

correct nonaali«ation of the ratios ( f Uw)/0{Jir}}. 1'he 

varianoee of tha B^ coefficients were therefore reealeuX^ted 

with the renortaAliaad valuet glttterfalneA from the total 

reaction ero«0*000tloas* ; vr^se recaiculmted vmlues are 

platted in ^if>. 5*15. *t is evidept thmt fclier® is btttor 

^tween tha epical a tea an4 eiperiifteiit&l ^aluee, 

due to tfce l»rge e^feri&eafit&l ^rrars it i« diffieult 

to ai*»w any firm oo/iclueioue*

The re&omaiisifcitiori «rgui6»ni tr^refore «^pe«re to be 

ooaaistetit in t:-.:^, t at tr^i »«m^ time t tt;« nverage total

reaction oros«-a^<3tioi s, varieiicen af reaction
f

and the variaaoee of tbe B^ ©iseffioieats can bis brou&i*t 

reasonable areeaefit with the experimental
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VAR(<r) FOR RENORMALISED T/D 
(Si. S.C.P. = 2-0)

I 
STATES

1. 0 = 177
2. 0=4-61
3. Q = 4-97 

Q - 6-27 
Q =6-88 + 689 
Q = 7-38 + 7-41
0=7-80 
Q = 7-93

4.
5.
6.
7.
8.

I____I____I____1 I I I

20 40 60 80 100 
EXPERIMENTAL VAR(<r)mb2 

FIGURE 56

120 140

VAR (or) FOR RENORMALISED T/D 
(Si. S.C.P.^2-25)

N.B. NUMBER NOTATION 
AS FOR FIG. 5-6

20 40 60 80 100 
EXPERIMENTAL VAR (cr)mb2

FIGURE 5-7

120



1600
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VAR(OT) FOR SUMMED CROSS SECTIONS

<r(R) = SUM OF CROSS SECTIONS FOR STATES WITH Q VALUES 
4-61,4-97, 6-27, 6-88+7'4lt7-8,7-93 MeV

I. var(<r)« var(<s'CR)-o'C4-6l))
2. w
3. »>
4. n
5. n 
6- » 

L7.

- var(tf(R)-cr(6-27)) 
= var(cr(R)-0(6-88)) 
= var(cr(R)-cK7-4l)) 
= var(cr(R)-cr(7-8))

r \ ——
1 ——— + ———— | 
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100 200 300 400 
EXPERIMENTAL VAR(0) mb 

FIGURE 5-8

500

VARCcr)FOR SUMMED CROSS SECTIONS

1600 N.B. NUMBER NOTATION 
AS FOR FIG. 5-8

^01200

800

100 200 300 400 
EXPERIMENTAL VAR (cr)mb2 

FIGURE 5-9

500



VAR (rf) FOR SUMMED CROSS-SECTIONS
rf(R)=SUM OF CROSS SECTIONS FOR STATES WITH Q VALUES 
4-61, 4-97, 6-27; 6-88J7-4I"1; 7-8, 7-93 MeV

400L I var(cr)*var(rf(R)-cr(4-6l)) 
2 w =varfd fR)-cr«VP7Y

200 300 400
EXPERIMENTAL VAR (rf) mb 2

FIGURE 5 10

500

VAR FOR SUMMED CROSS SECTIONS
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AS FOR FIG. 5-10
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EXPERIMENTAL VAR (Cf) mb 2 

FIGURE 5-11
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C tt A J> f £ ii

The Inelastic scattering excitation functions

by this experiment (Fig. U.I) exhibit structure 

of the Intermediate type. The similarity toetweeii the 

Intermediate structure i,n the different excitation functions

Is elearly apparent although t$©re are differences In
a detail; whilst Intermediate-structure peaics occur at

similar c ergie* In several of th® reaotion ohamidlo, a 

jpartleolar peak Is not always conspicuous in them all. i'hat 

there are cora&on structural features In the excitation 

fuf-iGtlcme beoomee even sore evident when several of the 

functions are added together (Fig, **.!)• the relative 

fluotuatiors of tnese co®v«anded eurvee appear almost as 

great a« the Individual curves - this Is contrary to what 

would be expected If the component curves were unoorrelated*

* i.e., a structure "bump* with width several times 

greater than the fine structure aoherenoe width,



4**

of ttt* dl«*u***&
in Section It*!* fltwid* further *vid*ii*e t&at the different
reaction oro««~*eeti0n* am «arr*lat*d»

Th* &ppi*oxiiMit« tnoi^pr poeitions »nd widths of
p*ak« art lletod boiow*

Width

300
250

13*?
1*4.1 too

20C

Ttoo width* listed In this table have fe*«^, estimated frota

funutlos*
U*D; It is to b« noted that the width* vaj^f between the

Wcltntloc funoti?sn«,
there 1* *®ate evld«^n«e that the differential oro««* 

•eoticw excitation f motions aanooi&tod witn individual 
reaetioii channel* ore correlated, ft** «n*rgy variation of

- •

* U7 *



the dlffarantial cros* -sect ions associated with two 

reaction channels ara shows In ^ig. i*.7.

