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Using the

Àbstract

tlnÍversity of l{anitoba sector f ocused

cycXotron, üeasurements wef,e talrea of the tliff€rential

scatÈering cross sectj-on ot protons 0ü 2+Hg at inciilent

proton energies of 2O.0, 25.0, 30.4' 34.9, 39.9, aad

44 "9 ilelr, iD the laboratorl angul-ar range l to to 1?0o.

This $as ilcne for scattering from sevên iliffereat

states of 2+Ilgr Bâmely: 0+ {0'00 üeV elastic} r 2+

{1.37 t{eV} , the sun of 4+ 14.12 üeV} and 2+ {4.23 I{eV} r

3+ 15.23 Mev), 4+ {6.01 $eV), and 0+ {6'43 HeV). The

ditferential cross secticn data, along c'ith clata

obtained frcn the literature, r¡€re analysed using a

standard optS-cal model as lrell as a coupled channels

approach. since 24üg is a strongly deforned nucleus it

is thought that the opt.ical flodel is not very suitabl-e

and sone evidence of tbis is given in this flork. The

couplecl channels analysis which is used to remedy this

sj-t,uation is also of guest,ionable validity clue to the

fact that the analysS-s is liniterl by computational

diffÍculties. Scatt€ring from on.ly the first three

states of z*üg has been anal-ysed so far using the

conputer code CHÜCI(. fiork i.s continuing to include the

first five states using the coup3.ed channels codê

J{tPITOS which permits rotational and vibrati-onal- states

to be coupletl together. The data are tabutatetl at the

end of tbis thesis. Àbsclute errors of a.bout 3 5 for



elastic scattering to 30 ß f,or the 0+ {6.43 uev) st,ate

are typical.
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Thís thesís describes tle fj-rst part of a study nade

at the university of ttanitoba cyclotro$ Laboratory on

the scaÈtering of proto ns f rom z +$19. The stutll

entailed m€asur€$euts of the angular distributions of

the proton dif,ferential scattering cross sections flon

seven states of "*t¡l9r at si.x incident Proton energ5.es.

fhe ilata wetrê subsegueûtly analysect, along vith

avaÈIabLe data frcn the titerature, usi-ng an optical

model calculation to deriYe optical- moilel paranetêrs

lyhich best agreed rsith tbe eLastÍc scattering clata at

each energy. No attenpt $as made at this pc'int to

arrive at a co¡unon set of, geometry parametersr nor to

observe systenatåc t.rends in t.he optical parameters

r¡j.t.h changes ia energy. the data frout the present. work

rÙere then aaalyseil using a coupJ.ed channels approach

lrsÍng the optical- noclel potentiaïs obtaineil as starting

Sroints. Fits t,o the dif terential scattering cross

sections from the 0+ {0.00 EeY êlastic} and 2+ {I'3?

üevl states sefe searcheô for by varying the stxeDgths

of the inaginary parts of the opt,ical noclel potential.

Lat,er the geomeÈry paraneters of the imaginary parts of

the optical moitÊl potential H€re yaried as nell. The

large changes in tbe paranetexs necessary to obtain

agreement. bet¡reen theory and experiment seen to

indicate that the more accurate coupleö chanr¡els



calculatj-on is better suited for clescribing the protoB

z+È79 interaction.

The justification for the inprovement obtainecl by

using the coupletl channels approach nay be .seen 
by

noting that e+Hg is a highly deformed nucleus- such

deformect nuclei have rotational states which are

strongly excitecl öuring nuclear scattering' thus

pl-aying an important role in the scattering process.

Hence the optica.l- mofle] cannot be reliecl uPonr since it

assumes the inelastic contribution to be s¡na1l and' to

be adequately representecl b1 the iuraginary terms of the

optical urodel potential. Ehen the inelastic ancl

reaction channels are not negligible comparecl to the

elastic channel these imaginary terns can no longer

correctly average the effects of these channels. The

couplecl channels approach explicitly takes the

inelastic channels into cansideration, and' for this

reason i-s a mcre realistj-c theory to be conpared britb

the experin€ntal d.ata.

The energy level schene (shonn in Fig. 1. ) of ¿ol{9

has been successtully describecl using collective or

Iiquid clrop moclel of the nucleus.( rFF,+' Hith this noilel

the tuo bands indicated, K=0* and K=Zt ' are interpreted'

as being the ground state rctational band ancl the gamna

vibrational band' resPectiveIY.

In this thesis the coupled channels calculation is



limiteil to the first tuo states of 2+Eg. A nore

thorough stuÖy is underway to ccuple the first five

states anil to incLude in the anaLysis ðata fron the

literature {which i-ncl-udes polarisation ilata} .

r -ì:

;:ri.:: ::i,.
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In attenPting to explain nuclear processes

theoret ical preclictions cf physically observable

quantiti-es nust be made to comPare with the

experinental data. It 'is hoped that such quantities

can be derivect fron the solutj-on of the correctly

constructed schrödinger eguation- Houever, the

Schr$dinger eguation nust be formulated to properly

describe the systen 'costpos€d of the iucid.ent projectile

and. the tarEet nucleus, rith al1 the ¡noticns ancl

interactions that are present. Since the target

nucleus is usually made up of a number of nucleons thj-s

is often very clifficult, if not inpossible.

Generally the interaction of the pro jectile uith the

individual nucleons of tbe nucl-eus is replaced by a

nucleon-nucleus interaction. In doing this a nonlocal

potential is replaced by a local potential . Thus the

Schrödinger eguation nay be Ì'¡ritten as:

(H1+ll2) V =E Y

where Hr is the Hamiltonian for the nucl-eon inciclent on

the nucleus, and Hz descrrbes the states of the target

nucleus, E ls the total Ên€rgy anrl Y the total Itave

function for the sYstem'

For elastic scatterin g H2 is usually ignored, since

the targ=t nucl<-'us is assumed to be in the ground state

7



and iloes not change in excitation. This is an

approxi-nation since it implies that there is no

coupÌing betneen the varicus states of the target
nucleus. flhen coupli-ng Ís strong Iiz should. be

included. To obtain thearetical prectj.cti-ons for
iuelastic scattering (from states other than the grouail

state) Hz must be includ.ecl.

