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ABSTRACT

Using the Univensity of Manitoba secto::-focussed cyclo-

tr-on a study has been made of the el-astic and inefastic

scattening of pnotorr" foot 6Li. Data wene obtained at

25.g, 2g.g,35.0, 40.1- and 45.4 MeV. The 2.i-8 MeV (3+,

T = 0) state of 6li was found to be strongly excited, but

the 3.56 MeV (01, f=f) state was quite weakly excíted.

To test the applieabilíty of the optical model- descr-iptíon

fon the scattering firom such a figlt nucl-eus the el-astic

angular distníbutions have been anal-ysed using the automatic

sea::ch code SEEK. Avail-able polärization anguJ-an distribu-

tions were inc.l-uded in the anal-ysis. Good fits have been

obtained for quite acceptable optical model- pa::ametens.

Angula:r distnibutions fon excitation of the 2.18 MeV level-

weï-e measured at afl five enengies. Angular distributions

fo:r excitation of the 3.56 MeV l-evel- hlere measuned at 25.9

and 45.4 MeV. An analysis in terms of a micr-oscopíc theony

may give infonmation about the spin-ùsospin dependent pant of

the effective inte::action.
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CHAPTER 1

l--1 Introduction

The p:resent thesis descnibes an experiment in which protons

from the Univer.sity of Manitoba secto:: focussed cyclotrron v¡elle scatter-

ed by a "Li tanget. The incident pnotons had enengies of 25.91 29-9,

35.0, 40.1- and 45.4 MeV, and data wene col-l-ected fon el-astic scatter:ing

and fon inel-astic scattening fnom the finst and second excited states of 6li.

The efastic scatüerìng data have been analysed using the

optical model. An analysis of the inelastic scattening fnom the 3.564

IteV (0+, T=l) l-evel- irr 6i,i is planned fon the near future acconding

to a micnoscpþie description of the inte:raetion. It is suggested that

the angular distnibutions colrresponding to the 2.1-84 MeV (3+, T=0) state

irr 6l,i woul-d fonm an interesting subject for. a copuled channe.ls cal-cu.lation.

It is the intention to examine in the finst chapten in some

detail- the purpose of the exper,iment and the motives for a theonetical

analysis of the data obtained, and to give an account of rel-ated investi-

gations which have appeaned in the fiteratui:e. The main pa::t of the dis-

cussion ís contained in section 4, while the two pneceeding sectÍons

are intended as a review of some of the basic matenial ínvolved; Sec-

tion 2 contains an account of the fundamental-s of the nucl-ean optical

model, whíl-e section 3 deal-s with the pr-esent knowledge and undenstanding

of the featur:es of the 6Li spe.toum. The second chapter contaíns a des-

cription of the experimentaf arnangement and of the methods fol-.lowed in



,

the neduction of the expenimental data. In the thind and final chapten

the ::esufts obtained ane p::esented and discussed. Appendix I contains

the derivation. of a few fonmul-as used in the data neduction. Finally,

tabfes of the differ-ential cnoss-sections a:re given in appendix II.

I-2. The Optical- Model-

A compnehensive presentation of the optical model theory is

outside the scope of this thesis and can be found fon instance, in

monogr:aphs wnitten by Hodgson {f} and by Jones {2}, lfe shal-l- l-imit oun-

sefves to an account of the basic ideas together with a sketch of the

histonical development. Ar.ound 1950 the intenaction of a neutron with

a nucfeus was thought to correspond to the following pícture:

l) At ve::y low enengies (keV nange), whene the only channel-s

open are elastic scatteníng and radiative capture, the dependence on enengy

of the differ.ential and total- crloss-sections shows strongly peaked reson-

ances. The scattening cross-section is the sum of te::ms cor':responding

to two diffe::ent processes. The fir.st (potentia.l- scattening) is a sulr-

face phenomenon ín which the nucleus behaves as a hard sphere, while

the second connesponds to the captune of the neutnon to fo:rm a compound

nucl-eus, which decays aften a time of ;10-f4 seconds. The compound scat-

tering Ís responsibl-e for the tsesonances: the neut::on can be absorbed

only at those energíes at which the wave function of the incident neutnon

at the nuc.lean su::face satisfies the boundany conditions appnopriate for'

the wave function descnibing a neutiron inside the compound nucleus. At

a.l-l- other energies the nuclea:: su::face is pe::fectly neflecting (resonance

L ,,.. :



scattering). th-e urathematiqql formul-ation of these ideas l-eads to

the famous Br.eit-Wigner: resonance fonmu.Las. {3 }

2) At hígher: ene::gies (lgMeV) ttre number of channel-s avail-- 
,i.:,:,i.:,

ab.l-e fon the decay of the compound nucleus becomes so gneat that the

pnobabítity of decay thirough the entrance channel is negligible. At

the same time the sepanation between two adjoining states of the compound 
*..,,,,,,,i

nuc.l-eus becomes .l-ess than their width. As a consequence the scattening '.'i:,i

is potentiaf scattening. As the energy of the incident neutnons íncneases, 
;'r:.,.:;1¡
iìr.:¡'; ,,1

thescatter.ingcroSS-Sectionremainsconstantwhifethe::eactioncross

sectíon decreases negula::ly, being invensely propontional- to the velocity.

Inconc]-usion,atene::gieswher-ethecontinuumtheoryisapp1í-

cabl-e, the totaf cnoss-section is expected to decnease smoothly with

íncr.easing incident energy. The same is expected to happen at .l-ower

enengies foir the rrgrossrr va::iation of the cnoss-section, which is obtain-

ed by avenaging oven the resonances.

At the begínning of the fifties this picture hlas pa::tially con-

tnadícted by expenimental observations. On one hand, expeniments l-ike the

one of Eisbe::g and lgo {4} (inel-astic p:roton scatteríng at 32 MeV) gave

st:rongly fo::war-d peaked angula:: distnibutions and ::el-ative.ly la::ge values

of the (p,pt ) cr.oss-section whíle the compound nucl-eus theony pred-iiets

angular dÍstr-ibutions s5rmmetric about 90o and stnongly favouns the (prt)

process ove:: the (prpl) process. On the other hand, evidence of phenomena

thatcould ,not:be exprained. in terms of the comþound theor.y was gíven.by

the discoveny of the giant resonances (Ba:rschall {5}, ): plots of the total

.oo""l".tion vensus enelrgy show b::oad peaks (of width -1 MeV) whose posi-
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tion and height varay rleguJ-arJ-y with the mass numben of the target.

This behaviour can be explained if one supposes that the nucfeus, in-

stead of being perfectly i:efl-ecting ar^ray fnom nesonances, is pa::tiaIly

abso::bing. The potential scattening is then no mol?e ha::d sphene scat-

tening, the incident wave function penetrates into the nucl-ean well,

and a rlesonance is pnoduced when this can accomodate an intege:r numben

of hal-f wavelengths.

Fnom a mathematical point of view the pantíal abso:rption of

the incident wave function can be obtained if one nepr:esents the nucl-eus

by a complex potentia.l- wel-l- (opticat potential). To il-l-usti:ate this

point, and to indicate how the c::oss-sections can be cafcufated, we shal-l-

consider. the ve::y simple case of ß=o neutr.ons and of a complex potential

of the squane well type:

v(I)=-v-it,{, 
;:l

Let us ::ecal-l some wel-l known formul-as irelati've to the scatten-

íng of a plane wave by a cent::a.l- potential of range R. The as5rmpotic

solution of the Schr-ödinger equatíon, the díffer.entiaf cnoss-section fon

e.l-astic scatte::ing and the scattening clloss-section are given by:

(r) ü(r) =Ë î ,r^ ' 'Q'+1 [.-itru-ro' -nu"ttn"-f'l 
"u"K' p,Jo L ''' )

do,-
(2) -=* = L'(t ùú k¿ ni"ø¡+r 

(r-nu) 
'uo l'

jl:-:j
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R

(3)

r^rhere n[=e

continuity

dany r=R.

shifts 6ø

function

oe.t. = # Ic2L+r) lr-"sl' ,r\ 
9,=o

i26.1, .nd the phase

of the ::adial- wave

obtained by imposing the

of its derivative at the boun-

are

and

In our case the radiaf so.l-ution 15:

<R

>R

I r'.i

u = A(sin /pffi "l
=s"in(/F"+ôo)

and the continuity conditíon:

/T rr-*ñ cotg /pffiRF,r'/P cotg, r/pn*oo

gives a compl,ex phase shift ôo, so that lnol.n. As a consequence the

amp.Litude of the outgoing wave '(second term in the asSrmpotic sol-ution

{f}) ís fess than the amplitude of the incoming wave, the difference being

pnopor.tional to the numben of pa:rtic.l-es absorbed pe:: unit time. The same

method gi-ves the complex phase shifts in the case of any .C and diffenent

shapes of the potential, buto of course, the integration of the radial-

i^/ave equation becomes in gene::al far fi:om tnivíal and numenical- methods

have to be employed.

substitution of the phase shífts in the gene::al foi:mulas (2)

and (3) gives the differential- clloss-section and the scatte:ring cross-

section whil-e the neaction (abso::ption) and totaf cross-section ar-e given

by:
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(+) oo" = - [ '{ zø+r) ir- lnu l2)
R'y,=o

(5)o. =o-+o =n i ee*r) 2Re(t--n^)tot 'eY, re - t -u Y,-
k'y.,=o

ft should be noted that the optical- model- does not contnadict the idea

of the formation of a compound nucl-eus, but only the assumption of

penfeetnefl-ect'ionaway fnom r.esonances. Actual-ly at low enengies the

optical model and the compound nucl-eus theory ai:e complementany, the

forme:: giving the genenaf tnend of the dependence of the total- cross-

section on the incident enengy, the latten gíving the details of thís

dependence.

At energies connesponding to the continuum, the optícal model-

gives the c::oss-section fon the formation of the compound nucl-eus, while

its decay ín one on anothe:: of the avail-abl-e channel-s, given the gneat

number of these, can be tneated f:rom a statistical point of víew (stat+

istical- theor:y). At these enengies, howeve::, the fonmation of the compound

nuc.l-eus is not, the only possible neactíon mechanismo and, in pa:rticulan,

neactions involving charged pa::tícles, whene emission fnom the compound

nucleus is inhibíted by the Cou.l-omb ba::ríen, follow genenally the direct-

neaction pattenn.

i.; -.