Tha angular distributions and tholr associated legend re 

coafflalanta for the different reaction cna*mels Tary 

rapidly with Incident proton energy (see Appendix S and 

Fig*. U.2, 4*. 3). It will be observed that in the case of 

inelastic scattering to tne U.97 KaV state thara la corra- 

latloti between tha L * 2 and i* » 4 coefficients arid also 

between tha L » 1 and ^ - 3 ooafflclents; a similar effect 

also occurs , though lees r.arked, In soaa ^f the other 

reaction ehaaaela.
2ftInelastic proton scattering froo Si w has previously 

been studied by several workers* Brenner and Hoogenboom 

(1962) investigated tha reaction, lit the energy region 1^.8 

to 7*0 HeV, by aieasuring differential cross-sections at 

several scattering angles; they discovered t«anty~three

resonances in tha energy region. Colian and Gookson (1961)
o determined 90 dlffarantial oroas-sections over the energy

region of 10 to 12.3 f*eY» and discovered nine structure peaks 

In this region. Tha authors however were by no means 

certain that tha peaks corresponded to genuine laval positions 

In the eoapound nucleus; la view of tha later work of

and Hoogenboom this does iadead seem unlikely* JUow

* X18 -



6.1*

energy studies of the reaction in the region 2 to 5.5
have Men undertaken by Ofta et al»U$59)t Beloto et al.(196l),

Froa the werfc of theee authors, it is to be concluded 
that the intaraediate-atruetur* peaks ©oourring ia the 
excitation function* determined by this experiment are un­ 
likely to fee associated with individual levels of the o expound 
nueieuc. the Erieeoa plot for the eoapou&d nuclem* JP2^ 
(see seetion A?. 2 aad ng. A7.2) proridet addad rapport for 
thie arpwonti extrapolation to the exoitatioo energies 
ueod i& the present experiment yields a value of about fOO 
for the rsunber of oowpouad auolear levels oeourring within 
the exporinental energy range. The value derived by thie 
method probably overestimate* the actual number of levels 
(see Appeodix 7); however* even tailing this into aoeount, 
the mu&ber of levels will still be meh greater than the 
obeerved nuaber of iatersiediate-structure peaks «

Heoently discovered examples of ijatei»ediat»»stnAoture 
peaks ia reaction excitation function*, for nuclei of the 
saae nass region aa Si28, have been reported 

et al.(19«>i*) *U* (ifoMi Sifi^ et
ot al*iI9o4)i iUlott and Spear (19^) i i^ri et al»U?6®)s 

et al,(1966)i Singli et &l*(lV^ b)j Kroepfl et

- 119 -



6*5

et ai*(1967) I Kobta and Divatia (1967).

6*2 Ttur DootfMMr State Theory and the .experimental vaults.

Th« predictions of the doorway state theory of later*

mediate etrueture have been discuss*! in Chapter 1; briefly,.• * -•

tfaey are tfee f>r*dietio® of structure oorr«iatl@B (ft) 
the erQ0«~*«dtl0n$ wieocletted with different 
enanxsele (b) between the dlffearenti*! 
corresponding to tne ««»e reaction ohausneX but different 

angles* Both theee cityuraeterietloe are to be 
in the data ccllected in tue oouree of title 

(see section 6*1)* In tfte follo^lti^ |iarfiupra,ph« a brief 
diaeuetion is given of the widths aM spaoiag* of the 
i&t*ree&late~stru®tur« peaks in relation to ttie doorway 
state theory.

The width of a doonmjr state rasoaso^e (see ^eotioa 1*6) 
is determined by its escape width to the open reset ion 
channels and its damping wldtii to tlie »i>re oomplloeted con­ 
figurations U«e. t 3p-ah», 5P*3^i. •to.), nie doorway itate» 
novever* can only decay to tne »ore oeaplieated states 
which flave the same s^in and parity, otbtrwise the matrix 
ele«eots deter»iaing the transition will be >ero. these



6,6

laws therefor* plaee strong restrletlar** 

the tiuaeer of final states to whleh the doarway state can 

deesy; this al«me will eause tne danplug widths to vary 

feetwee* t&e different states* Speelfle o*lcul*tian» of tits 

widths fcave fcete aarrisd oyt bj Fraooo aad L«aia«r

at a!*, 194?) fop t&s u*utro» mass r«gl»a osntrlng 

around M • i26 t 0n th« asstniptl^i ttet tas do^rwajr statas 

ara ap*lfo adnflgiiratl«»ms t ai24 tlis n»^t reaetioa stai 

oaiif tgurattous. ?Hsss oaiGyklati^RS suggest toat the 

widths for t&«as imciftl snould be rcu&*ay 1^ tne 

altfeaa^ th« authors ^ipteslaa that t&a 

of a doorway state a«m enaxiga this sstlantlaa 
oro«r of gtas&ltyda la sltHar alr^«tion. On tn^ ota«r 

oalouiatlaas giving rasalts la r«^«onabl« s^raaaant wltti 

(Pfitnar aM aisdsl, 1961*; J*®vas t 1966) ha^a 

asds la tiw aasa of light nu«lol f on th« asauaptioa

that the width of the doorway state resonance is o^ly deter- 
mined by Its eseape width*

It has therefore beeii concluded U?e*hbaoh et al. t 1967 b ) 

that for the energy ^id ^ualear mass regies e^asldered la 
this experiment the typical width of a doorway state 
resonance should fee several hundred &eV, the experimental 
widths of the intemedlate-structure peafes fou^id )>y this

- 121 -



experiment ore therefore »ot it.conaUtent witn thio 
•it Nation («ee fable 6.1).