À more detailed descripticn of a possible way of
treat.ing these two cases uilÌ be given in the fol.louing

tso sections.

2.1 OPTICAT. MODET

For the case uhere Hz af the above equation is
ignoreil, all that remains to be specified in the

Schrödinger equation is the interaction potential.

Numerous forms are possible, but perhaps the nost

widely used is the optrcaÌ model Fotential {OHP}, The

focm of the Oi{P can be justif Í-ect f ron the

nucleon-nucleon interacticn, It results in inserting
in the Sc hrödinger eq uation nucJ-eion-.nucleus

interaction. This approximatÍon has several ûrawbacks.

It J-i.mits the applrcable energy range- Firsily, at low

energies the incident nuclecn is sensitive to conpound

nucleus etfects. Secondly, at high energies the

wavelength of the rncid.ent nucleon j-s comparable to the

average nuclecn separatrcn in the nucleus, and as a
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result, it üseesrr tbe nucleons in the sucleus as

separate entities rather than the nucleus aS a who}e.

Thus the O!1P i,s reasonablç cnly betseen 10 and 300 fteV.

By replacing the nuclecn-nucleoa ínteractj-ot¡ by an

effective nucleon- nucleus interaction the

characteristics of the f,crmer are bucied. ,hcljusting

the paraneters of ùhe oEP to opti-mize the fit t'o the

data f,urt.hcr hiites aüy cliscrepauci€s. Tbe ÐüP thus

tencls to be a phenomenological potenti-al that fits the

data for a wide range of target nuclei.

By not i-nclucling lI¿ in ttle calculation, possible

processes which voulil rënovÊ incident aucleons from the

systen are cnitted, Tbe oÌilP corr€cts for thj"s by

introtlucing iuaginary terms. The real part. of the

potential caa account for the elasti-c scattering and

'the inraginary part accounts f ar inci dent, nucleoas

absonbed or remosed by other processes. This is at

besÈ an approxination since the inclusion of a single'

imaginary potenti-aI cannot possibly replace the

numerousr conplicated processes taking place in the

nucleus. However uhen the cther processes atre snall in

magnitude relative to the elastic one this is perhaps a

reasonable si nPlif ication"

If the inelastic or reaction channels are comparabLe

in cross section to the eLastic oner the 5-naginary

potential cannot replace the detaj-Led structure that

9



possibry exists. Àlsc, no consideration is made about
possible coupring beti¡een the various processes.

Nevertheless, the opticar moder pctentiar is very
successful at describrng eLastic scattering and is
useful as a starting point for mcre exact calculations.

To calculate the theoretical preilictions one starts
from the Schrödinger eguati_cn:

- ZZ'e2
r (2.1.3)

v' I{' HD, vso' and flso are the potentiar depths for the
rear central, imaginary volune, inaginary surface, rea.l
spin-orbit' and imaginary spin-orbi t potentials
respecti-vely' siurilarly, [ì, Rr, and Rso are the
reduced radri and À, Ar, and ASc are the drffuseness
paraneters tor the varicus por-entials, z and zt are
the charges of the incident projectile and the target

¡:._i:,)i::I:ì:i:

t4 v2 + v ) v = r v (2.1.1)

where v is the optical model potential d,escri.bing the
interaction, E the reduced mass of the system, E the
total energyr and y the uave functi-on for the system.
The form of the OMp usecl in this ¡¿ork is:
vc-v f(R,A) - i(t^t-4Ar ¡lDÍF) f(Rr,Ar) + f*-æ)2(vso+¿t^ts0)

, .(í.¿)ffi f (RSo,ASo)

r(R.¡ ,A.¡ ) = {l+e-nr"-å14,, -, 

ti'¿)# 
(2.r.2)

where Vc lE.the Coulonb potential
vc = tá;"' ts-(pft¿),] ; r S R.Mt

; r¿R.Mt

10
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nuc].eus.

Transforning the SchröOinger equation

polar coordinates one obtains:

GXI#,,.Xf,i. v ) v = E v

to spherical

(2.1.4)

(2.1.5)

Here Lz contains al-I the angular dependeace of V2 . If
one assunes that the total $ave function V can be

separateit into radial, angular, anrl spin components

(here we do the caLcuLat.icn for a spin 1/2 particle

incident on a spin 0 target) one can snbstitute:

Y =,I-þ-[-(zsmm5 l:r',r¡ Y¿,nxrr,
Lrj ' mrlTls

'ÆmT
fi

where the Z 1X-+1) ccmes f rcn Lz operating on YL^ V ¡ is

he re:

v'=vc-v r -¿(w-4Ar r,vDåF) r + (frã)'(vso+¿wso)i_¿11Ìl *.

rrom L operatll;t'tl"
cE whether J=.{-+"t/2 or X.-llZ

11

All the radial dependence 5-s contained inU1¡/r. the

other tvo functions are chosen to be eigenfunctions of
the operators Lz ancl 52. The Y¿* are sphericaJ.

harmonics and the Xrrr.r" spin Have functions. The

{4smmrpM) are Clebsch-Gordan ccefficients coupling the

angular nomen*:r , and the spin s, After substitution

and some algebra one obtains

¿z L(t+t)
Apz- -- pT-

where L or -L-1 comes

(Zsmms lju) Y¿m , depÐnding

+1-|')Urr=o;p= rî (2.1.6)



respecti veJ'y.