]j.-i;-'j:i
1 ::. ....:,'.4.'.
,:: :'

.-:::::

In êar:l-ien studies of the optical model, .l-ike the one by Feshbach,
t i..:n::ì

Ponten and Ìleisskoff { 6}, a squaï'e well potential- was used. It was found ffi1

howeven, that a betten agneement with experiment is obtained using a

potential of the Woods-Saxon {7} type:

rir=-:...
L+!.;:ir



(6) U(n) =

chanactenized by the four panametens, V. W. Ro and a. v and w are

the strengths of the nea] and írnaginary pant of the potential, R is

the nucl-eair radius e¡pnessed in terms of the nadius panameten r0 and

I¡^
of the atomic numbei: by R = ::04 '5, and a ís the diffuseness parameten.

Genena]-ly betten agneement with the experimentaf data is obtained when

the val-ues of rg and a fon the real and imagina::y pa::ts are diff,elrent'

An impnovement is obtained considering, together with the

vofume abso:rption te:rm (imaginary part of (6))' a surface absonption term,

of the for.m +4iWl"o å; C--j;-p.-fr,) (derivative Wood-Saxon form).

r-+ex' I % I

The neason for including this term is the foll-owing. The absorption pro-

cess ís due to the cofl-isions of the incident neutnons with the nucl-eons

of the ta::get nucleus. Such col-lisions aue opposed by the excfusion p:rin-

ciple, particuta:rly in the inside of the nucl-eus, whene most shel-l-s ane

fil-led. So we expect the abso::ption to take place in preference at the

sunface of the nucfeus, especially at lower enengies, where the excfusion

pninciple is mone effective.

A funther" nefinement of the optical potential is obtained with

the íncl-usion of a spin-orbit te::m, which accounts for the pola::ization

of the scattered particles. In anal-ogy to the sheff model potential,

the spin-or.bit term is chosen to be of the Thomas fo:rm. An abso::ption

pa::t in the spin-orbit tenm is sometimes incl-uded; howeven,

its util-ity is doubtful, except at ve:ry high enengies. Also, when
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the optical- model- is applied to the scattering of chairged par:tícles,

a Cou.lomb tenm V. must be incl-uded in the potential .

Taking into account the additional- tenms discussed, we

obtain what we shal-f cal-f the rrstandard for:mttof the optical potential.

(7) u(n) = V"(n) -

'.... :_ 
-.

+ 4itfrau (vs+iwsl I 9- t
1? Gl?

)(s..e,.¡

The potentiaf (7) has been used extensively in the analysis of expelr-

imental data consisting of differential- crloss-section and poJ-ar.ization

and total neaction cross-sections fon a wide range of pnojectil-es and

tar-get nucléi, at energies fnom a few MeVrs to l-50 MeV and ovell .

To fít, -.say, a diffe::ential cnoss-section angular distributíon,

the differential- cross-sections are computed fon al-l- the angles consid-

ened using the potential (7) with a suitabl-e set of stanting parametens.

Then the panameters ane va::ied in o::der to minimize the quantity.

8.

9-c
o1?

)+ t..:::
ia::..
! i:,.

- tåå,

^(å#)

whe::e ,#r.n "r,d 
(å*)"*p ane the theonetical and expenimental- val-ues

of the diffenential- cnoss-section ana l($$) is the expenimentaf ernon.

The opticaf mode.L potential (7) contaíns thirteen adjustabfe

i,,j;ì,-rl.ì

i,1!." i

,a.ir;jir.l i!';:

i. .:.

i-

V
n-:: A

l+expl-+
a
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parametét?s and usual-l-y some additiona.l- condition is imposed in onden

to reduce this numbe::. Fo:: example, it is quite common to set eithen

W=0 (onl-y surface absorption) or WO=O (only vol-ume abso:rption), and when

both tenms al?e conside:red it is usual to take 
"Vü=oD.

The parameters-; which give the best fit. vary with type and

energy of the pr-ojectile and with the atomic numben of the target

nucleus. Systernatic optica.l- model- studies in pnogress in vanious

l-aboratonies have the pu:rpose of finding the genenal tnends in the

va::iation of the best-fit panameters and the .l-imits in the applícabil-

ity of the modef.

l--3. The Spectnum of 6Li

The l-evel- scheme of the 6Li.ru"l-.us ís given in figune 1.

According to the shel-l- model- the 6l,i nuc.l-eus consists of the complete

l-s shel-l-, containing two protons and two neutrons, plus one p:roton and

Â

one neutr-on ín the lp shellri.e:¡the ground confígu::ation of "Li is
T.L )(]s)'(]p)-.

Ìfith a punely centr.al potential the ground configuration would

be compÌetely degenenate. fntnoduction of the interaction between the

spin and o::bitaf angulan momenta of each panticle and of two-body fo::ces

causes the degeneracy to be pa:rtíally removed, the gnound configunation

splitting ínto level-s connesponding to the different val-ues of the totaf

angular momentum J. The particl-es of the closed shel-l- contribute ze?o

angulan momentum and . positive panity, and may be ígnored when com-

puting the splitting of the gr.ound configunation. Spin, panities, and

::efative enengies of the lower fevel-s of 6l,i ane the::efone those of a

system of two panticles, of quantum numbers nf=n2=1: 1t=1r=I, st_=sr=%,
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tr=tr=%, trr=râ' trr= -%, subject to the potential:

Vi=Vu -a .0. ' s. + Urj .

The panity of all l-evels of the ground configur.ation is given by

(-r)'dt + P'2 = +r; thus the states of negative pa:rity whose existence

has been suggested between 6 and 14 MeV belong to some híghe:: configu-

nation anising fnom the lifting of one p-nucleon to a hígher: shefl-.

The states of the gnound confígunatíon may be classified

acconding to the value of the totaf ísospin T. States with T=.1- have

the spin and space dependent pant of the wave function antís5rmmetnic

and ane analagous to those obtained when the two pa::ticl-es in the lp-

shel-l- ane both pnotons or. both neutr.ons. The states with T=f fonm

isospin triplets together. with the conresponding states of 68. 
"rrd6H.

whi.l-e the states with T=0 have the spin and space dependent pant of the

wave function symmetníc. The val-ues of the total- angulan momentum are

obtaíned by coupting spíns and o::bítal angulan momenta of the two nuc-
, ', ,', a','ìl 

t- 
-

.l-eons. The level scheme obtained depends on the coupling scheme adopted. i.. .,.', .
i :: r':t:: -. -

If one supposes that in the potential- the spin-o:rbit term is

much largen than the two-body intenactíon it is neasonable to use the

j -j -couplíng:

-&1 +s,1 =i1 , &2+22 L, , ir+ir=q (,'r)

(,t ) .-' ' Her.e and in the fol-l-owing the s5rmbo]-s used ane self explanato:ry and
confo:rm to the usual- pnactice.

| .:i:;' ::ir:::.



L2.

*Joij' = [tlr*u, * *"r l,ir*.: )(.0rninrþ"r lJr*.2) 
('r')

. ( j rrj rj rrj, luu) 0grrl, Q *r*urxr*" rt*",

Consideníng the two-body intenaction as a pentunbationrthen in'zero o:rden

app::oximatíon states with the same values of j r and j 2 but diffenent

J and M a::e degenei:ate, and the levels of the (p)2.onfigunation ane

obtained by lettú.ng the two nucl-eons occupy independently single par-

ticl-e states. The single panticle l-evels of the p-shel-l are Pr, and

p2, the for:mer being the lowest, so that, neglecting the two-body

intenaction completely, the states of (p)2 confígu::ation ane given by

.-2-2
çFza)'t pg¡2py, (er.)', Ín or:der of increasing energy. Inti:oducing

the pentu::bation due to the two-body intenaction the multiptet (pr-)2
".â

splits acconding to the differ.ent va.l-ues of J. These are dètenmined

in the following way. !'le can wnite:

þ3'r"'' = I,å u I u-*l¡M)vslz*(rxfs/2M-m(2)
Ifr

= 1I ,* ^ t u-m l.ru) Ar/r^(2) ,l)s/2ç_n1)
m

= tI(å r-* å ml.ru) üu/r*_^(2) tþ3/2n(J)
m

whene the sign on the r:ight hand side is + fon T=0 states ¡ (which are

s5rmmeü:íe with nespect to the exchange of the space and spiin coor-dinates

('r) ( j t,*t ,jz,m'21 jt,*t ) denotes the Chebsch-Gordon coefficient for the
coupling of the angulan momenta j1, and jz to js

i - -'- .:.'.:.1
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of the two nucl-eons) and is - foi: T=1 states. Using the foJ-lowing

pnoper.ty of the C.l-ebsch-Go:rdon coeffícients:

( j lmr j2m2l.ru) = (-r) 
j l+jz-JCj 

1m2 j2mi l;u) '.''":t''':"f

we have:

,{3l' 3/2 
= r(-r)3-r I(å * å r-*lrvt) ür¡2¡r-*(2) \þs/2nl)

m

= r(_r)3_t r3lr t,

Thus the val-ues of J for. the muftiplet (la7 ,)2 ^r" even if T=l- and odd

if T=0, and spin and ísospin of the finst four states ar-e(J=3rT=0)

(J=1, T=0)(J=2, T=1)r(J=0, T=1). This conc.Iusion does not agnee

wíth the experimenta.I r-esults, which suggest T=0 fon the J=2(4.57MeV)

state.

The questíon of the applícability of the j-j model to the Ip

she.l-l nuc.l-ei has been examined in detail by Ku::ath {8}. This author-,

using the Ha::tnee method and assumi.rg j-j coupling, calcufated the

matnix e.l-ements of a two-body interaction of the form Vrz=Pexp{ -tffel'}
o

fon the cases in which P is the l,lígnen, Majorana,. Bar.tfett on Heisenbeng

opernaton. A comparison with the nesufts obtained fifteen years earlier

by Feenbeng and Wigne:: {9} and Feenbe::g and Phillips'{l-0} in L-S couP-

ling shows that, while both models p::edict cor-nectly the spins in some

cases, none of them accounts satisfactorily fon the spectna of al-l- the

Ip-nuclei. fn pa::ticula::, in the case of 6Li, acconding to the j-j

couplíng modef the o::de:r in íncneasing enengy of the .l-owe:: states is

l:ì''i: :;i: ;.:i:'.1::: :
i+irrêï;:1;.;.;¡¡

i",l:,, ,. ,it+.r- ;-
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(3,0) (0,1) (f,O¡ çZ,t), while experimentally the giround state is

(J=f, T=0), which is given correctly by the L-S model-. The L-S coup-

ling scheme is defined by:

Lt+

sl*

LS
v,:l,r

Lz=L
sz=S L+S+J

= [,(ø rmu 
n.r.3'ø;l 

i,u, ) (þ" 
rþ = rl 

su, )

' (l,l,trsl'1, i,ru) rlu 
i*[1x%'*, f ur^ n, 

*^",

Fon two p-nucleons the possible val-ues of the Quantum numbens LrSrJ

ane given by:

L=O,Lr2 ; S=0,1 ; J= ll-Sl, ..., L+S-l-, L+S

The val-ue of the total- isospÍn is detei:mined by symmetr.y considenations.