Th« ttpaol&g of 2p-ih atstos ho* been eetlfi&ted by 

L« Couteur UfoW on tit* boois of tiio Feral g*» jaodtl. For 

tlui HMk«« *®& •nerfij r»g,ioii« u§*d In t Is ^xp^riatBt* tuie

th* »?*n« »a»ia of
&ad 100 K«V. In th* spirit of the choU aod«l f iduad* *n£ 
Blook (1961i) h»v« o&ufitod tn* aim&«r of 2p*lh «tat«» par 
MoV for A r&ftgo of rtfolot; ««fortu»otel/ P2^ in aot Inoludiod 
In %ho ran^« ooiialdoro&* Bio phonoimnelesloal moAol of 
Isuao (ooo loot ion 1*5) givott tho spaelag of th« lr}t«r?sodlatto- 
atruoturo poako a» about 500 KoV* th« above ootimntos mro 
to bo cofflparod with tho oxporlmontal valuo of tho 
wftloh Is about 500 KaV (soo Table 6

t

C lopfcor 5 tn« oxporioontol data were oompojrod with 
tho prodiotiono of tno «1&otl«tioal tncory of ttio roootion 
aoohanioa* Using a»au^ptione moout tho widths ond energy 

8 poo ins* of &*** ooapouod jiuoloua level* which enter into the 
thoory v it wma foufwa that reasonable agrooaent oould bo 
obtained between tfio oitporiaectal and oaleulatod variance*

- 123 •



of tfea individual reaction axsitation fw&etions Uaa 

5*2). It vac alio found that tha ox^arisantal variances of 

compounded axoltatioi; fuxtotlona ware oon* latently greater 

than tha values ealoulated on tha assumption that tna 

individual reaction cross-isections were mftoorralftted (saa 

Saetlon 3*4); thla would 0aam to laply t^at thara i« itruotura 

correlation botvaan tho iradlvidnal raaotion e roe »»« motions.

If tha oxpori«OBtftl data ara in aooord with tha 

0tatiatioal thaory* then wn«n ( P/D) » l t tl%a iridividual

oroaa«0«otioa0 should tea uaeorrolatad; howaver, 

f/D) & l t aa ia tni» axp*rime&t f tHa rai^lai groupiog 

of tha ao0ip<»iDd tiuolaar lavola bcgin0 to tooaono a «ignifioant 

faotor in d«t0rni»it*g tho oro00*tooti^i varianoa0 (aaa 

sootioe 5*l|)« Sinco tho 0amo oofipound nuclaar lavala ara 

aa0oolatad witn each reaction channel, it i« to b« axi^aotad 

that oorralatloft between tho ra&®tio& cross-sections will 

baootta aignifioant whan { T/D) ^ I, This oorrelatioa will 

oauaa tho variance of a ootapouiidad excitation futiotion to 

ba gratoter than it would ba if tho roaotion cro»s-e«otion» 

irara ^.correlated,

i»a.» aa 0x0 i tat ion function produced ty adding toother 
aavaral of tha ajrparinantal reaction aro0a«a«etion0 .

- 123 -



6*9

for tho oxperl^entai cowpoimded excitatioc function* 

considered* ths iaerease in Tar lance has bets estimated ia 

each case on the assumption that the oo»pound nuclear levels 

are randoaly distributed ia energy (000 £%« 5-9). 

this assumption* the «&loulat«4 Tarlano*s of th* 

excitation fuootlon* are in reaiion&ble a«P«effi*J3t with 

experlmerttal result* (aee ?ig. 5.9).

Further tetting of the st&tiftieal icterpret»tion of 

the experisentel r«eult» would involre inr«ati^atio& of the 

way is wnioh a Wi§n*r type ierel s-aclng dietrlbation 

(signer, 195^) affeotf the theoretical efttim&tee; further 

infornatlcm about the level width distribution would alto 

fee required. However, ia the spirit of the *&l*ttla&iO8* 

is Chapter 5, it would seers that the atatlstioal 

of the eroas-ssction irarianoe ia not

The widths of the intenaediate-atrwctur* pealcs to be
rexp«oted froe th* statistical theory when f » I hare 

been considered by Singh et al» (19663)* Tha authors 

sisulated cross-s act ions with paraaoters ohoson ia a rando« 

fashion from preset distributions; whan the cross-eaotiona 

were withoaatioally aT«ra««d it WAS found that they often 

exhibited structure suggsstir* of the intoraodiat* typo.



..1

In fact, the authors fouad truat, for an excitation fauction 
of interval length 25P , there is ft 30 per oent chance 
of findin^ aii iatensediate-strueture peak 6T wide, with 
a(peak) » 1.4<x(average), (For the present experimental 
situation t/:«* value of 6P «« 3Uw &eV f which is approximately 
the same value as the observed experi^eut&l widths (see 
fable 6*1).) the authors however only considered large 
values of (P/D), and so it is difficult to infer what is 
to be expected when (P/J) « 1; nevertheless these calcu­ 
lations surest that the occurrence f intermediate's true tare 
peaxs ig not incompatible wit.; the .statistical theory*

It would be of interejBt, in connection with the present 
experiaentf to extertd this type of calculation to law values 
of (P/D) f and to study» as a function of (T/D), the corre­ 
lation between excitation functions « uch are generated*•

with the saiae distribution of level energy portions but 
different level widths* If tnis is done» it nay b$ fouad 
that the structure associated with the excitation functions 
becomes ^ore and £sore correlated as i P /D) decreases in value.