îo sorve thr-s equation cne inposes the forrowing
boundary conditions; that U (r=0¡ =p, ancl that at a

radius where the nuclear force is negtigibre {rm} the
¡¡ave function y be matched to a linear courbination of
regular and irregurar coul0nb wave functions, nanery

Y(rm) = r¿(n,krm) + cUt e¿(nnkrr) + rr(n,krm)Ì

Here prand Grare respectivery rhe regular ana irrÅ6¡t¿91
coulo¡nb save functions given in the asymptotic linit
AS:

r¿(nkr¡¡) = sin(kr¡n - nln(zkrr) -Li * ot)

GL¡¡,krr) = cos(krm- ntn(Zkr¡¡) -tþ + of)

¡rhere

m77'e2n = -TTF

i .-::. -:

| - -1. r'.:: .:

(z.t.s¡

(2.1.10)

and orj-s the Cculonb phase shift: 
j

6L= ars( r(L+l+i¡)) (2.1.11)
solvÍng for the coeffici.ents az¡ n"rmits carcuration

of the differentiar cross section, porarisation, and
reaction cross section for scattering from the optical
morlel potential. These values are generally conpared
r¡ith experimentar. data (otten in a computer program)

and the varicus parameters of the or{p are adjusted to
minimize the ditference ( ¡2test¡. care must be taken
j.n performing such an analysis to avoid producing
physically meaningless 'rtits'r tc the data,

i:: :.'::-'::

12
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2.2 COUPLED CIIANNELS CÀLCUTÀTION

The limitations of the optical moale.l- pot-ential have

been described aboye and when these linitations are

stretchecl better calculations must be tried. lhe

coupJ.ed channels {CC) calculatiou is such an

improvement. For those cases where tbe elastic
scattering proce.ss is not the only sÍ.gnificant pxocess

and/or on€ wishes t,o calculate inelastic scattering

cross sections as xe.l.J., the CC calcuLation treats these

cther proc€sses explicitly rather than replacing then

sith a conplex potential, Of course not all inelastj-c
scattering processes can be considerecl, so it is hopect

that only a f ew need be treatecl in this fash5.on anrl

that the cthers, as weLl as all. reactions, can be

accounted for in a general nanner once more by using a

complex potential. lhe CC calculation thus takes into
account contri-butions that each process makes to the

other Froc€sses. CorrespcndingJ.y the calculation is
nore difficult.

The formulation of the prcblem requi.res the

Hamiltonian 82, as nel1 as the 'Have function for the

target nucl-eus, to be incLuded in the SchEöalingeE

eguation, The model usecl in this uorlç for the target

nucleus is the liguid drop model. This model permj-ts

the nucleus to be deforned atrl to oscillate. The

of oscillation

13
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vibraticns) corresponding tc the various excited states
of the nucleus- this model is found to sork guite lrerl
for a side range ol nuclei. The nuclear surface is
gj-ven by

R = Ro(l +^I orpyru)
. Àr}l

where tÀU are the sphericat barnonics and

R'¡= Rot(1 *^lu"^ut^u)

To solve, cne expands the fo¡m
second order yieJ.d.ing:

f (Ri ,A¡ )=f (Roi ,Ai )*ff- . ' f (Roi ,Ai )r +

( 2.2.1,)

oÀU are the

( 2 -2.2)

factor of the OUp to
p2-
"oI
n- "' (e'-1 ) f(Roi ,Ai ),.1

(2.2.3)

defornation Farameters.

since the nucleus nay be deformect .it fo110ws that
the potential descri-bing the interacticn bet¡reen the
iaciilent ¡rro jectire a n. the n ucleus shourd be
conformally deforned. the potentiar used is the
optica 1 urodel' Poten tial, but rrith its usual radia.L
ctepenöence replacecl by

E2

t = I oruYru
Àril

similarly' the couromb potentiar. must be expanded:

, ê' = exp (TP)

-77!e2 *ÀIuffi# rþrl (oruYru) +

ur=#ß- Ë.) *ÀIu#1fjrft-tl (oluy¡p) + ...; rsRc

Substitution yields the
potential. The expression is

(2.2.4)
. rìBc

detormed opticaJ- model_

guite complicatecl but one

14



obseËves that the potential has two parts; one

equivalent to the standard opticar model potential and

another containing the deformation terms. rt is this
second part which deter¡uj-nes the contri-butions fro¡u all
the different states. Thus the defcrned. oltp car be

consid.ered as a standard oup plus a potentiar
describi.ng the coupling. The schröcinger equation

becomes:

(å;,- l:. noro + v.oup) v =, (E-H') v

,dz .tn(t-n+t)
taoi-- ,q- - årvo'o+t) urn, 

nln= 
å,

(z.z.s¡

cf nuclea r states couplecl

j-s the expectation value of

,n ,Ìn ,a;T,ninzn I v.oup I v¡ni 
n,Ln

uJnintn e.z.a\

The exact expressj-on for Hz is not important since we

onry need to know the eigenvalues which resuLt from it
operating on the total wave function. Àgain lre choose

Y to be separable into radial, angular, spin, and, aou

target nucleus tsave functions.
H2qIM=rnQIM Q-2.6)nn nn

p= I 
uJnjnzn 

\ (t çm m-M r.r M ìv 
Q'z"l)

JnSnzn r = rnårr(znsmrmrlinti)(inIntiMnlJnMn)trn* *rrrttnrn
where rn ar€ the çnergy leve1s of the st,ates

consictered.. Àf ter substituting and some lengthy

algebra (see Tamurars paper(")):

;n=1r...
where nç is the

together, ancl < U

V.oup:oupling t¡' to

..,n^
n u nbbr

'lvco uIu,
ü

15



Solving these r¡c coupled di-fferential equations one

again imposes the boundary conilitions that U {r=0¡ is

fj-nite and that in the asym¡:totic timit it natches cith

a linear conbj-nation of regular and irregular Coulonb

Have functj-ons as before. Once the coeff icients a¿ j¿
{note that there are nou different coefficients for

each state " 
Lri , h Jn value) are deter nined the

differential cross sections" etc. cðrr be ca.lcu]ated"

As can be seen CC calculations are considerably more

clif f icult.

The fornulation íntroduces only a fen neï

parameters, i,e, the defarmatio¡ parameters. (In the

present Hork one new param€ter ßr= ozo was usetl, thus

the expansicn usecl was R=Ro(f +ß zY zo); this Has a

limitation inrposeil by the ccmputer cocle CBUCK ancl nill

be improved upon i.n Later *ork.). Fith this' ptus the

optical nodel paraneters, nany nore clata is available

for compariscn. This impcses greater restrictions on

the parameters than before, thus reduci-ng possible

ambiguities. .