The space dependent pa::t of the wave function has s5rmmetny given by
T

Þ(t,z) = (-t)" O(2rl-) and the spin pa::t is antis5rmmetric for sínglet

states (S=0) and symmetnic for triplet states (S=l). The spin-space

dependent wave function is.then antis5rmmetnic fo:: even singfets and odd

tniplets, which will- conrespond to T=l-, whiJ-e we shal-l- have T=0 fon odd

singlets and even tniplets. Therefone the states of the (p)2 .or.figur-a-

tion in L-S couplíng are given by the fo1lowíng tabl-e:

l:,'t'
i...f
i::::'|,

2T+I o 2S+l_,
L-

.J
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con t t.

L S J T2T+I,2S+I_L*J

l-01-0lfo tl

l-l-01t3,
o

l- l- I l- 33P
-f

l-l-2raur^
z

202r31^ ,2

2Ll-013^ Dt

2I2013 Dz

2r3o13n
o

fn the case of pure L-S coupling and of a centr:al- potential the

.l-evel-s corresponding to the same vafues of L and S are degenerate. Feenbe::g

and Phil-lips ,{9 } give the enengies of the vanious multípl-ets in terms

of dinect and exchange integral-s of the Ha::tnee theory:

À = "frf(1)0(z)lrz rþ(r)Þ( 2)d'rßrz,

r< = ,frl(l)O(2)Vrz0(1)qr(2)d'rid'rz, ,,,,..r:
l.r¡=i';

whene r{.r and Q ane two single panticle wave functions. The indices t 
...,0,
'::::i:i

and 2 refer: to the coordinates of the two nucleons and Vr, ís the inte::-

action potential. The r.esuJ-ting onden of the l-evefs depends on the

exchange characten of the interaction and on the lvave functions
:r,l::,

The intermediate coupling theory of the J-p-sheJ-l nuc.Lei is j"'r'i;'l

due to Inglis {tt,tZ }and Kunath {13}. These autho:rs describe the sys-

tem of the n nucleons of the (fp)t configunation by a Hamil-tonian of

the for.m: 
;
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where T, is the kinetic energy openaton for- the;th r,,r.1"on, l----r

and s- ar.e the o::bita.l and spín angula:: momenta, V..-("r*) is a cen-
-r- 1l l-l

tna.L two-body interaction and 0.. an exchange ope::aton between nuc-

.l-eons i and j . The radial dependence of V. . is assumed to be

gaussian, the single particle r^rave functions are taken of the harmonic

osci.l-l-aton type, and the exchange opelrato:r 0. . is chosen to be the

foll-owing linear combination of the space-exchange (Majorana) openator

P and of the spin-exchange (Bantl-ett) opei:ato:r Q:

Oij=0.8P+0.2Q.

Having specífíed the ínteraction, the natio of the dinect to the ex-

change integnal À/rc depends onJ-y on the strength of the nuclean fonce

and on the nuclear- ::adius. ïngJ-is and Kurath estimat" l = 6 to be a
'K

neasonab.l-e value fon the lp-sheJ-l. In the L-S coupling limit, which

is obtained by setting a;0 in eq,(9), the orden of the l-evels is now

detenmined and their spacing depends only on r, which is feft as a

fnee parameten in o:rder to compare mone easily the prediction of the

theory to the expenimenta.l nesults. Fon the (fp)2 configui:ation the

onde:: of the 2s+trL murtíptet" í" 3s, 
'o, 

tr, to, tr, tr.

The tnansition to intermedíate coupling is descr-ibed in ter:ms

of the par.ameten l, whích measures the re.Iative strength of the spin-
K'

o::bit coupling and of the two-body intenection. l{hen a(<rc the des-

cniptíon of the system in ter-ms of the L-S modef is stil-l- valid, but the

coupling-te::m I a&..s. = A L'S: acting as a pertur-bation, r'emoves the
i

lri:i:-:r!
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degeneracy among l-evel-s of the same mu.l-tiplet 2S+l-L. At the opposite

limit, when ¿)) K, the spin onbit tenm dominates the inte::action, and the

(j-j) model- is applicabfe. Numerical- sol-utions, obtained by Inglis and

by Ku::ath for the varíous mass numbers collresponding to the J-p-shell,

give position and spacing of the level-s as a function of the parameter

*. The val-ue of this panamete:: whích best descríbes each nucfide ís
K

then detenmined by companison with the obsenved spectna.

In the ease of 6l,i this val-ue is given by l=L 3, which is

much fowe:: than the vafues obtained fon heavier nucl-ei of the lp-shelI

(=S), and co::::esponds to essentially L-S coupling, the spin orbít int-

e:ration nepnesenting onJ-y a pertu::bation which causes the splitting of
- 2S+1_the multiplets --'*L.

In the pneceedíng we have díscussed the spectrum of 6Lí f"o*

the point of view of the shell model-. Anothen possible approach is nep-

resented by a descniption in terms of an q-cl-uste:: deute::on-c.l-uste::

model-,{f+}. A gener-al r.eview of the cl-uste:: model of nucl-ei is given

by Wildenmuth and McCl-une {f5:}'.

Acconding to the clusten modef the 6l,i wave functj-ons are writ-

terì as:

ú... = A0.(e)ô.(d) X,(o¿_d)'alK 'r_ 'l K

wher.e ö.(d) is the inte::na.l- wave function fon the o-cl-usten, which de-'l_

pends on the space, spin and isospin coonciinates of the four nucleons,

0-(d) is the analagous wave function fo:: the d-cl-uste::, X,-(a-d) cotares-'l' - K

ponds to the relative motion of the two cfuste::s and A is the antis5rmmetriz-

ation operaton.

ì;:Ï:r :l ;.::::'
ì,irr.:lì Ì.¡
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In the simplest fonmu.l-ation of the modef (o ), 0 (d), and

X(o-d) are taken to be hairmonic oscil-l-ator wave functions with the same

osciflator panamete:rs. The ground state and the lowest excited state

are assumed to correspond to a situation in which there ís no intennal

excitatíon of the c.l-ustens. Since S=0, T=0 for the s-cfuster: and S=1,

T=0 fon the deuteron cfuste::, the wave functions obtaíned will corues-

pond to S=f, T=0.

The o::bitat angulai: momentum for the nefative motion is deten-

mined by the i:equinement that the lowest eigenval-rte for the
t lc)

hamiltonian:'

a?
Er,[ = {z(n-r) + ø+ i} n t,,r + i ht'r + Eo

be the same as obtained in the single particle model-. Since we have

two panticl-es in the lp shel-l-, the l-owest eigenvalue is 2(ffl nt n Eo.

. We have then 2(n-I) + 9, = 2 and the wave function fon the :refative motion

corl?esponds to eíthen 2s or fd. The finst case collresponds to fhe ground

state:

0=0, S=f , Jfr=.1-+ ,

whil-e the second conresponds to the fowest T=0 excited state:

9,=2¡ S=I, Jfr=3+ , 2l , Il .

The l-owest T=l- states are detenmined consíde::ing an unexcited

q-cfuster: pÌus a deuteron cl-uster in the singlet state, (S=0, T=l).

Again, since the co:rr-esponding single par:ticle configu:ration is (fp)2

the possible val-ues for.C a:re 0r2 and we obtain for the l-owest two T=1

sfates

(rt) The second te::m on the night hand side is the internal enei:gy of

the unexcited d-cl-usten. The inte::naf enengy of the cr,-cl-uster, Ecx, is assumed ,-.....
i, t'. 

.'.

to be the same as the energy of the q, cone in the she]l- model description. I
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.C=0 S=0 JT = 0f ,

and 9.,=2 S=O JT = 2* .

It shoul-d be noted that, although the shel-l- model- descniption and the

cluste:: descnigltion cou.ld appear quite different' when pnoper consider-

ation is given to the ídentity of the panticles the difference between

the two points of víew results to be mer.ely a matte:r of perspective.

Fnom a physical point of view, the fact that there is a high pi:obability

of finding foun nuc.l-eons neall each othen to form an e-cfusten does not

contradict a quasi-independent motion of the nuc.l-eons, since any fou:r

among al-l- the nucl-eons can, at any given instant, belong to the cl-usten.

Fromarnathematicä}pointofview,forthesimp1ecaSeofharmonic

oscil-fatolr l^Iave functions with the same pal?ametelîs, it can be shown l

that, afte:: puopen antis5rmmet::ization, the cr-d cluster wave function be- 
i

comes identical to the wave function obtained, on the basis of the shel-l- 
]

modef, by coupJ-ing in the L-S scheme two harmonic osciflator wave func-

/fçl
tions.\"/ Howeve:r, when refined veï.sions of the two modefs arle consid-

ened, the wave functions obtained ane no longer identical-.

l-.4 Obiectives of the P::esent ery!

The optical- model- ís remar.kably successfuf when applied to

medium and heavy nucl-ei. For these nucfei it is possible to detenmíne

troveraflrr potentials, with geomet:rícal parameters fixed and dynamical

parametens equal to given functions of energy which give good fits over

a wide range of energíes. Ove::afl- potentials for pr-oton scattering in

the range of l-0-20 MeV have been dete::mined. by Perey irOl ana Rosen et

at. 'itZ1,. The potentia.l- obtained by Perey is given by:

l:.1:¡:i

:t An expficit cafcu.l-atíon is given in the book of l{ifde:rmuth and McClune i':i
{rs} ior the analogous case of the o-q cl-uste:r model of 8Be. l
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v = 53.3 Mev - 0.s5E + (27 Y - o.+ fuù uev

L/s
wo= 3A Mev i v" = r9:; il:i if: :i; il:i

r,,la-,aa,i

o = "D= 
o"= 1.25 fm ; -=""= 0.65 fm., âD= 0.47 fm.

The analysis of Rosen et, al .- l_ed to the potential:

V = 53.8 MeV - 0.33 E

WD = 7.5 MeV i V" = 5.5 MeV

,o = oD = o" = l-.25 fm. ; a = "" = 0.65 fm ; âo = 0.7 frn.