In Chapter 5 of t. Is thesis a study is also &ade of 
the variance of the Leg«m<lre coefficients assoc luted with 
the reaction aa^ular distributions; again it was found trial 
the experimental results are in reasonable a&ree^eat with



6.U

the fttatietioal theory (s$« Section 5.6),

It *ee&s therefore fr©» ta* preee&iog discussion that 
tH* experiJ&ental results are not inccmeisttmt with either 
tfco statistical tteei^r or th© ddorvi^ state theory of

of

latioc b^tvtea the 41f fereiitiai oro*a-«c«tioin£ are 

tiie pr«diotioa« of th« 4ooneay etate theory

6*2); thie ta*«ry e&§9 ^ffere «CM* «xpl&imtiQ& of 
the es$eri£*&i«& *d4th* and ©D*r e*®is$ of

peafcs* to tw® other h«ndt both th* rari&oaoE of 
tue expejpiffi*at*i reaetieii ^xci^tiow fuisotioui nod 
•trueture ^arreXetioss b«tweeu t^eee ftmetlea* earn 
IHI es^Ialne^ in t«rt*« of tn« * tat let load t^i^ory*

It ma|F b« thati for t&e experimental situation 
the reaftt&on mednimie^ c^rrespoadirig to tiie t^eorlet 
^tt«fttioa each &a*e a ni^rjlfle^t role In the re&eUoa proe^se. 
Therefore, to gals oaricluelvft eviaonc^ that 
do in faet glte rice to l^t«r:iiedJL&t^8tm<stur« 
further experimental data are required*
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Out pOMitttft *xp«rift0«t would
of diff«r«nt reaction o*w»»**otiaii»t

this thesis^ but for «& ©n«rgy and nuclear 
wher* ( r/a) » Ij in this «OM 9 gm*$»iis$ of W*

tin?
it

elastic
detail

«, If
state

should reveal that both
tho r*«0narfa*t rj

or

of the

In such

to

^ eat Ion would
lit

©f
-af tf'i« p<*ak i* dao to a 

of tn« 
$ *

a minimus and,
upon tht

st

more
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6.13

structure i* Mu**d fcr grouping of tti« *t*fci*tUM&
p*tm*t*r»» glue* EoXi&iiftr U9&?) has ow dawn «tt*8U«ft 
to ^noth^r poHsifcie stattstloml explanation of %U« s true tare
-o points out that * *»»i* tln.% pros^a^ of sitr^^^i

suon iRt«i^edimt« n&sor-inc^ fe^tur»« are also 
by tb* ststltllfiMa ^odti Of

states* rhe»« tsoOUeln ttpteify t^ fr^i^uer^y of
of

ar*d

&$$&il*&

~ i;





AI.1

A I- r K 3 i) I X 1

this appendix 10 concerned with the af fact of the

beat* onftr&r modulation on the energy of th» 
»o«,t tared pftrticl** frost the tor^«t«

if a p«rtiol« of sAce B^ tra^ftllins with 
»oa«ntuft i'i and klrwtio energy E 10 
froia & static t*uo!0us of ^^B« ti*^ii Its

r* is _,iv*u by

Q * intrinsic excitation eG«*rgy of the nuolou*

(9 cost * H)^ (c coa* * g)
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A ? * £ If D I X

A2.1

A oadoulation, giving tit« ra&uotion in the 

of the fipootnaa poake eau»«id t^r & f inlt« 

the incident beaeit is presented in this

For thin calculation it is asaureod that tho 

bowa energy spread oan be rt§>re«eated by a box 

resolution function of the fora

of

Charge

o

When A -* Q t it 10 further a«su»ed that the 

profile* are Gaussian,

y(«) * A exp (A2.1)



A2»*

wh*i*3 A m paak height; xo • p*ak oentroidj w - width 

of th* ptftfc*

th» above resolution function tft* p^ok 

at position x is given by

JTA U)

to Ui« p**it height i§
'A

- A *

: • • g ; £&?(•) » trror fonotioa

Usiiag Kq. CA2.3)

t.
This f-action i» pX0tt«l in fig*

- 133 -
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foreula u*ed to estimate the tout* ting loes?e» 

Section 2.155 c&uted fcy the dead ti-ic of the counting 

electronics t* derived lu tMs
by t'rm A.

pul»»« art rejeotad If th«y arrive at th» a«S*c« during 

analogue to digital Q€>nv*r*ior, ti»«f or th* naitiag tln« of 

the mmory buffer, L«t th« total &*ad tlma for a partloi^la 

puls* i IN> deriofc«Kl by t^» and lat tn« aotual oountltsg rata 

of puls«« oorr«ij*««iiaiiig to chanit«2. e, at

o arrive at

th© probability that r piOJNMi af

tn« dead tlaso t 1« glv«a lay

r J

and 60 the average number of puleet arriving at the A.: .^. 

during tnlff tins* 1*

^r * 
r(i



AJ.2

number will be the average auaber of pul*«* of 
amplitude o which are lost during the dead time tj,* 
the aotual number of pulses of aojj&ltttd* e occurring durin 
the axp^rlaental run &JB f(«) 9 and th* recorded riumbor 
by "^'(c), the relatlon«hlp between these two quan title*

(e> • . T Wo. 1^)

ratio i.T.:. win rary if tba
f(«) fluctuates, but at way time It will be Independent of o

Denoting this ratio by MT}, ix** (AJO) »fiay be written

If S£ arid Sg are the number of evetita reoorded during 
the experiment by the uninhibited and inhibited eoalare 
(»ee sectiOB 2*13) »

and

where: oj » tt^plltude di •crimination threshold for 
two scalar* »

- 135 -



A3.3

(A3*5)i (A3.