By explicitly treating the inelastic channels it

shoulcl ^be possible to reduce the strengtb of tbe

imaginary parts i-n the OMP, Ïdeally, if all the

inelas*,ic and reaction channels $ere treated; the

irnagínary parts could be removed entirely and the

potential coulcl be strictly real. this is not

l6



feasib le, þut iertrap= the agreenent ¡¡ith d.ata wirl

become less depen.åent on the inaginary potentÍa1

strengths, leading to better defined real strengths'

$hen a number of. channels are treatecl. this uoulil

simplify the understanding of the nuclear interaction

greatly"

The fact that is thj-s

are couplecl permits the

d.o n ct occur directJ-¡r

cannot ,be ca}culateil bY

the distorteû ïave Bcrn

approach scattering cbannels

calculatioa of ProcÊss€s shich

. Such multi-steP Processes

us'ing other aPProacbes" such as

apprbximation (D$BA) n tbich do

not have coupling"

Hosever tþe theory described above as not cornplete

in that only eLastíc and inelastic scattering ís

considereil. thås exclucles a variety of reactions, such

as kncckout of, Pick up reactions' which shoul-d be talren

into accognt, The nagnitude of these plocesses are

expecteð to be sufficiently snaLl chen conpared xit'h

the inelast,ic onês t,o pernÍt their onission.

17



3.0 EXP3RIrlENrÀl APPåBÀTU5=-=-----å---- --:-

3. 1 EXPÐBTUENT.àT, I,AYÛ{'T

In perforning thi-s experiment tbe ¡rroton bean

facili-ty cf t.t¡€ ftniversity of Haaitoba sector focusecl

cyclotcon #as usetl. the relcvant experinental layout

i-s shoun ín fig. 2 . tfagnetrc quatlrupole iloublets

{01, Q2, and A3} t¡er€ used to focus Èhe proton bean

through the system. slits 1 and 2 served to co:LLinate

and tc dcfine the prcton beam in mcnentuut

respectively" In trder to monitor th€ beam transport

through t,he systen, scr€€nS HeIe lolerecl into thË

beamline and oi¡sçrved through closecl circuit

teLevísi.on. Steering magnets {S1' 52, and s3} serÊ

availabL€ to centre t.he pnotan beam on axis {nostly to

cor ect f or notion off the nedåan pll-ane) . The

switching magnÊt bent the proton beam into the left 45o

beamline *hich $as used in this exPerineBt. rhe

svitching magnet also seryeð to nomentuut analyse the

proton b€am.

Aftertraversing th€

rcere co3-.]-ected. in tbe

expêrinental run the

integrateö and used as a

to reðuce the amount

scattering chamber thê Protons

Faraday cuP. Ðuring an

tot al charge collecteil $as

ncr nalization.

of bac'kgrouncl railiat,ion due to

1B



gamea rays produced at the second set of slits lead

sbielüing 1[as arranged arcund the entrance to the

scatùering chamber. ÀLso I a 10 cn cylincler of leacl

with a 4 cm d.iameter hole Eas placeó in the beanLine

bef ore tbe chamber" the Faraday cüp tras heavi3-y

shielded with steeS- bricks to sini-larly cedüce the

backgrcuncl creat€al by the stopping protons-

3.2 5CåTTER1NG CTTå}IBEB

À layout of the scattering chamber useil is shoryn in

Fig" 3. The cl¡amber ítself is a cyliniler of nild

steel approxinate3,y 1.X7 m in diameter and 0.6Û m deep.

The ínterior is nachine finished and a number of ports

exist for viewinE, pumpinE" proton bean entrance and

exit, etc. å turntaþIe is mounted at the bot.ton of the

chamber anö this is driven by an external motor, ån

.external deci-track shaft. encoder provj-des digital

angular reail out of the turntable positlon. Before the

start of the erperinent this sys.ten was car€fulLy

alrgnerl to uithin 0.02s {see åppenclix '10.2} 
"

The bean of protons enters the scattering chanber

fron the 1ett, passes through th€ ceBtre of, the

chanber, and exits through a 0" u?5 mB KAPTCIN tl foi.l-

It then t,ravels tbrougb about 3 cm of air before

entering the faraday cup through another KAPTON Il foil.

Targets ax€ lo1{ered inta the centre of the chanber

i:.;.
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through a target lock ic the centre of the top J-icl.

The targets are nounted on a target ladåer capahle of

süpporting five targets. It is also possible to raise

ttie target ladcler into an air tight cy1:.nder shich can

either be evacuated cr fj.11ed uith an iaert gas. This

f,eatur€ is necessary ¡¡hen wcrking wj-th targets (l,ike

tlagnesi-um) wbich ar€ chenicalS-y reactive. Hhen the

target ladöer is lowenecl into the scatt€ring chanber an

a}uninum cylincler s€Iv€s tc c€ntre the tarqets.

Notches on tbe shaft of the lailcler outside the chanber

inilicate the vertical positian of Èhe targets. The

angle of the target,s with respect' to t.he i-ncident bean

i_s given by a scale on the cutside of the targeÈ laüôer

assembly.

t{ounted at 15o on €ith€r side at. the proton beam

axis are two NaI {T1) detectors. Since the differential

elastic scatteríng cross sections vary rapidly uitb

angJ-€ at the forsaral angles, any aslnnetry in the

nunber of counts rec€iveal by these tso ôetectors would

indicate that the beam was passing through tbe chamber

at an angle. The alj-gnsent ancl SÏnnet,ry of these

detectors ìcerÊ verifiad befcre the experilaent by using

the cletector arraT at cverlapping settings.

Rigidly mcunteil to tbe turntable is the housing for

the aEray of eight ðet,€ctocs and the slit and

aati-scattering .baffle system. {seÐ fig. 4) The array

| .::.- :..1.r
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bousing holds eight NaI {T1) detectors lrhich detect

protoas scattered lnto tbe sctid angle defi-ning slits'

These slits ar€ mounted at 10"000 t 0.020 intervals

along the face of, tbe array. B€tceen the detector

housing and the target there is a system Of slj.ts ryhich

rêstricts particles scatt€reil from objects otber than

the target from reachirg the detectors'

Ður5-ng the €xperin€nt the chanber sas operatecl at a

pressure of 6 I * 1O-õ to-rr.