Analyses at higher- enengies show that some modification is necessany.

In the r?ange of 30-40 MeV the energy dependence of the :real- centnal-

well- becomes:

v = 4e.e Mev - 0.228 + (26 Cf + o.+fi+s) uev

(Fr.icke et af. {ra}). At ene::gies >30 MeV the z,adius of the imaginar.y

potential- becomes greater than that of the neal pa::t (Uo¿gson{fg} )

.Tohanson et af {20} , Frícke and Satchfer {2f} o Fricke et al-. {fe} ).

At 40 MeV the optimum geometr.ical- panametens ar.e:

oo = 1.1-6 fm. ; a = 0.75 flt. ; oW = 1.37 frn.

"v{ = 0.63 fm. ; o"= f .064 f-rn. I ." = 0.738 fm.

ft shoul-d be noted that at these energies o" a oo

The opticaf model- is l-ess successfuf fon light nucl-ei (A<16).

This can be expected on the basis of the following considerations. On

one hand the basic idea of the model-, that the inter-action of the incident

nuc.Ieons with the A nuc.l-eons of the nucfeus can be nepnesented by an avell-
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age one-body potential, may be expected to be a betten approximation

when A is large than when onfy fer^r nucleons are present. 0n the othen

hand., when A decreases the number of states avaifabl-e in a given enel?gy 
.,,...r..,,i

nange decreases, and the effect of isolated nesonances in the compound

system is fei-t also at i:ef.ativeJ-y high energies.

Examples of optÍcal- modef studies of tight nucl-ei ane the 
i,,¡',;,.,..,.

investigations of the systems p + 12C and p + 160. In the case of C12 iìi.,..':t

innegularities in the energy dependence of the differential- cnoss-section l.t-,,:r..,.:,
ir"i.rì'-: r.'

and polanization angula:: dístr.ibutions between 20 and 30 MeV have been

explained by resonances in the compound syste* 13N (Dickens et af. {ZZ, 
'

23], Cnaig et al.i24]). An optical model study of the e.l-astic scatter:ing
i

of pnotons by 12ç, at 30,40 and 50 MeV has been carried out by Fannon et

al-. {25}. The geometnical- panameters which cor-nespond to the best fits

obtained by these autho::s ai:e quite cfose to those fon medium and heavy 
I

nucl-ei, but the quality of the fits is genenally not as good. At 40 i

MeV Fannon et af. coul-d obtain a good fit to polanization data at back-

ward angÌes only by letting a" decrease to veny small- vafues (: O.f fm. ). i,,,,l,it::,,
l:::Í;:;::i:::

I,Ihil-e at 30 and 50 MeV the cal-cu.Lations of these authons produce ,.irt,:..::
,.,_, , :,,,:i:,.,

::eaction cnoss-sections ín agneement wíth vafues interpolated from total- : 'i'

neaction cross-Section measunements on neighbo::ing nucl-ei, at 40

MeV it was not possible to obtain simul-taneousJ-y good fits to polariza- 
i.j,,:.::,:r

tion and differentiaf e::oss-section data and an acceptable value fon the iirtii 
lì

:reaction cross-section. An optical- model- analysis of el-astic scatteníng

of p:rotons firom 16 0 ha" i.iecently been published by van Oens and Cameron

{26}.ThedataanaJ.ysedwerediffenentiafcroSS-Sectionsandpolai:izations
r:.:l:,1:4,..
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in the ener:gy narìge of 23 - 53 MeV. These authors were especially

interested in the energy dependence of the stnength of the potentials,

thenefone an optimum set of averaged geometnical panameters was deten-

mined and the analysis was canr.ied on with fixed geomeû:y. The optimurn

geometr-ical panameters and the energy dependence of the real centnal

potential do not differ gneatly fr-om those obtained at compa::ab.l-e ener-

gies fon medium and heavy nucl-ei. However, the quality of the fits ob-

i:.: ,.-,

taíned for. the diffenential- cnoss-sections is only fain and the agreement ,''',.,.,,..

between the ca.l-cufated and expenimental- polanizatíon angular distribu-

tions is onJ-y qualitative. The quality of the fits dete:riorates fo:r ener-

gies 530 MeV. Thís is consistent r^rith the observed nonmonotonic enengy

behaviour obse::ved in this energy :region, whích has been attnibuted to

nesonances in the compound system r 7F.

One of the objectives of the pnesent expeniment I^Ias to funther

investigate the applieability of the optical modef to light nuclei. 6i,i

appeaned to be a highty suitabl-e target for- this punpose, since it is

probabJ-y the lightest nucl-eus fon which macr?oscopic concepts and model-s

may be expected to apply. An investigation of the applicability of the

optical modef to 6i,i can be considened as consisting of two pants. The

finst pant is a test of the possibiJ-ity of obtaining fainly good fits with

::easonable val-ues of the panametens. A negatíve resul-t on this test

wou.l-d put in question the possibility of nepresenting the interaction of

the incident p:roton with the 6Li nucleus by means of an average one-body

potential. Thís woul-d ímply a complete faíl-une of the opticaf mode.l-. On

the other hand, shoul-d one be abl-e to obtain reasonabl-e fits, not al.l- the
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questions regarding the applicability of the optical model- to 6l,i

would be settled, since the mode.l can be considered completely success-

ful only if the fits ar.e obtained with par:ameters which vary slowly and

::egula:rly with enengy and mass number'. The second part of the investi-

gation consists the::efore in fitting the data with the geometrical- palra-

metens kept fixed to optimum averaged values, and comparing these values

and the dynamical parametens obtained with those fo:r other' light nuelei.

I'lhen doing such comparisons one should, however, not ovenfook the fol-l-ow-

ing point. It has been shown (Cote et al-. lZl\, Peney {Ze}) that, when the

el.astic channef ís stnongly coupled to inel-astic channel-s, the optical

potential obtained by fitting the elastic scatteríng alone may be quite

diffenent from that obtained by fitting the efastic and inefastic data

togethen, and that it is the latter that may be expeeted to var-y ::egula:r-

ly fnom nucfeus to nucl-eus. In the case of Uti ah. diffenentiaf c::oss-

section fon scattening from the (Jr = 3*, T = O) 2.1-84 MeV level is,

except at the most fo:rwar.d angles, comparlabfe to that for- e.lastíc scat-

te::ing. Neglecting the coupling may thenefor-e affect the resul-ts in a

significant way.

In onder. to take into account the coupling between the el-astic

and inefastic channels and obtain simul-taneous fits of the efastic and

inelastic data, one has to nesort to a generalization of the optical mode.l

which is known as the coupled-channef app::oximation (Chase et at {ZS},

suck {30}, Tamuna {sr}). This app:roach consists in expanding the complete

r^rave function in a se::ies of eigenfunctions of the total angulair momentum

of the system. Fo:: each entnance channel- (specífíed by the spin of the

i.1..:..:,.'

Iiixi;'::;':1',,
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target nuc.l-eus and the total and orbitaÌ angular momenta of the inci-

dent pnoton) the angular momentum eígenfunctions are expnessed as a

sum of pr.oducts of elastic and inel-astic scatte::ing IÁIave functions

and nucl-ear r^rave functions cornesponding to the gnound state and to

those excited states which one wants to take into account explicitly*

Bi insenting ttrese anguJ-ab momentum eigenfunctions in the Schnödinger

equation one obtains a set of coupled differential- equations. The rîeac-

tion channel-s not considered explicitJ-y ane taken into account by in-

cluding an absonptive part in the inte::action potential. In order to

sofve the coupled equations one has to specify the intenaction. fn

the case of col-.1-ectíve nuc.Lei the interaction can be nepresented by a

potential having the same general fo:rm as the optical potential, but with

a non-sphenica.l- neaf central- wel-l-. This potential can be easiÌy expres-

sed, to fi:rst orden, as the sum of the ordinary (sphenical-) optical po-

tentiaf and a tenm proportionaf to the pa::ameten desc::ibíng the penmanent

on dynamical- deformation.

All- the coupled-channe.l- cal-cul-ations done to date ane nel-ative

to the case of coffective nucl-ei. The theony can be formulated in a quite

genenal way, and ther-e exist a number. of computen codes which may be used

in cal-cul-ations for ¡¿¡y col-lective .nucl-ei. A direct'usè of 'these ccdes in
Â 6_.the case of "l,i is not possible, sinee the "Li spectrum can not be des-

cnibed by a collective mode.l- in a stnaight fo:rwaird way. It is possibJ-e,

howeve::, to new::ite the cfuster model wave functions in a form which ex-

hibits a co]lective chara"t""(tt) -.d one may hope along these lines to be

('*) see tfil-denmath and McC-Iure {15}, chapt'eir IV, section E.



abl-e to fo:rmul-ate the coupled-channel- ca.lcufation for 6l,i in a fonm

which differs fnom the usual col-l-ective modef fonmufation only in

detaifs. The feasibil-ity of such a prlogram is cur::rently under: study.

Another objective of the pnesent exper.iment was the measure-

ment of angula:r distnibutions fo:: the scatte::ing from the (J = 0+, T = 1)

3.562 MeV level- and thein analysis in terms of a mic::oscopic theony.

In the mic::oscopic desc::iption of an inefastic scattening reac-

tion (Madsen {SZ}, Satchlen {33}) the inteiraction of the incident p:roton

with the ta::get nucfeus is described by an effectíve potential V.r, which

is assumed to be the sum of the two body interactíons of the incident pro-

ton with the active nucl-eons of the target..

(10) v--= It.-eft f kÞ

Neglecting tensor forces and spin-o:rbít fonces' a genelraf form of the

two-body interaction ykp is given by:-

(tt) 'kp = vo(lq-¡kl) + vo ([r-r,i,Xgo'nn) + vr(lt-"*|l(r¡ro.)

+ vo.(l=-rnli (ou'on) (tn'tn)

wher.e r and ::, ane the position of the incident pnoton and of the kth
-J<

nucleon refative to the cente:r of mass of the ta::get, and ok'gprTkJp

a::e the spin and isosPin oPenatons.

In the fnamewoi:k of the distonted wave Born app:roximation the

transition amplitude fon inelastic scattening is given by:
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(r2) rri = /"f)'*(kr,r)c{,rlv"¡¡lurl 
xlcti,r)d3r'

r-l ,Í*) .". distoi:ted i4iaves, obtained from an optical pot-whene X| ' and X.

entiaf which fits the efastic scatte:ring data and depends on the nel-a-

tive position and momentum whil-e Ú, and Ür -depend on the internaf co-

o::dinates of the scatteni¡g system.