* • 1 •

« X . b(T.) At . U3.7)

vne true channel content e&n therefore be determined free 

the retlo of the scalar events*

* 136 -



A4.1

APPENDIX

THB YABIANCE OF CiiOSS-SSC'i'IONS AUD P.INITS BEA

RESOLUTION

It has been shown toy 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-EO ) is given toy

(var(cr)
exp(-kT) a(k) a(-k) dk

(var(a) )

where: a(k) « | exp(ik(E-E0 )) A(E-Eft ) dE,
— eo

For a toox shape resolution function similar to that 

shown in Appendix 2

, , sin(kA) a(k) « ————— . (AU.2)
UA)

Using Eq. (AL^.2) in Kq.

- 137 *
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A3,2

one associated with a oeapouad nucleus mechanism, and the 

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

T̂
i (

(A5.2)

where: the sum extends oTer all nuclear compound states 

of particular J and tr quantum numbers; < S > is the energy 

areraged component associated with the direct reaction; 

3 = dtSjESs 1 ); * Et m et - i r t/2 f in which et and T I 

are the energy position and width of the compound nucleus 

state i.

In the subsequent working it will be assumed that the 

real and Imaginary parts of the coefficients 

belong to Qaussian distributions , and the coefficients 

corresponding to different sets of (ttu* t £J*r) are independent.

i 
A5«2 One Cfrftyifel Heaotions

This section is concerned with the cross-section 

variance of reactions in which the reaction particles hare 

zero spin, and the energy is sufficiently low so that only 

S-ware interactions need be considered*



A5.3

i$ d»fln«d by
.*. '

ver(

29 > U5*3)

where; the angle brackets denote an average over energy*

For simplicity the direct reaction component of the

aoat taring matrix will be taken a* sero; in tnlt ca*e

(A5.2) t (A5.3) give ?<Jrr .

2

where: th« channel subscript* (a&^^Jm), «ific« they are

unique, have been omitted fro® the identification label of
2

the coefficient* a^j the kinematic factor *r \ has been

abaorbed into the coefficient*

Owing to the aavuned random nature of the a^ coefficients, 

only teroa in the «uiwaation of Eq» (A5.U) for whleh the 7 ;• 

•uffixee arepairwiee equal can eigaificantly contribute 

to the total BUM, and BO the possibilities are (i»

and (l*}m*m). -ith theee 

term* £q. (A5*U) beoomea

* 1WL -



2 ' I
*

( ai ) 2 (at) 2

(E-E*)2
U5.5)

The values of the first and last terms in Eq. (A5.5) depend 

upon the energy spaoing correlation between the neighbouring 

compound levels. Moldauer (196^) has argued that if the 

energies of the levels are randomly distributed along the 

real energy axis, then

= < <s > (A5.6) 

MJ

and ( fr —— . ."——- > • 0 . (A5.7) 
1J (E-E,) 2 (E-E*) Z

J

If the spacing distribution of the levels is of the Wigner



-5.5

type then the results are sore ooxplieated, tout KoXAauer 

shows that evan for thia distribution &|s, U3.6) t (A3.7) 

true when ( P/D) » 1« For the calculations in this appendix 

it will be assumed that qs« U5.6), (A3.7) are valid* In 

this case t.q. (A3.5)

- 2 2

£q. (A5.B) ir Ir.q. (A3.3)

var( cr) - < *> y

this section is coztceri^ed wita the erocs-e^otion variance 

for a reaction involving several components, ^ t each ^
*•

the s&oie compound system quantum muatoers J,«r.

The cross-section for the reaction is ^iven by

U3.10)



where t the Identification subscripts (a^* fj«r) have been 

omitted froa the coefficient* &i (3); gU) - (<y+l)/(2H-l)U'i*l) 

BQ. CA5»10)

IJttR^—

Th« evaluation of the tenw In ...q* (A5.H) for which

la KUntical in leetUod to taat us«4 for the one 

case eoimidorod in tha preirioue 8«otionv and so

r
of (a 1 ) t«rm* » 2 , <dt» + J , f-

(A5.12)

ID tn« det*raiaation of th« quantity

i
only tense n«od be considered for w^iioh (1»J, m«n t 

and (i»J*m»n).

. Ikk -



A5.7

In this OM«

/

MJ

(A5.13)

By using arguments similar to those used in deriving 

U5«8), Kq. U5.13) becomes

term « <

(A5.1W 

Colleeting tanas for £4* U5.ll)

\

(A5.I5)



A5.8

Tha square of the averaged cross-section may be written

Using E<i«. (A5.15), (A5.16) In £q. (A5.3)

> X

(A5.17) 

o 

To evaluate tha summations occurring iaside the angle

brackets of Sq* (A5.17), it is aasuaad that the sums say be 

replaoad toy integrations

D
da,

where: D « tha average eaapound level spacing at energy -.



A5.9

T'ie integrand occurring in ^q. (A5.18) has a second 

order pole in both the upper and lower half portions of 

complex E plane, and therefore

Sir

U5.19)

where: P =» the average total width of the compound states.