3" 3 EÍ,ECTRONICS

Electrical- connections to t.he eight detectors ar€

made by coaxial cables ¡sith vacuum feeõ-throughs in a

port i-n the centre of the botton lid of the scatteriag

chamber. Immeilj.ately outside t,he chauber the signals

f,rom the detectors are pre-anplifíed' From there the

cables pass through a groundeil metal cable conrluit {to

E€1luce background electrical noise) to the anPlifiers

in the control rron. Â schenatic diagran for tryo

detectors is given in Fig. 5'

The outpüt from the ampS-ifiers Has fecl into a single

char¡nel analyser (SCÀ) and througb a de3-ay to a linear

gat€ operated in the nornally closeô mode. îhe sc,[ was

used tc set thresholds and tc proeiate the gating pulse

for tbe Linear gate. the nunbe¡ of such gating si.gnals

yas reconded by a scaler and us€d as the t.ota1 number
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of €vents detected" the delay of¡ the linear signal

from the amplifier and the width of the gating signal

lron the scÂ uer€ aitjusted so tbat tbe gating pulse

overl-apped the linear signal. thr¡s, vben a valid event

dabove thresbold) occurred; the linear signal 'ras

transmitteö to the duat sum and invert anFlifier {ÐSI}.

For this experi.ment f cur analogue to cligital

converters {ÀÐc} wer€ used, ?hus a pair of detectors

fed into one DsI, r¿hich Ín turn fecl intc one ADc. a

pDp 15/2Ð computer flas used cr¡-line to store the

experS-nental óata in sFêctra of, 572 channels

corresponôi.ng to each detector. Differentiating

betueen two iletectors providing signals to one AÐC toas

accomplished by usíng t.he f busyr output fron the linear

gates as a ftag t.o instruct. th€ computer as to which

detect,or produced a giv€n signal"

The tço 'l5o nonitor Öet€ctÐrs wer€ haailled in a

simj,lar fashion, €xcept that the SCÀ icas used to set afi

energy *inilow arounü t.be elasti,calJ-y scaÈtereil proton

peak; the ADC $as useil only cluring set uP anil

disconnected iluring a ru$. The Ètlc scaler values

servefl to monitor the a3-ignnent of tbe inciðent proton

bean.

The charge collected

transported to t,he control

using a Brookhaven Current

by the garadaY cuP $as also

roon uhere it rras integrated

IDt€grator. the digitiseil

: a.:!r.r;.i.:.. . ' " .a\'., .: , , -,.: -:2J- -'¿.
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output. uas also recoröëð by a scaler.

f'
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4. O EXPEBI}IET*TÀL ¡TETTISD
;¿¿----i-

4. 1 PRtlCIN BEåU fBÀl\tsPOBt

In order to obt,ain a ldeLl defineil proton bean the

nagneti-c quadrupole iloublet Q? sas useð to procluce a

horizontal $ai.st at t.he first set of slit,s, lhese

slits wetr€ set at a separation cf about 1.0 cn vêrtical

and 0.5 cm trorisonÈal. fhe uragnetÍc quailrupole doublet

Q2 had ca.Lculateil settings to give an en€rgy focus at

the seconil set of slits. The suitching nagnet bent the

proton bean through 45o to th€ Left' ån NnÊ probe in

the switching nagnet uas us€{l to u¡easure the fie|d

strength and, using a previous calibration {see

Appendix 1Û.3) " the neaa Proton beam ênergy uas

ileternineô to citbin 100 k€?.

Slit 2 hacl setti.ngs of 1.0 cfi {vertical} and 0.5 cn

{horizcntal-). Q3 sas used to produce a ryaÍst in the

proton bea$ at the centre of the scattering cba¡ober.

Typically the beam spot had {limensions of 0. B cfl

vertically asð 0-4 cm horizontally"

The proton beam could be observecl on screeÍIs 1-4 and

on a plastic sciatillat,or nounteal on the target lad'tler

shich coulil be lo¡lered into the centre of the chanber.

St€ering magnets (51n s2, and 53) cere available tO

centre the pxoton .beam on axis but this Yas avoiçled j,f
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possible. T#o add.itional- checks on the proton bean

alignment were inposed. Firstly, the beam ryas required

to be not steered by the guadrupole lens. Seconcllyt

the ratio of count rates observed by tbe tro 15+

nonitor cletectors sas required to be 1.00 È 0.03'

typical beam currêÐts obtained flere 10-100 nÀ iato

the Farailay cuP.

4,2 TARGEÎS

Tlro ísotopicalty enriched targets of 2*fig iler€

purchased fron oÊNT" for tüe experinent. They $el,e

shippect in snall, sealed jars in an inert. atnosphere.

all hanûling of the tarEets for leigbing, mountiag on

the Larget ladðer, anil transpÐrting had 'to be doae

¡cithout expcsing t.he targets tc air. To accouptish

this a J-arge glove box filLeü uith argoa gas {as used.

the target lailder could be directly attacheü to the

glove box f,or nounting tbe Èargets antl t'hen evacuatetl

for carrying to the experi-nental scatterj-ng chamber.

rhis net,hod produced e+$9 target,s vj-rtually free of

oxygên co¡tamÍnation, thus sinplifying the analysis"

seighing anü neasuring the area of tbe targets

indicated thicknesses in agreement uith the

manUfacturer¡ s values. Hoïev€rr analysis Of tbe

expenimental data sbowetl an oxygen contanination of

approximately 0" 04 tg/crfrz i n both t argets . The
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thicknesses used for the calculatíons llere 4"928 !