Assuming the same nadiaf dependence fo:: each te::m, the poten-

tial (fO),(l-l-) can be written in the form:

(13) veff = v(o).! + v(l)'b ,

(14) v(0) = .l voo* vrogk.gp) g ( lr-rull ,
k

(15) u(r) - I ltuor+vrr9k.9n) e (lr-rull.
kJ

whe::e

The night hand,side of (X3) is of the for.i.n J V(fl'Or, that is a sum of

scalan pi:oducts of tensor:" V(T), of rank T In tt" isospin space of the

tar.get, and tensors 0r, of :rank T ín the isospin space of the projectile.

Since the potentiaf (13) is a scafar, the tota.l isospin Itarg.t + !n is

conserved. Cteanly the tensor V(T) *-y join states in which the nuc.l-ear-

isospín differs by T. Hence the isoscalan potential- (l-4) cannot tnans-

fen isospin to the ta:rget, while the isovector potential- (tS) may tnans-

fen one unit of isospin.

Simil-ian]y, the night hand sides of (f4) and (f5) may be written

as sums of tensons in the spin spaces of the ta::get and of the incident

proton. It may so be shown that the indíces that identífy the strengths

VfS of the va::ious te::ms of the potential correspond to the isospin and

l.r

1.,'

ii.

i:
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spin that may be transfer:red to the ta:rget nucleus '

The tr.ansition between the g::ound state of 6l,i (Jfr=f+oT=O)

and the second excited state (JT= 0+rT=1) col?lrespond to T=f, S=f'

In this case therefore the effective intenaction neduces to

Veff _r
k

vi r(sk'sp)(rn'ro) s ( lr-rul I

with the proper choice of the optical model- par:amete::s, the nucl-ear wave

functíons and the function g( lg-ff( l ), tfr" differentiaf cnoss-section can

be calcul-ated in tenms of Vr 1, which may then be determined by eompari-

son with experimental results.

Austin and cnawfey {34} have measured and analysed the diff-

er.ential- cross-section fon the inel-astic scattering fnom the second

excited state or 6li at 24.5 Mev incident energy. rn the analysis the

_ 6_.states ot Ll were descnibed by L-S coupled hanmonic oscil-IatoI1 l^Iave

functions, with an oscilfatol'parameten of l-.9 fm. The intenaction

was chosen of Yukawa shape, with a range of .l-.0 fm. A good fit to the

experimental- data fon angles <50o was obtained with Yrr=I2.7 fm. The

tin et al-.{36'}¡ fnom data

for the totaf cross-section of the::eactions 6l,i(prpr)61,i (g.sOz MeV)and

by clough et af { 36}, from data fo:r the angulan dist::ibution of the rea-

ction 6l,i(prrr) 68" at 30 and 50 MeV. 'Ihe. results ind.icate that the

stnength of the spin-ísospins dependent intenaction is appr"oximately con-

stant oven the range 20 to 50 MeV.

i:i'itr-r';;irr¡.i:,
¡ '. :.*, ,.i.:;l



"':11;.>i |?7)

. .i::

:

28'

CITAPTER 2.

2-I Expenimenta] Anrangement

The expeniment was penfonmed using the proton beam produced

by the univensity of Manitoba secto::-focused cyclotron {sz}. The

pnoton beam is obtained by accelerating negative hydrogen ions.

Extnaction from the cyclotron is accomplished by passing the ions

th:rough a 25p thick ,al-uminum foil, which stnips off two elec-

trons from each ion. Figure 2 shows the layout fo:r the vauft anea

and for the 45o :right beam l-ine used in the p::esent expeniment ' The

beam is deffected down the beam fine by a combination magnet C' The

quadirupole doubfet Qr - Q, p::oduces a horizontaf waist in the beam

cross-section. The steering magnets s, and s, ane used to center the

beam venticalJ-y along the beam line. A set of ho::izontaf and ventical-

sfits (sl-its 1) is l-ocated at the position of the waist. The beam is

then momentum analysed by a 45o deffectíon thnough a bending magnet.

A second set of s.l_its (s.l-its 2) tnansmits a suitabl-e component of the beam

ínto the expenimental noom, whe::e the quadnupole doubl-et Qs -Qo produces a

second waist at the centeï- of the scattening chamben. Typicaf size of the

beam spot at the tanget is 3mm. by 5mm. The scatte::ing chamben is shown in

figur.e 3. Deitecton cubes ane positioned on two turn tabfes which can be

::otated independently. The top table can hol-d only one detector cube

while the bottom one can hofd four cubes each sepanated by 10.0o. Accuirately

positioned hol-es on the tabfes and co::nesponding dowefs in the cubes are

used for posítioning the detector cubes on the tables' The ta::get

mount can hold th:ree sol-id targets and is J-owened

t.
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from a vacuum .l-ock mounted at the top of the chamben. Sel-ection of

the target to be used, as weff as the setting of the tanget angle, is

accomplished by the proper vertical- and rotational positioning of the

ta:rget rod.

During the counse of the expeniment, a Zns screen, mounted on

the tanget l-adder, r^ras used to check if the beam was cornectly center-

ed and had the proper dímensions. The intensíty of the íncident beam

hias measuned by coll-ecting the beam cur::ent ín a Faraday cuP' sulîround-

ed by steel br-icks to neduce backgr-ound radiation. The Fa::aday cuP was

connected to a charge integ::ator- (Brookhaven fnst::ument Co::p. modef

l-OO0), whose digital output was fed to a scafen. The ener:gy calib:ra-

tion of the p:roton beam was obtained by using the cr:ossove:: method

with CD, and CH, ta::gets {38} The cal-ibration measurements refated

the beam energy to the bending magnet fiel-d strength, which was deter-

mined using an NMR system. The ene::gy of the beam was known with an

accuracy of I 0.2 MeV.

A AE-E detecto:r tel-escope was mounted in a cube on the ]owen

tu::n tab.l-e of the scattering chamben. A collimatoi:, mounted in the

cube in f::ont of the detecto:r telescope, defíned the solid angle of

acceptance. The diametens of the cofl-imators used ànd their distances

fnom the center of the scattering chamber have been accurately measured.

Two NaI counters, set at 37.50 on the tt+o sides of the scattening

chamber, wet?e used to monitol? any vaniatíon in the dírection of the

beam. The tar:gets were made f::om isotopicatly enniched (99.3%) 6l,i

fnetâ]. The character-ístics of the nine self-supporting targets used
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in the couuse of the experiment are given in the following table:

Method of
Measured Thickness PrePa:ration

l-3 . 89 mg/ cm2
26.61 mglcm

9.05 mg/cm2

+.o2 mg/cm2

ø.26 mg/cmz

+.8+ mg/em2

2.o7 mg/cm2

s.+5 mg/en2

2.30 mg/cm2

AE (Suirface Bannier) Sil-icon)

Tanget

#r
#z

#3

-,#4

#s

#o

#t
#e

#e

pressed powder
il

It

It

n

il

evaporation unde::
vacuum

rí

Smm.

3mm. * 5mm.

3mm. * 5mm.

5mm. + 5mm.

5mm. t Smm.

1..-j.:1::. ir r':'_

The thickness of the thicke:: tangets I^Ias determined by weighting a

po:rtion of known area taken fnom the centen of the target. The

thickness of tangets 7 to 9 was determined using known range

enet?gy ::efations fnom the energy foss of cl-pa::ticles. Cfrom both 24fet

and ThC sounces) which have travensed the tanget' The AE silicon

sunface banr.ie:: detectors and E Lithium d::ifted sifícon detectons had

the fol-l-owing thicknesses :

E(Li-Drifted
Enengy

25.9 MeV

29.9 MeV

35.0 MeV

40. l- MeV

45.4 MeV

2 00u

200u

2 00u

200u

200u
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A bl-ock diagram of the el-ectronics is given in figure 4. Al-1 com-

ponents indicated üiene manufactured by Ca¡rber¡a fndustries' with the

exceptíon of the par-ticle identifier (oRTEc, Model 423). This unit

openates acconding to the Goulding-Landis identification method {38}.

The enei:gies fost in the E and AE detectons are nelated by:

r'= (E + AE)f '73 - El-'73
a

whe::e T is the thickness of the AE detecton and a is a constant which
l:i; r:, r':: 'r ì,r':

ilir::..''i.,''''
depends on the type of the incident par.ticfe but is approximately inde- i' '' '

pendent of its enelrgy. This fonmufa ís de::íved f::om the empi:rical-

range-enengy nelationship R= aEl'73, 
"rrd. 

gíves a quantity which is char-

acteristic of each type of particle. Vlhen the pulse from the E detecton,

the pulse fnom the AE detecton and the enable pulse arrive in coinci-

dence at the par.ticte identifier, the unit p:roduces two output pulses:

an E + AE pulse, pnoportional- to the totaf enel?gy of the particle, and

a par.ticle identifier output (P.I.O.) pulse, whose height depends on

the type of incident pai:ticle. The E + AE puJ-se was fed to a Nucfea:r

Data l-60 dual analog to digital conventen ( AIC ). The P.I.0. pulse
l.:. .-:. :-

was sent to a.:singl-e channel analyser ( SCe ) and then to the ADC gate. f''; "'t'

The SCA window was set in such a I^Iay that only pulses corresponding to

protons coul-d open the gate. The ADC was inte:rfaced to a PDP-9 com-

puter, whe::e the spectra werle sto::ed and reconded on DEC tape. A

cor:rection factor for the dead time of the ADC was obtained fnom the

natio of the counts recond.ed by the SCA scafer and the total- number

l-: l.-iii:.:

of counts r-ecorded by the computen. A typical example of the spectra
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obtained is shown in figune 5.

2-2. Data Reduction and Errons (Efastic Scattening)

The diffe::ential- cl3oss-sectíon fo:r the scattering of protons

f::om a pune ísotope of mass number A is given by (:t)

(16) 
åå = 

[,'660 
x ro-4 x ffil*u2""' '

whene Y is the numben of counts in the peak, S is the target angle'

which is defined as the angle between the normal- to the target and

the incident beam dinecton, 'r is the dead-time correction factor',

Q is the char.ge col-fected (in nC), t is the tanget thickness in 
^g/"^2

and Afl Ís the sol-id ang1e. If the tanget contains an admixtu:re of a

second ísotope of mass numben At and is contaminated by impunities of

mass numbers A' Aint...., the following co::nections must be consider-

ed:

(i) In the numenator of (f6) tt¡e atomíc numben A must be sub-

stituted with the quantitY:

(17) A=

whe::e a is the

totaf number of

1-crA+-
CX

natio of

atoms of

tA

tA+tA t

Á'

the

the

numbei: of atoms of the species A to the

two species f: !':-:,

i:.:'.,. !.:.