In the last step of Eq. (^5.19) use has been made of 

the assumptions that the real and imaginary parts of the 

coefficients a>(£) belong to Oaussian distributions of the 

same dispersion*

By again replacing the .^mmatio ; by an integration, the 

averaged cross-section for tne reaction component ^ uiay be 

written

VA3.20)



Bq. (A3.20), U5.19) in Kq. U5.18)

* u>

By siallar

(A5.22)

Tha different niiaarical faetpra in Kqa. (A5»21) t ( 

origioata fro& the raXaticoa

Using Eqt. (A5»il), (A5*22)in Sq. U5.17)

2 u * • TT757 } * w (r/D)
U5.25)



It i? ,f note that when ( T/U) » 1, :q. U5.25) reduces 

to the e

z.< U5.26)

The form of t ie second tenu in 14. (A5-25) is det@r,;i .ed

by the f.-ct that the different :>arti«l channels have the a^-e

set ;t compoujrsci system levels. ^ - the of

channels increases , this term becomes of i^cre&siu^ ir.^ortance 

*: se if the r.auiber of o 4 ieu.:-iels is , then

n> 2
A5. mnd

In this section the formalism f f-e previous section 

is extended to i-elude compound nucleus levels of different 

numbers J t ir.

this case



45*12

ŷU
4 *»->-**_• *-«

U5.28)

where: Ej (Jy) » tnt ooaplttx onergy of the
4

nuol«u« atat« i with quantum numbers J and v; the identifica­ 

tion aubaoripti we ' have been oaitted from the coefficients

(A5.28)

J 7T

IA5.29)

The evaluation of terra* for which (J'W, *'»*) is identical 

to the oaee considered in the previous faction . For the 

terms in w-io^ one or both pairs of euffixe*

- 150 .



differ, the only slgnifioant elements la tha (ijmn) summation*

correspond to (i-J, n«n). Hie *ua value of these element* 
is given bjr

i /
uV)| 2

This last result follows if it is assumed that tnere is 
zero oorrelation b€t«e«n the poles for level* of different*

quantusi numbers J»v*

Tne average squared o rocs-sect Ion nay be writ tan

-, «r OJir) > < cr'J'w1 ) > (A5.31)p

and so using Sqs. (A3. 3D. U5.3O, (-5-25) ir. ^« (A3* 3)

var(



A3. Ik

5 Scattering to Several liesidual States

The cross-section for a reaction involving several 

residual states a is given by

or = > cr (aa ,n

^r*

(E-E.HE-E,*) (A5O3)
• v

By using similar methods to those used in the previous 

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

given by

^ / var( <T) « 2^ \ T(Jir)/D(Jir))

.

(A5.3W
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A6.1

APPENDIX 6

OF THE LiffffiNDRE COEFFICIENTS

A6.1 Notatiop

If the angular distribution for a reaction between the 
states a and a* is expanded in the form

*<r (a | g') ^ _ , . .. _
(cos

then in the notation of Section A,5«1 the BL coefficients 
may be expressed (Feshbach, I960) in terms of the scattering 
matrix in the following way :

X2 — (-I)*'-8 . , ,•n / I • \ '* X 'y/P T D T • «T \ <7 f 9 T 0BT (al Cl ' ) = ——— / —————— ' •————— A\C«J-|K O **0 J SLj 2lV NW^ LO<^ ' U ^(2H-1) (2i+l) 112^ 112

. Re

A6.2)

where: the sum extends over all possible combinations of

- 153 -



A6.2

the quantum numbers (8^ E 2> gj, e£,s,s 1 ,J ,^,^,7^); the Z

coefficients, in terms of the Hacah and Clebsch-Gordan 

coefficients, are defined by

LO) W(l

To later simplify the notation, a coefficient o> is 

introduced by the equation

where: 6 s (^s^'.s 1 ).

It is assumed, as in Appendix 5t 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



A6.3

U6.3)

where: the sura 1 is over co& pound states of given J arid tr; 

^ = (^ffi, M.s 1 ); tne laat step in the equation defines b,

In the succeeding Heotions the idertif ioation labels 

arid a 1 will be omitted from the b coefficients.

. 2 COB pound System of Kestrict

In this section the formalism is restricted to the case 

where all the ooapound nucleus levels nave the sam^ values 

of the quftntuft nuffibers J and &.

"i;e variance of the IiL coefficient is given by

(,-,6.3)

where: the angle brackets denote an average over 

From £qs, (A6.3} 9 (Au*3)

- 155 -



U6.6)
where: the quantum numbers J and sr h&v« twieo omitted from 
th* m and b ooeffioi«at« t «ine*f within tr.e suounation, the 
values of J and v are fixed; tne factor tax2/ v2in)(2i ri)} 2 
has been absorbed into the b ooeffioients.

me express ion in square braokets in the above equation 
say be expanded as

For similar reasons ^iTer! ir Section A5.2, only the following

- 156 -



A6.5

combinations of ehaantli will give any ilgaifioant contrl- 

bution to the

— «• •= e l .
(o) 

(d)

If, for these different possibilities, the expression In 

square bracket* is evaluated by a method siallar to that used 

i;; tne •valuation of i~j. l«5.U;» tbea -q. Ub.o) becomes

j»

(A6.7)

* 157 -



The square of the averaged £>L 

be written

coefficient may

B.