{J.125 and 10"'!08 + 0,25Ú mg7cnz. In the ef,ror

ca lcu latíon 0. 5 7" +tas íncludecl to acco unt f or

nonuniformity in the targets and 2 % for uncertainty in

deterurining the area of Èhç targets'

During the exP€rinent the thin target uas useil for

incÍ¿lent proton en.ergies belos 35 H€v and the thick

t.arget uas usetl at, 35 gev and higher.

4"3 ÐÀTA ACQIJTSTtTON

onc€ a gcod proton beam sith tbe tlesired eneuEy hail

been obtained, the detector array rlras set at a

speci-f iect angle an<l the experimentaL run started.

These runs consisted of accunulating data in the forn

of spectra fo¡ the eight d€tectors correspondir¡g to

eight angles separated by 10o " Ehe criterion for

finish5-ng a run t{as to have nore than 5Ût0 counts {for

gooö statistics) 5.n eacb elastic peak. Àt the end of a

run the spectra sere stored on $agnetic taBe for later

aaalysis ancl Èhe scaler values fcr the detectors aail

Faraclay cup s€re recorded. The detector array ras then

noved to the a€xt a gJ-e and the process repeateil. The

Sequ€ace of angles was such that neasurements sere

taken at conplemeataly angl-es left' and right of the

ínciclent bean axis. Thus uhen the left' and right

neasureü€nts $€rÊ averaged any errors due to

30



instrumental asymnetries c€re cancelled tt first order.

this process Has continued until satisfactory data hail

been collected both left and right of the beau axis for

a$gles from 10o to 90o in 2-5o steps' anÖ fron 90o to

't7 0o ir¡ 5.0{' steps.

The two 15o Inoni-tor detectors $ere checkeil r€gularly

to v€xif y t hat the beam r-as stÍl1 on axis.

Pluctuations j.n tbe ratio left to right {o.f the number

of protons elastically scattercil fron ¿+ü9) of uP to 3

Y, Ì{ere aI}oryeil before t,he beam transport paraneters

lrere adjusÈed.

To €nsur€ that the target tadiler did not obstruct

the detectorrs viefl of the target,, the targets tdese

f,otated 30t¡ from perpendicular to the i-nciclent bean sÐ

as to face the iletect.or array. This had the additional

effect of increasing tbe apparent thickness by a factor

of tr/cos3Oo.

In this üanner clata rr'as obtaineil at six inciilent

prcton energiesr nan€Ly: 2Û.0r 25.0" 30-4r 34.91 39.9t

a$il t¡4,9 üeV, as calculated at the eff ective target

centre. Af¡ exanplê of a tlpical sP€c|Ium collecteil is

shown in Fi-g. 6.

r::-,'
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5. 1 CÀTCUtAlION CF TI]E DTFFEEE}¡TIÀI. CROSS SECTTON

The ditterentiar cross section for erastic ancr
inelastic scattering r.las calcurateil from the fornuJ_a:

@= Ye
dO N n d¡l=

Y - number of protons observed

N number of incident protons
n - number of target nuc-Lei- per unit area
dQ-solid angle subtended by the detector

e corrections for deadtime, reactions ia the d,etector,'
and finite geometry
À computer program hfas written to take the results

of the spectra anaryses, arcng with ths scarer values
for each run' and to calcur-ate the differential cross
sec+-ions f or each detector. The progran apptj.ert a
number of corrections (see '5,3) and averaged the crata
for the san€ absolute angle anil energy. The fo¡nula
used to fj-nd the neanNdifferentiar crcss section Has:

x xi
i=1 q
T-l- (s-t-z)

L
i=l oi

- number of independent neasurenents

- differential cross secticn
- uncertainty in x-

I
Certain corrections

(5.1"1)

in the peaks of interest

N

x.
ì

o.
I

J3

requrred knowleclge of the
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differential cross secticn. The progra¡r dið a

preleainary ca.LcuLation, applied the corrections, and

calculated the final di-fferentj.a.L cross sections.

The 0+ {6.43 tlêV} state uas not aluays clearly

resolved from the ll+ {6.01 l{eV) state ouing Èo its

snall cross secticn at forv¡ard angles" In the conputer

analysis of the spectra íts yield Has thus snall and

not statistically useful. fo overcone this problem tbe

yielcts of these t$o states lrere added together for

calcuLati-ng tbe differential cross section a¡d the

cross secticn for the 4+ {S.C1 BeV} eas sübtracted frout

it. This inprovecl Èhe deterrnination of the 0+ {6"43

ïlef) çro s sect,icn considerably.

5.2 CO}lP{'TEA ÀNåTYsIS OF SPECTfiÀ

A computer program Ías writt'en to analyse Èhe

spectra proiluceð. Ânalysis consisted of Ídentify5-ng

the peaks cf ioterest' subÈracting the background'

subtract.ing the oxygen ccntanination, unfolding the

peaks, and calculating tbe nunber of events tletectetl in

each pealr.

A typical spectrum is shctn in Fig. 6. It shows

the number oË events observed as a function of tbe

energT of the scatter€d proton {channe} number}. The

peak f urthest to the right thus correspond.s to

el.ast,icat-ly scattered protcns f rcm 2+fi9. The other
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peaks are due ts various inelastic scattering

processes. A sna}l peak due to elastic scattering fron

¡óo is also visib-Le. The peaks cf interest are 0+

{0,00 MeV elastic} , 2* { 1.3? HeY) ' 4+ (11-12 t{eV) " 2+

{4.23 MeV} , 3+ 15.23 ¡åêV} , 4+ {ó.01 ilelt} , and 0+ {6.43

t{ev). The 4.12 EêT an(l 4.23 l{ell st.ates coulil aot be

resolved in this experiment but the sum of their ctross

sectioas cas determined. Cther peaks comesPondJ-ng to

higher states ar€ ïisib1e, but si-nce these Peaks are

made np of nulnexous states, they sere not consiilerecl

here.