(ii) In the denomínato:: of (fO) ttre measu::ed tanget thickness

t must be substituted with an effective ta::get thicknessi-'

(rl) Formul-as (.16), (f7) and (tg) are derived in appendix I
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(rB)teff-t-ti-ti*t

whe::e the rf impu::ities target thicknesstt -i, tinl-" " can be calculated

fnom the known val-ues of the cross-sections fo:: scatte:ring of protons

by the contaminating nuclei (see appendix I)'

(iii) At those angles where a proton peak due to e]-astic oi: in-

elastic scatte::ing by a nucl-ide A. (one of the impurities) ovenl-aps

with the peak connesponding to the scattering by the isotope A' the

contribution due to thé fonmer must be subtracted from Y' This con-

tnibution can be cafcufated fnom (16) in te::ms of the differential

cnoss-section fon scattering by A.:

,j=zk* ffi(ååì',l"

Setting Yo = Y - Y. and substituting (l-6) one obtains the following

expnession for the cornected differ-entia.L cross-section i# l.

A t.
(re) cåår" = åå - Ff råå),

l

A con::ection of this kind shoul-d a.lso be applied to those spectra

where the efastic peak overlaps with peaks due to elastíc and inetastic

scatte::ing by the othe:: isotope' If, however:, the percentage of the

second isotope in the target is smal-l-, the corresponding inelastic

peaks may genenally be neglected, and the co:rnection given by (rs) for

el-astic scattening by the contaminating isotoPe applloxirnate]-y cancels

out with the cor::ection (ii).

In pnactice the reduction of

to the following p::ocedure. Fírst

the data was perfonmed according

the number of counts in the efastic

i.:::
::t

i:,,
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peak was determined using an applropriate prognam ::un off-line on the

PDP-g. Genera¡-ly the spech:a did not show any app::eciable background

in the :region correspond.ing to the efastic peak. An exception I^Ias lle-

presented by the smal-l angle spectna fon 45.4 MeV incident p::otons

in which case propelr subtraction hlas made. As a first step in the

data neduction the uncor:nected differ.entia.l- cnoss-sections hlere comput-

ed by means of fonmul-a (16). Next the tanget thicknesses of the impun-

ities r¡iel?e d.ete::míned for each of the targets used. This was done by

choosing fo:r each target a spectrum in which the peaks due to el-astic

scattening fi:om the contaminatíng nucfei l^reue cfeanly resolved. These

peaks were then integrated and the thicknesses wene cal-culated firom the

known vafues of the differential- cross-sections for the contaminants.

The unco::nected dífferentia.L c::oss-sections wene mul-tiplied by the

cor?rection factor. -/a"ff . The co::nection facto:: A¡A was also applied

in a.l-l- cases ï"rhere'the efastic peaks due to 6Li -rrd to 7l,i wene resol-

ved. Final-ly, the r.esults of kínematics cafcufations and ene:rgy cali-

b::ation we::e used to determine the position of the efastic and inel-as-

tic peaks due to scattering by the impunities, and, wheneven appli-

cabl,e, the co::nection (f9) was made. In seve::a.l cases two or mo:re

measuïlements of the differ.ential cross-section wer:e avai.labfe fon the

same scattening angle and incident energy. In panticufar, duning the

measuuement of the anguJ-ar distnibution at a given enengy it was plrac-

tice to repeat the measulrement for those scattening angles at which

the tanget angte setting was changed. A weighted average of the diff-

enent measuuements was takeno according to the fonmul-a:

iÌ ì:r:
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n
I xi/ (nn.)2

_l_
-L--L

(") = n

I y(A", )'
a=I

wher:e 3. (i=]-r..n) ane the diffenent measunements and

pondÍng statístical- erron. The er?r?ol1 of the weighted

fated using n
I (¡.r-..)()f/(Iix.)2

i= l-

Âx. the corres-
l_

mean was ca.l-cu-

Ax =

(n-l ) r/(Lx.)2

In genena.l- the error was of the same onde:: of magnitude as the

statistical- e::nors. This indicated the consistency of the different

measunements.

The labo::atory scattering angles coul-d be measuned with an

accuracy of tO.l-o. fn o::der to detect any systematic erllol? in the

angle measurement, the cross-sections at forwand angles were measur-ed

both l-eft and::ight of the incident beam. The observed as5rmmetry was

negligible in all but two cases, whene a connection of 0.2ô to the

measured fabo:ratory scattening angles had to be introduced.

The ::efative ernons in the diffeirentiaf cross-sections were de-

termined by taking into account:

(i) The statisticaf el?non

(ii) The enno:r due to the uncertainty in the scatte:ring angJ-e

v

(íii) The ernor: due to the uncentainty in the incident energy

E-p

(iv) The ennon in the dead time connection.

n

T
i=l-

:
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The totaf rel-ative eul?on Lo/o (ii) was obtained from the elrrorls

conresponding to the diffel?ent contributions Ào' as

au r-FT-

-= 
! L ¡^o¡¡z

' i to

The e::nons (ii) and (iii) wene obtaíned fnom:

Lo2 = ryÐ ^o and ao3 = n"5flËtt'ot

with Ae= 0.1-o and AEn'= t0'2 MeV' The e::ror in the dead time cor113-

ection was taken equal to 1/f0 of the conrection made.For 0s130o the

ennor due to the uncertainty in the enengy gave the gneatest contnibu-

tion, white at ext::eme backward angles the statistical- erroll was gen-

enally the most ÍmPontant.

The order of magnitude of the different contnibutions to the

::elative et?ror is given in the following tabl-e:

E::nor. Typicaf values

( í ) 0. l--0 .2eo (smaff angles ) , 2-3+o ()'arge angìes )

( ii ) 0. 5eo( 20o ) , 1eo( 600 ) , o .reo(l-7oo )

(iii) 1eo(sma1l angles), 3-4eo(f00o) , I'Seo (la::ge
angles )

(iv) at 25.g Mev 29o(sma:-L angles), 6.39o(angles >90o)

at other. enengies 0.2-0. 59o( smal-l- angles ) , <0.1%

(angles
>900 )

)';.r::.l

(rr) Here and in the following we wnite $$ = o
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In par:ticul-ar cases the folfowing additional contnibutions to the

::efative ernor \^iere considened:

(v) The ernor in the connection made when the elastíc

peak ovenJ-aps wíth a peak due to scatte::ing fnom

the impu::ities in the ta::get (eg. (19))

(vi) The erïaon ín the backgnound subtnaction'

The e::nor (v) was taken equal to l-/3 of the con:rection made. The

eïrt?ot3 in the backgnound subil:action was of the orden of I9o.

The uncentainty in the normafization of the diffe::entiaf cross-

section I^ras compounded f::om

(a) The uncentainty in the detenmination of the sol-id angle

(b) The uncertainty in the integration of the beam cunnent

(c) The unce::tainty in the ta:rget thickness

(d) The uncertainty in the determination of the incident energy.

The most impontant contribution to the total- el?tîor in the nonmalization

was the unceirtainty in the target thickness, whích nesulted not onJ-y

fi:om eirnons in the measuring process, but afso fnom the non-unifo::mity

of the tanget and from the e::r:on in the conrection.. for contaminations.

The totaf erlloï1 in the normafization was estimated to be of the oirden

of L09o.

|- : :'; -:ij:
f..rr-il.:-."- rljl

l J..:.r i-]]]l
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2-3 Data Reduction and Erro::s (inel-astic scatte::ing)

The diffenentiaf cl-oss-section for inel-astic scatte::ing can be

calcul-ated fnom the fonmufa:

, Y_._ )_(20) åå ).i., = # äå)"n-eß

whe::e Y. is the number of counts in the peak which cornesponds to
an

scattening fnom the.l-evel- considened, Y..¿ is the number: of counts

in the e.lastic peak of the same spectrum and doldfl).g í" the el-astic

diffenential cross-section fo:r the same enelrgy and scattering angle.

The main pnobl-em in the i:eduction of the inelastíc data was

the extraètion of peaks fnom the continuum nesulting fnom th:ree-body

break-up reactions. In the case of the (2.184 MeV) first excited

state the backgnound subtr.aÖtíon díd not pnesent serious difficulties

since only the J-ow ene::gy side of the inefastic peak is app::eciably

affected by the backgnound (see figune 5). Two methods fon the back-

ground subtiraction hrere used. In the first method, the PDP-9 and

a GALCOMP plotter. wene used to obtain an enlanged gnaph of the peak

and the backgnound subt::action was done graphically. The gnaphical

method was applíed twíce to a whofe senies of spectra, and the results

were found to be consistent within fgo. The second method consisted of

using a computeu proglram to fit the expenimental- peak to a gaussian with

a fixed ho:rizontaf baseline. It was found that changing within neason-

able l-imits the input par:ametens of the fit (peak position, width and

basel-ine) the nesul-ting values of the integrated peak vanied by less

than l%. It Ïras afso found that by applying the two methods to the

same spectnum one obtained r.esults in agneement within I9o. i.::1.. "::';i.¡.!
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Having determined the numben of counts in the inelastic peaks,

the diffe:rentiaf cnoss-sections r^rene cafcufated from equation (20)'

In the great majority of cases the values used fon the efastic cnoss-

section had been pneviously dei:ived fi:om the same spectnum. Thus'

applying formul-a (20) was exactly equivalent to calculating the ine'las-

tic c::oss-section by substituting Yin foo Y ín the genenal fonmula

(f6) and making the approp:riate conr-ections. The er:rors coufd the:re-

fore be cal-culated in the same ïiay as fon the el-astic scatteríng

diffenentiaf cnoss-section, assuming an erÏror of L9o ín the backgnound

subtnaction. In the cases corresponding to efab -<600, Ep=45'4 MeV'

howeve::, the el-astic cross-sections used had been extracted fnom diff-

enent data than those used to dete::mine Yir, "td 
Yeg("t)' In these

cases, therefore, the quantities on the night hand side of (20) were

obtained fr.om th:ree independent measulîements and gave independent con-

tnibutions to the total emor.