« (A6»8), (A6«7) in i*q*

D

U6.9)
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A6.7

This equation reduces to Eq* U3*17) far the coefficient 

u') f as it should, since this coefficient is proportional 

to the total cross-section.

A6.3 The General Case

In this section the formalism of the previous section 

Is extended to include compound nucleus levels of all J and 

v values*

I& this case, the sum in Eq* (A6«6) must extend over 

all possible combinations of ^l*!' ^2J 2*2* ̂ 1^1*1 » ^2J 2''*2*

For those combinations in which J^ * J2 » J ' * J* and

wl * '2 * *"{ * W2 the •Taiuation of the corresponding 

tern ia -4. (A6.6) is the saae as in the previous section; 

the total sum of these combinations is therefore equal to

< o-Jw) > <

2
2 Z- e/teJifrJtW • < * (pJir) >

9 Uo.lu)
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motoujooo <f«|9)1f potwoMr ot;* jo 

PUB f ••$ aaAo «m§ OMt «oqttf«1 o jtoAO «no

> < ** >

)
Zoto •7

10 

o

ffo s(o)

ifo

(9*9?) *



var(BL(c|a 1 ))

A6.9

Using Eqs. (A6.12), (A6.ll), (A6.10) in ICq. (A6.5)

•r— »I ( ;
Jir

)
T (Jtr)/D(Jir)

< 0- > < > + 2 <CT(pJir)>

» 161 *
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A7.1

a p -• -, , T Y«» * - »-j .. i~< A ,%

OR THE TOTAL fcLurH <

A7.1 ghe MJdcn formula

With the proton energies used in this experiment the

average excitation energy of the compound nucleus

was about 16 fieV; the statistical model of decay iKrioson 9

I960) is therefore expected to ,iv« a fair representation of

the average total width < P^Uur) > {Gadioli et al, t 1966).&
model ^ives the width as

<r
B

U7.1)

S*+l

where: vi( 6 Jw)

In Eq, (A7.D» r denotes a particular decay isode, e.g., 

p, He1*; p is the average total density of levels for the 

residual nucleus at excitation energy ££; f(jir) ie the spin 

distribution function for the residual nucleus; ??(&r ) is 

the transmission coefficient for an e&ittad particle of

• 162 -



7.2

epia I t daoayixtg frc» tfea oowpound nucleus state Jt?, wit 
orbital angular Efjpaatim i and eoergjr %*

ffca par&metar distribution functio&s for 
nuoleua

f

(1936, 1937) » in hit original work in 
lorol d«r;sltio« > e$&fti&»rwl & nuol«ui «» a ga* of two 
of fanaiona; ha datioeittratad that thle ratuitdd In tha iaval 
dacaity apprcxi&atal? varying as axp( (aK>* ). At low 
aiwitaticn «nargla* t honairar* there ia nigulficaat 
frs* thia bahaviour; it ha« baan notad (Erioton, 1959; 
Qllbort afid Cwsaron, 19^5; Gilbert $t al», 19^5) that a 
linear exponential ive» a batter ns^rasent^tloii for 
anergjr region. In fact, if tl*a logaurlttia of th« 
oboenrad levels up to a oartaln eutrgjf i£ yi^ute 
a linear energy scale t thar for s.a^> li^.-t alamaiits the 

ourvo ie linear over taju ur fiiora *\«V»

axp[ (SUE)/t J

waaro: ^ * fiw&ar of ietala yccarrlag up to aa ex«i



A'/. 3

high •xoit^ti'jn; v*!ea'<£i«« tM 
fco r«li twig* ttiie ourve; thit 

to l«val» b<sli3e al»«*d «x t er 
I-/ -5) A«A i-«rtly to * r«al tev lotion fros. t;ie
relation - a r««uit ««>& ut;«xp^ut«d since all

It th« high •n^r^y variation a« «3cp((a2) s )» tft« ^ai»»tio« of
i «c •xoi lotion «ri«r/ at which t/?a twa foimdii* gr,
Join h&0 D<ica discussed b/ Gilt^rt arid Ciim«roti ilv -

y-* : V

i*
taktn tr..& &

U..-67/* tiie l»«»t straight 
trc plotted poirtt* rtas ti# equation

U7*J)

Gilbert and CaiMron (19^5) Quote a valu* of 13 ^.tv far 
tr.o rang* of validity of I'-Q* (.-*7»3)t «®A »o lv w,:*s 
that tn« •quatlor. wa# valid over th« *««rgy 

oaloulatlons.

- 16k -



rue

-ioson >); he

J f p(£ tj) t .*

been

tt.e <i*.-

—: ..t-vei dei.,-ifey

are two difficulties

first ,.lao* Ife l» baead on a, very ^ 

oou/Ilng -.^r t; .: ar-^ulftr* ^o««iz t* of

s f or* ,;la. In the

aotioi, of ru 

j;,ti &uol«ona

ap rising the nucleus; *,,JUe thi® i^ •Rpocte-i. to r^ a 

good model at higft exoltatieik »ii«rt.;ieaf it ie e, cvi to

doubt ir. tto lower re^io^te, «§ii3Cu here th<fe r.,ucl©ouii w-.>

be more correlated. (Uafortu»at«ly fjr the ca*wi,lc;i.::on of
2S ( P/D> knowledge ./ t^e e, iu ^i, t;»i Nation in 31 v wae

aver tte i>^iol,« excits&ia.. range froia ^ i«> 14

u cur-- 03: direct o<j3urv*tionv *r.ci

iOi, ratios. **
;4V

from i Al,

iii of iso^e 

er^., i^d the 

:: i,, n^uti-on 

of cr

- 165 -
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fror.i 1*3 to t.<! provided tr.« beat fit to th* data* It 

has boon shorn tHai^tia^ and Vfti*d«abo*on, 19< v» •®.-.^»l> XSK*2; 