The proEratn started trom the e-Lastic peak and, usinq

¡elaÈivist,ic kj-nematics, locat€d the other p€aks of

interest. The baclrgroüncl was conput.ed assuning that

the baclcArounö at any particular channel was due to the

backgrcunö produc€d by hÍgher channels' rh€

contribution that each of these higher peaks made flas

assuned t,o be proportional tc its anpLitude. Since the

region of interest is above the three particle brealrup

continur¡m thresholil thi-s $as considered to be

ceasonable"

The prografl Èhea useil the elastic Peak as the

characteristic peat( shape in calculating the nusber of

events in each of the pealcs of interest ' The

contribut.j,cn ilue to the oxygen cottanination Tras

accou¡teil for by i-ntroôucing the differeutial cross

35
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secticn for elastic scattering cf protons by oxygen(28)
interpolated to this energy and ang1e. The progEarr
then calculated the expected yield

The uncertainty in the yielcl rdas taken as:

lT +2î (5.2.1)
where:

A - yield dete¡mined by the Frogran
B - amount subtracted due to Èackground and other peaks

rf the oxrgen peak cont¡ibuted to the baclcaround of a

peak an additionaL l0 % of this anount Has addecl to
account for any uncertainty in the oxygen
contamination- Generarly the oxygen yietd rdas onry 1 y,

of the elastic yieLd..

5.3 C0RSECTI,CNS

The formura used in 5.1 assunes that y rdas the tctar
number of protons scatte¡ed into th.e solid ang.re do.
Ho'ever the yreld as cretermined by the anarysis of the
spectra is cnry the number of relevant eve.uts as seen
by the comput€r. co¡rectic¡s must be made tor tbe
losses due to the finite deadtime of üre erectronics,
anrl f cr proton reactions in the Nar (T1) detector. The

frnite size and divergence cf the incident proton beam

anrr the frnite size ot the sor-id angre defining
collimators n ust also be consi_dered.
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The deailtime of the electranics 1{as calculated

assuning that the scal-ers recordecl the correct nunber

of protons entering the detectot, By integrating the

spectra the Èotal nnnber of events recordecl fas founil.

The di.fference b€tueen these twc nunbers lr¡oulil then be

the nunrber of events lost due to deadtine" The numl¡er

of eyents tosÈ from the yield voulil then be tbis

itiff,erence times the ratio cf thÊ yielit tû the iutegral

of the spectra" This is eguivalent to multiplyíng the

yi-eld fron Èhe anatysis of the spectra by the ratio of

scal-er counts to conputer ccunts. rhe deadtiue

correction ¡tas usuaJ-3-y l-ess than 1 }å .

f,osses in events due to the prot'ons unilerqoing

nuclear reactions in tbe NaI (T1) ilet,ectors ilas

account€d for by using the recent results of Sourkes

et. al.(û¡ For each measurement the energÏ of the

proton entering the detêctoI flas calculated' anil the

percentage loss due tG reactions itas interpolateð to

th is value anil nseil to correct the yi el cl, rhe

csrrection tas a.3-lays less t.han 2-O y"-

The finite bean gecnetry correction used the formula

as derived by trd j.1mes. ( e, In t.his f ormulation the

j-nci-ttent protons ar€ assumed to oríginate fron a source

area, stri*e ar¡ area of the target , anð scatter i.nto

t.he detector. a gÍven event can criginate from

anyuhere oâ the source, scatter from anywhere on the
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target, and impinge anyr,rh€re on the detecting surtace.
Thus scattering angres are different from those
expected and the detector subtends a larger eÉfecti-ve
solid angle. The calculation however requires
kncwledge of the f irst and second clerivatives of the
clif f erentiar cross section r¡ith res¡:ect to angre.
These guantities arè calcur.ateil f rom prelininary cross
section angular distributicns.

oûce arr the corrections have been applied ancr the
errors (see next secticn) taken i_nto account the final
differential cross sections are calculated.

5.4 ütfc8RrArNlIES

For each measurenent uade, the differential cross
section and the uncertai-nty in the measurem€nt was
calculated- rhe uncertainty flas determineit as the
sguare root ol the su' of tbe sguares of the relative
uncertainties arising frcn the various componeats of
the Beasurene¡t. using this resurt as a weighting
factor, the mÊan differential cross section for a given
incident enerqy and absolute angre Has calcuratecr. ?he
uncertainty in tbj-s nean value ¡,as then calculatecl
us ing: N (x,.-u)2

ÈtÀ'-
i=L oi
------ñ .(n-t) r !,

i=1.oi

(5.4. 1)

:J fl

w here :



U - nean differenti.al cross section
xt-individual measurelnent or the differentiar crcss section
oi- uncertainty in the indrvidual neasurement

N nunber of inclividual m€asurements taken

âdd*d in quailratür€ to the uncertainty in the Eean

iner€ the absolute uncertainties tc o-btain the absoluÈe
error in the rnean values,

Table 1 shor.¡s t he uncer taín ty u:seal f or each
conponent or hou it IJAS creternined. sone of these
vaLues reflect the Iimitaticns cf the instrunents or
the methods used, vhile cthers are estinates of the
uncertainty invcLved. The pcssible error due to the
uncertainty 1n the i-ncident Froton beam energy anct

detector angre was carcuratsd using the derivative. of
the cross section uith respect to energy and angì-e

respectively.

Due to the smarr cross secticns of the highest three
states for which neasurefi¡ents Þrere inarle; statistics
r¡ere poor- rn adilition the unf clding of the peaks fron
one another i-s rikely to have introduced adcritional
errors not considered. ror these reasons an aclclit ional
10 7" uncertainty bras added in guacrrature wiÈh the
uncertainties of the J+ G.23 t{eV) , and. 4+ (6.01 I{eV)

states- simirarly the subtraction method used in
determining the 0+ (6,4.3 t{ev) cross section is of
limited accuracy, anC a 30 y,
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iscorporated here to cover thi-s.
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lable 1 U ncertaintie s

I

I Yj-elcl (stati stics)
I

Solid. ÀngJ.e

Tar get jtngJ.e

Target Thickness

Current Integraticn

Ðeadtime Correction

Reactions in NaI (TI)

Finite Geonretry

Ðetector Àngle

Proton Energy

tE-T}--3.g¡
1ta

0.50

0 .125 rlS/cnz thin
0.25 ßg/cûz thick
17r

5 T" of correction

5 Y" of correction

5 f" of correction

0.020

0.1CI0 üeV

target

target

r e]-.