In the case of the 3.562 MeV levef the extraction of the peak fnom

the backgnound was quite a diffícult p::oblem. This is alneady apparent

fr.om the spectr:um of f igu::e 5, ancl the situation is even wo::se at

J_anger. angles, whene the peak becomes ba::ely visibl-e. The pi:oblem was

solved in the foll-owing way. The PDP-9 and the CALCOMP plotten were

used to plot the pa::t of interest of the spectnum. The ene::gies conres-

ponding to the thnee-body b:reak-up thneshold, to the elastic peak and

(tl) The ::eason l^ias the folfowing. In the o:riginal data'
cal_cul-ate do/dCI)^o, the nesolution flas not good enough to
inefastíc peaks."-Th. expeniment was the::efor-e repeated.
time howevè::, the counting rate was high,. ::esulting in a

used to
ext:ract the
The second
large dead-time.

,'.';r:..:ì.-j
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to the peaks of the first and second excíted states wene determined

fnom :refativistic kínematics calcul-ations. The spectrum was cal-i-

bnated using the positions of the peaks corresponding to the gnound

state and to the first excited state. Then a smooth curve was dltal^¡n

on the g:raph, stanting f::om the threshold fo:: the three-body break-up

and passíng thr.ough the valleys on both sides of the peak. Fon each

one of the channel-s of intenest, the numben of counts above the cunve

was determined fi:om the gnaph, and the numbel3s so obtained l^iene used

as input in a gaussian fitting routine. This code was the same as

used in the redu<ltion of the data for the fii:st excited state; however,

the basefine level- r^ras not kept fixed during the fítting procedure.

Car.e was taken in deter.mining in each case the positions of the

peaks cornesponding to excited states of canbon and oxygen. These

peaks r^rel?e prlesent in the spect:rum because of impunitíes ín the target.

When one such peak overlapped exactly with the peak connesponding to

the second excited state, the pnoper correction could be ndde by use

of for.mula (l-9). When, however, the ovenlap was par:tial , it was not

possibte to obtain a connect background subtr-action.

fn thnee cases the entine background subtraction procedure was

applied twice, obtaining nesufts which diffened by 15 - 2Oeo. A typical

error of 2O9o was therefor.e assumed fo:: the diffenential-,.c::oss-sectíons

fon scattening f::om the 3.562 MeV l-evel.

1,'-" : l
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CHAPTER 3

3-l-. Resu.l-ts and Discussion (el-astic scattening).

The expe:rimental result, foir the el-astic scattening differen-

tial c::oss-sections ane given in the first fíve tabtes of appendix II

and in Fig. 6, wheire the size of the points conresPonds to the typical

nel-ative errol?s. The angular dístributions show a unifo:rm variation

with incident pnoton enengy. The diffnaction l-ike st::uctune becomes

more pronounced as the energy of the protons incneases, with minima in

the angulan distnibutions shifting to small-en angles.

The potential- used in the optical modef analysis is of the stan-

dard form (eg. (7), chapte:: l-.), with pune sunface absor:ption and a reaf

spin-onbit term. The data íncl-uded in the analysis a::e the diffenentía.l

cross-sections measui:ed in the pnesent experiment and the poJ-anizations

obtained by Hwang et a.l. [40] at 38.7 MeV and by Mani et a.l-. {41} at 49.5

MeV. The analysis was per:for.med using the automatic seanch code SEEK

{+Zi in a modified vension whích afl-ows one to vary the spin-orbit g."o-

metrical- par-ametens independently and which uses a sur:ûace abso::btive-Po-

tential of the denivative Woods-Saxon form.

In the sea::ch fo:r the best fit parameters the fofl-owing p::ocedune

was adopted.. At first the geomet:rical- spín-orbít par-ameters were kept

fixed at r = 0.98 fm. and a = O.2O frn.(t*) ,n. analysis was cani:ied
SS

out seanching for vafues of the nemaining parameters which gave the best

fits to the differential- cuoss-sections and, at the same timer ::easonabl-e

fits to the pola::izations and reasonabl-e val-ues of the total- r'eaction

(tt) These val-ues were taken
unpublished analYsis of

from Ref. {e0} and ane the nesul-t of an
the 49.5 data by Mani.
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cl?oss-sections. Since no experimental data were avail-able fon the

total :reaction closs¡sêctions, the theonetical- nesults obtained we::e

companed with val-ues ext:rapofated f::om data for nea::by nuclei. Next, l',.,'',",
':_:::.::.11-

the spin-onbit par:ametens i^iene vanied so as to optimize the fits to the

polanization data. Final-l-y, "" and a" wer-e fixed to the optímum vafues l

obtained and the seanch on the :remaining panametens was repeated. It ,,i,,,.1,.,.:,

it';.t''¡
ís wefl known that an indete:rminacy exists fon the panameterns of the reaf ::::":

i.i-.,;,;,,:,

centnal pant of the optical potential , so that equivalent fits can be ['..-t1..

obtained with differ:ent val-ues of the nadius " pnovided that the depth of 
i

l

the wel-l is adjusted according to the nule Vnf; = const., with n;2. In 
i

I

i
orden to facil-itate the eomparison of the potentials at the vanious 

:

l

energies, the seanch was canr-ied out with the radius panameterr of the i

i

;

ir-eaf centnaf tenm fixed to a suitabfe common value. 
i

ThepnognamSEEKrequinesthepo1arizationstobefitted.símu.]--
i

taneously to the differentia.l- c:ross-sections. A diffe:rential cross- i

i

section angula:r dist::ibution at 49.5 MeV has been obtained by Mani et al-. 
i

i,1i,1,, r1.,r,

{Bl}. These data, howeven, wene avåilabfe only in graphical- form and [Ìlu.j
i':.'l',.,.,.

ther-e was a discnepancy between the normal-ization fon these data and the lril,r,
¡':'sI 

::':

ï.esul-ts of the pnesent expeniment.t-'' Since othe:: measunements of the

diffenential cnoss-sections around 50 MeV wene not avail-abfe, the iresul-ts
l

of Mani et al-. were exü:acted f::om the graph and nenonmal-ízed. A Ir.,::.,.
li.ritir:.,ìt:.

nefative ennolr of LOgo ¡¿as a:rbitna::i1y assigned to these data. i¡''rì:

(fr) The normal-ization for the data of the present expe:riment at 40-J-

MeV agnees within l-09o with the nesufts of chen and Hintz at
39.7 MeV {43}.
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A. test done in the cour-se of the analysis showed that, even at the

highe:: energies, the incfusion of a small vol-ume abso:rption te'm does 
,,;-t,t:,

not imp::ove the fits appneciably' ':''::'r::i

The best fits obtained for the differentiaf cross-section an-

gula:: distributions ar:e shown in Fig' 7, whene the natio of the diff- 
,:,,: .,

enentiaf scattening cross-section to the Rutheford cnoss-section is 
i:,';:u!:..,:' 

: : :i:'. :i -'

plotted vel?sus the center of mass scattering angle ' The nesufts of the 
1.t,.,,,,-...t.

analysis of the 4g.5 MeV data by Mani et al-. a:re also included, even i::.¡;":'

though one can not expect a very good fit in this case. Because of 
l

the lange rel-ative ellror assigned to these data, the differentiaf cross- 
,

sections had less weight than the polarizations in the fítting of the 
1

l

49.5 Me! data.

The best fits fon the pola::ization angular distributions ane 
I

,

shown in Fig. 8. 
:

In the energy range 25-45 MeV. the fits obtained fo:: the differen- l

:

, tial- cl3oss-sections are suppïaisingly good. At 49.5 MeV the gene::aI ',.::..:,

shape of the expenimental angular- distnibution is weff neproduced by the :t. ti,

l,' -t.-,tt'

opticat model- cafculationo buto not sunpnisingly, the height of the for'- i',,',-,.''ì
r'.,'

wand peak is s]ightly diffenent in the theoretical- and expenimentaf

cunves. The fit to the pola::ization angulan dist:ribution at 49 ' 5 MeV
:

is quite good for angles up to.t15o c.m. However:, the negative vafues i".'r:"'
ii.i'-¡'i

' l' :'';r

of the polarization exper.imentalty obsenved at the J-argen angles are not

reproduced. At 38.7 MeV a good fit has been obtained for the polaniza-

tions over. the range 23o to 85o c.m. cove::ed by the expenimenta'f data' 
i'i
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The opticaf model- parametens which col?Ïrespond to the best fits

ane given in table l-. The quantíties given are the dynarnical and geo-

metirical- parameters, the theo::etical- total- r:eaction cross-sectiot n'th 're

the ratio *ro/* of the X2 to the numben of data points for the diffe:ren-
o

tiaf ci:oss-sections, the corl?esponding quantity fo:: the pola::izatíons

*ro/N 5 the typical nefative error of the experímental differential-
'p

cl3oss-sections ao and the typicaf absolute error of the experimental

polanizationS Ap. The total- ::eaction clross-sections obtained by exh:apo-

lation f::om expenimental data for nea:rby nuclei a::e in the range 30-45

fmz at 25 and 30 MeV, 25-40 fm2 at 35 MeV and 25-35 fm2 at 40 and 45 MeV'

The val-ue" of oth obtained at the first five energies ane the::efore quite
lle

r:easonable. At 49.5 MeV an extnapotated experimental vafue of the total-

reaction cross-section was not available, l"t of! seems to be quite

fow as companed to the val-ue at 45.4 MeV. The parameters obtained a::e

in gene::al quite acceptable. The val-ue 0.2 fm fon the spin-orbit diffuse-

ness is nather small, but this is consÍstent wíth what has been found fon

othei: light nucl-ei

The most notab]e featune of the results obtained is the i:::regular

vaniation with energy of the diffuseness of the neaf central potential-'

of the stnength and the ::adius parameterrrof the imagina::y potential and

of the stnength of the spin-or.bit potential. The enengy dependence, how-

ever, is not enratic and the six sets of pa:rameters can be quite natunally

divided into two glroups, one collnesPonding to the enengies of 25'9 and

2g.g Mev, the othen col?l?esponding to the ene::gies greater than 30 MeV'

V,lithin each g::oup the stnength of the reaf centnal potential decreases
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smoothl-y with incneasing

slightly.

.53.

enengy, white the othe:: par:ameters vary only

In onden to furthen investigate the energy dependence of the

potentia]- an analysis was atteÏnpted keeping the geometnical panameters

fixed to val-ues independent of enel?gy'

Three sets of avenaged geometrical pa::ametens we::e used. The

first was obtained by avenaging oven the optimum pa::ameters cornespond-

ingtoaflsixene::giesandgavevenypoollfitsinafl-cases'The

second was obtained avenaging oven the panameters coruesponding to the

best fits at 25.9 and 29.9 MeV. The fits obtained with this geometry

were good at the tr^io fowe:: enengies but very poor at the ene::gies above

30 MeV and the enellgy dependence of the dynamical parameters Ì^Ias inne-

gula::. Fina]-ly, a third geometry was exti:acted fnom the paramete?S corr-

esponding to the second glloup of energí." 
(!l). 