.eiaoh, 1963; that information oa <r oaa t/e o*»&fcir*a. 

the ratio* of ruction ore*««»«e&iatui Ic.^ifi^ to 

of t.;e final miulout; nQvvSv.jr,

t«r«d to #iv« urartliaUc YJUUOO e»f <T b^Mmu^^ of o 

on v ^ ratlu, i*ut eogto iw^y. of the trana of <r 

with «i in 4-; t,miu*d: & iiicrea&es in a ge&erai 

ars,-uud 2 for A « 23 iu*a 3 f-.;r A « 60 • 

of the iyii. paramo t-era

n«v«r creator t.--.un 2»i'5t «^5d BO for tat? j^ roe eat culou**
?8tii« ein ,--aj*.-i»otor of M' wa« tafeor- to be otwoea

2.C
The question of parity distribution aiso:;£»t the 

icvolc H«MS boon ucaMltursd by . 

that at hi,^i enough oxolt.atlon 

th-« r^.;icni ,4" tiio -neutron or .^ 

*w*.ort is oquaJ. ^rotMibiiicy ,?f d •,.;..:,:,• <^rU./» tout 

f r m thi* -%eh»V',our ara not tiu*xp«<*t«d at lowor

A7. 3 Oa^c i

In tho use of -''^ (.%7»1) ^t waa aiisumod t

* 166 -



.7.6

29 *' could i.f.ly atony lay proton

open, uut •-•ui^u lu ti.c greatly reduced penetration factors 

in coia^orison witn proton emission, its influence on trie 

average .-.luta is likely to be small* '?he in^c?,ruls ^o^.rri^ 

i.- oq. (/.?.!) were calculated wit?*, transmission coefficients 

T ? (L) interpolated fro® ;,hose determined by Planer arid 

Llnder (1964)$ vao used the i:.'.ji'.eraJLised optical potential 

coefficients of Ferey (1963); the levol denalty p was take** 

as represented by /.q, (A?«'j;« W«« calculation was carried 

out for a coopound nucleus energy cf 16 MeV, wnio^ corres* 
ponded to the mid-energy of the experimental rar^e. The 

calculated values of tte intef:rj -l.e are tu^lated la ,''ab. 
A?.l^ (••• «r̂  °^ Appendix)!

Ihe factors %« w@r® computed for two v?-i -;cy of tne
<%Q

Si spin par,-r:eter cr * 2.u arid 2.?5- these- factors are
in IV,;,. A?.2; t;*8 factors correspond to c 

'f either parity si;.ce ttey were calculi tea by 

an equal distribution of parity aaon,'ct the levels
of i28 .

the vu.Ii;es -f ( r(Jtr;/:>i Jv))» csloul?.-.ted witn the 

information ir; X&be. A7.1 t A7«^§ are si w,*rn ir, $l.±, ^-7.3;

- 167 -



t-j 7 '• 1 • I

plotted is this flg^ra ar* t&® ?aluas cor* 

to ar, l&flnlte s$rin ^cir^aeter - -: value 

•*/ eoveral troth ora eiuoe it leads tu * ii

( a .a J t for this c

oc

and so

Fruu Pig, .^7.3 It is evident tv-,ut tq. (A?.t; Is a 

approximation for t««i eoiB ( -ouad nucleus ^^j wf.e «|uatiou, 

is «*.p»ct«d to b« gj0r* valid for heavier nuclei*

lii these CflTLevlatiOflr Of ( P{ Jw)/M Jr) } It viTis

the main uQc«rtaintleB in

caused by ir^or^iete kaowied;-^ of tive ».^ir ^are*etor
-'8 

tfe* ^..arlty dictriUHion .r tie levels in 31" .

the tod tne

ratios were recalculated miti'

reeldu&l levels wens only of

are

w^- 1 !•;>,, what ii;.e

lt.<

ihi.a c 

of t;ie

ttoe ratio (

a& tr.c two yunre)s for

- 168 -
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f~(Jn)/D(Jll) FOR P 29 AT 16 MeV
4-0

Si. S.C.P.

S.C.P. - SPIN CUT OFF 
PARAMETER

5-0

2-0

1-0

Si. S.C.P, = 2-25

Si. S.C.P. =2-0

3/2 5/2 7/2 
J OF COMPOUND STATE 

FIGURE A 7-3

4-0

3-0
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Angular distributions of the proton yield fro« 
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A8.6

a

Angular distributions of the proton yield from 

the reaction Si28(p,p')Si28 (<i . 6;2? MeV).

Pig; A8.5 

(see following figure)
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Angular distributions of the proton yield from 

the reaotlon Si" d (p,p«)Si28 U • 7*

Fig* A8>9 

(see following figure)

- 180 -



Ln
s =

U
JZ

S
i

L
U

Z

o
i

tno* 
£<§• to

U
JZ

to f-. ;|

o
00 co

00 
rO

i"
i

L
U

Z

i



AB.ll

Angular dittributio&fi for the sua of the proton 
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