The dynamicar pa::ameter:s

obtained with this geometry are shown in table 2, whene the values of

":: , x'r/No, ana xfrl*n 1o" also given' on the basis of the values of

*?o/X and Ao the fít àt ZS.9 MeV can be considered quite acceptable'
o

The position of the maxima of the experimental angula:r dist:rÍbution is

well:repnod.uced by the calcufations, which, however, give too smafl- vafues

fon the cl?oss-sections in the nange g0o to l-40oc.m. An impnovement is

appanent at 29.9 MeV and at 35.0 MeV the ggreement between the theoreti-

cal and experimental- díffenential cnoss-sections is good' At the higher

) ,a "u" found that a s1íght improvement of the
by letting lrD assume a vafue langen than the
fit parameteis for the energies of the second

fits was
average of

grouP.

obtained
the best
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enel?gies the fits fon the diffe:rential cnoss-sections are good and

those for the pola::ízations ::easonabl-e'

- 
Fnom the analysis with fixed geometny one can derive the fol-low-

ing averaged Potentiaf:
r = I.020 fm

S

a = 0.200 fm
S

Y^ = 2.85 MeV
b

r = l-.050 fm l:^ = f .923 fm
olJ

a = 0.745 fm "D = 0.654 fm

V = 46.2 MeV-o.3sEp WD = 2.38 Mev

It may be obsenved that the energy dependence of the real- centnal- potential

is in agneement with that found for medium weight nuclei.

In concl-usion the analysis with fixed geomet::y gives acceptable

fits with i:easonabl-e val-ues of the parameters ovel? the whol-e energy nange

eonsidered. The quality of the fits at the fower energies can be dramati-

cal-Iy imp::oved if one fets the panametens acquire vafues markedly diffe::ent

fr.om those at energies g::eater- than 30 MeV. A possibJ-e explanation for

the anomafous energy behavÍour may penhaps be found ín the foJ-lowing angument'

As has been al-ready mentiorr.d 
("), it is quite possible fhat the

el-astic channel- is stnongly coupled to the inel-astic channel- correspond:ing
/ -r- -r- \

to scatter-ing fr.om t],'e 2. 1-84 MeV fevel-. It is known t""'th"t in the case

of strong coupling the parameter-s obtained from the s:ír¡p1g optical model-

may be different fíom those obtained fi:om a generalized optical- model- and

that the differ.ence incneases with the decreasing energy. If the hypothesis

of strong coupling is cornect and one assumes that a gene::alized optical- model

chapten 1. section 4

suck {30}.

i .:i..1...

(sr) see

(:t..1 ) see
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brould give par.ametelrs which vany regular.ly with energy, then it is

quite possible that at energies above 30 MeV the simpte optical model

gives parameters very cfose to those that would be obtained fnom the

genenalized opticaf rnodel, while at the fower ene::gies the difference

due to the couptíng becomes appanent. The ínregufan ene::gy dependence

of the potential coul-d a.lso be explained by the effect of resonances in

the compound system 78", ." in the case of p + t2c {24}'and p + 160

{++-+Z} el-astic scattering between 20 and 30 MeV'

White fur.then studies are necessany to clai:ify this point'

the quality of the fits obtained indicates that the optíca] modef

applies to 6Li betten pe:rhaps than one woufd expect fon such a light

nucleus.

3-2. Resul-ts and Díscussion (inefastic scattening)

Tabl-es of the diffenentia.I cnoss-sections obtained fo:r the scat-

tening fnom the finst excited state (31, T=O , 2.184 MeV) ane given in

appendix II. The angulan distnibutions fon the scattei:ing f::om this

l-evef a:re shown in Fig. 9. The dimensions of the error bars would be

companable to the size of the expenimenta.l points. The cullves show l-ittfe

structure and the vaniation with enengy is smooth'

Tabulated val-ues fon the scattening from tte (O+, T=f, 3.562 MeV)

second excited state at 25.g Mev incident energy alre afso given in appen-

dix II. In Fig. 10 the diffenential- cnoss*sections obtained in the pne-

sent experiment ane shown togethe:r'vrith the exper-imental- data of Austin

and crawl-ey {34}. As has been discussed in sections I - 4, an analysis
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of the data for inefastic scattening from the second excited state in

tetms of a microscopic theory may yíeld infor-mation on the strength of

the spin-isospin dependent effective inte::action. The curve shown in

Fig. 10 nep::esents the::esufts of the cal-culatíons done by Austin and

cnawley with a spin-isospin dependent potential- of Yukawa shape. The

t\^ro sets of exper.imentaf nesufts ar:e consístent. The agreement between

theony and expeniment ís good only at fonwa::d angles, and is obtained

fo:: a spin-isospin dependent inte:raction which has a stnength of L2'7

MeV and a range of l- fm.

The reduction of the data fo:: the scattening f::om the second

excited state at 45.4 MeV is ín plrogl?ess. An analysis of these data wiff

give info:rmation on the energy dependence of the spin-isospin dependent

effective potentía], whích othen investigations {35,36} indicate to be

neanly constant oven the energy range 30-50 MeV'
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APPENDIX ]

Denivation of some Fo::mufas Used in the Reduction of the Data

The differential- cross-section

dent beam of Panticles bY a single

of the scattering angle 0 which is

(d) ..=**

fon the scattering of an inci-

scatte::ing centen is a function

defined by:

(a) åå=# ,

wher-e n(0) is the numbe:: of particl-es scattened pe:: unit time in

the unit sol-id angle about 0 and I¡ is the íncident ffux' If Y

is the numbe:: of protons scattered by na target atoms in the sol-id

angle AQ during the time At, then

(b) n(o) =,,ofo¡
t

The incident ffux of p:rotons is nelated to totaf cha:rge Q caffied

by the beam in a time At bY

(c) ro =#
whene S is the area of tanget i:t) and e is the el-ect::onic change'

If the tanget is made of a spea::ated. isotope of mass number. A,

the numbe:: of atoms in the target can be exp:ressed as the p::oduct of

the ¡{vogadr.o numbe:: N times the ratio of the mass of the tanget M

to the mass of one mole

t..'..
t, :,..., .

il. : ..'

l'::,

( rt ) Her.e and
of the target
maintain their
the quantities
beam.

in the following it is assumed that the entire suirface

is exposed to the beam. The derivations given, howeven'

vatiàity' in the genenal case' provided that one nefers
M, S aná na to the por:tion of the target cnòssed by the
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\:
where M is in grlams. By substítuting (b), (c), and (¿)into (a) one

obtains

(e) 99= :å j ":e) 
ãç¿ - N Afl_l} ' '',,,

S

The ::atio M/S is the measured tanget thickness t' If one wants

to express t in the usual units ^g/" 
2 and Q in nC' then

eA = (2.6601-8 * l-o-3] A)nc x mg.
N

heneeo conventing f:rom .*2 to *b'

(r) åå = 2.6601-8 x l-o-4 fu- mb/s'r"

which becomes identicaf to equation (16) of chapter 2 if one

int::oduces the dead time correction factor- t '

Suppose nohl that the ta::get is not isotopicalty pure but con-

tains n, and n, atoms of the isotopes of atomic number:s At and A,

::espectiveJ-Y with
tr-

rf*t2=tt ' 4=

Equation (d) stil-r hol-ds, but A-must now:be interpieted as the atomic

weightofthemixtureofthetwoisotopes,thatís,Agramsisthe

mass of N atoms of which crN have atomic nuniber A, and (t-cl)N have

atomic numbe:: Ar:

(g) A=cxAr+(r-o¿)42

t,.'.

I



6'2.

The diffenentiaf cross-section for scatte:ring by the isotope A'

is obtained substituting in (a) the exp::ession (c) for- 16 and fon

n(0) en expression analagous to (¡), Uut contáining nt instead of

ttt

rh.l do - e Y
\ ¡¡ / da n. Ql-^CI-s

Fr.om the definition of a and from (g) it foll-ows

nr=*nt="þ=ÃåT; N

r-;- z

Inse:rting this expr.essíon fon n, in (li) one obtains an expnession

which differs fnom (e) onJ-y in the substitution of A with the quantity

.Á,-o *l-oo'-- "1 ' cr "2

in agneement with equatíon (fZ) of Chapten 2'

Finally, consider a target containing n atoms of the isotope A'

and n. atoms of an impur"ity A-. . The cor-nect dífferentiaf c:ross-section
:-'-a

fo:r scattening by the isotope A is given by:

do eY
-=-àA ^n. ^q-'SAs¿

The measu::ed target thickness, howevel-, contains a contr-ibution f:rom

the impurity Ar:

nA + n.A.+=11

NS

so]_ving fon n/s and substituti¡1g in the previous equation one obtaíns

the diffenential- cnoss-section fo:r scattening f::om the isotope A in tenms

i-', :' ? r:','-i

rt.'. -.:
':.,',.:



of the measulred

atomic numbe:: of

63.

target thickness

the impui:ity:

and of the number of atoms and

(e) CAdo

-=da * 
o, t-tiAí )¡ç¿

NS

rt is quite natur.al- to cal.l- the quantity liti the 'rtarget thickness
NS

fon the impurity" as in equation (f8) of chapten 2. It should be

noted howeven, that the denivation does not depend on a model- in whích

the impurity atoms are focalized in a layen of airea s and thickness

t.

Considening the diffe:rentiaf c::oss-section for scattering by

the impurity at an angle at which the connesponding peak is completely

r:esolved:

- e A. Y.
do, l- l-

an'i- - ll Q t. Aç¿ )

1

the val-ue of t. n.A.
= "í,'i can be derived

NS

and measured values of Q, andr.AQ.

- do.
from a known va.lue of 65) t

Yi'

: -.'ii::
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TABLES OF DIFFERENTIAL CROSS_SECT]ONS
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6i,i(p,p ) 6l,i(g. 
". ) Eo = 25.9 I 0.2 MeV
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6r,i(p,p) 6l,i(g.". 
) Ep = 29.9 t 0.2 MeV
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Ep = 35.0 t 0.2 MeV
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6l,i(p,p) 6l,i(g.". 
) Ep = 45.4 1 0.2 MeV
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