abs.

abs.

als.

abs.

abs.

rel.

reI.

rel.

rel.

reI.

re}. - relative uncertai.nty
abs. absolute uncertainty, magnitucle

-J

I
I
I
I
I
I
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The differenti-a1 cEoss secticns obtained f,or protons

scattered by 2+l{9, bottr elastically and inel-asÈicalIy'

atre shc+¡n ín Fig.rs ?-!2. The tabulateil data are given

in .append.ix 1 0. 1 . Th e ðata sho tn $eIe collected f ot

proton energies {as calculateil at the centre of the

target) cf 2D.t, 25.0 , 3A.4, 34.9, 39.9, ancl 411.9 ttlev-

The exciteil stat€s of z+l{9 far chich d.ata is presenteil

ar€ 0+ {0.00 !ÍeV} , 2+ (1.3? üeV} , the sun of 4+ {4.13

üeV) and 2+ {4.23 t{eV} , 3+ 15" 23 HeV} ' 4+ {6" 01 SeT) n

and 0+ (6.43 HeT). Re].atívistic transfornations to the

centre of mcmentum framc ldere used througbout"

ryf'
Of TTANITOSA
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?. 1 OPTICAI, T,ICÐEI

The experinea'tal data plus scne clata found' 'in the

li-terature $erê analyseil using the opt,i-cal moclel search

codes SEEK{ 10, and t{AGÀtI(rl). lhe f orm of the optical

potential . used was as ðescribed in sect.ion 2.2 . The

literature data Here j.ncluded to extÊnd t,he energy

ra.nge ard to provS-de polarisaÈion data. The lj-terature

(lata cons:i-stecl of di-f f erenti-al closs sectíons f or

protons scatterecl by ¿+t{9 at energies of 17' 5' ( l2 t

49"5r{ 13) 100r<e+l a¡¡d 155(15) ü€V. PoLarisation data

lÍêre availabl€ at 17.5r( 16' 20'3 rt!? ' 49'5,(tal anð

'100( 1e) I{ey.

Startíng with optical mccleL parameters from the

3.iteratUre" sÊarghes wef€ urade oV€r the real Centralt

inaginary volume, and inaginary surface paran€ters to

obtaín reascnable fi.ts to the data. At the start the

spin-orbj-t paranetels serÊ t¡eld fixeil at the Becchetti

Greenlees Paramete¡5.(zo) Later fi-ts to data uith

polarisations eêre nade allowang Èhe spiu orbit

parameters to vaEy. It sas founrl that the values VSO =

6.'l I{eV, tsso = 0.96 f n, asd ASO = 0-ó7 fu yielded the

best. overall fits, T.€aving these paraneters fixed once

mÐre, searches ïerÊ nade to obtaj-n the Sest agreenent

It9



with the expe¡imenÈal clata.
throughout the optical model analysis the imaginary

volune potential depth was tixed at zero for proton
energies be10w 30 üev- The coul0mrr radius Rc had a
fixed value of 1.05 fm, as determined fron electron
scattering -e xperiments. ( lr4srrgzs)

The first fits Ðere obtained using the program 
'EEK.Then starting frcn the parameters determined b¡ 
'EEK,\the progran uÀG.r,r Þ,as used to incorporate the

corrections for the finite nidth cf the detectors anrl
to fit the experimental reacticn cEoss section data.

ïn order to partialty correct for rerativistic
effects, the incictent proton energy used in the above
pEograms rdas increased sc that the progra¡ns tiould
calculate tbe correct relativistic wavenumber. The
potenti'at strengths guoted in this paper Here a.so
adjustecl for relativistj-c effects,

The opticar uroder- fits tc the data are shovn as the
soricl rines 'in Fig- rs 13-26- rn generar the fi_ts are
guite good hut there are sone disc¡eFancies at the
backwartl angles, The param€ters obtained for the best
f.ts are given rn rab.re 2- ÀIso given are the
experimentar reacti-on cross sections(u1) and the varues
as calculated trom the o¡;tical potential. rt appears
that, while the trends in the values are similar, the

of the expërinental measurements are
resul ts

50



consistentLy lç¡¡er Èhan the cpticaJ- model preclictioßs.
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Table 2 OptÍcaÌ üodel potential parameters

T

v

n

À

$I

FD I b"21

Rr I '1"25

å,ï | 0.60

vso | 6.70

RSO I [ì.96

Àso | 0.67

xz/N I 1-4

Nt52

o I '117

20.0 I 25.0 30.4

46.6147.21q?.3

34 .9

50.8 I 48.6

1.05 I 1.07

| 0.74 I 0.73
lf

6- 04 I 5,69

0.58 I 0- 00

1.56 | 1,.67

0.51 I 0.51

6.?0 I 6.70

0.96 I 0.96

0.6? I O.67

15 I 22

s4 153
654 I 636

I
67t I 650

.__J-____

I
39.9 | 44. g

44. g

1.09

0.7 2

5.0 B

0.0 0

1.71

0.34

6.7 o

0.9 6

0.67

19

52

563

620

1.21 | 1.15 I 1.13

0.58 | 0.67 I 0.ú6

0. 00 0.00

6.92

1.41

0. 46

6.70

0.96

0. 67

13

53

686

775

0.40

6.23

r -37
I
¡ o,51
I

"th

| 6.70

0.96

a.b7

1B

49

b52

725B2A
I t.*p
t ______å_______ I 

-___ 
r _____ ¡ _

N = nunbe¡ of data pcJ-nts
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7.2 COÜPIED CHÀ¡¡NETS

The couplect channels anal-ysis of the ôata $as done

usÍng the computer progran CñUCK.(22) Since this

flrograrF only pernitted coupling betseen members of the

ground state rotational band, only tbe first thcee

states of zcÛ19 s€re osed i-n the calcul-ations.

Furthernore, sÍnce the thj-rd state sas not resolved i.n

thÍs corkr $€ fl€r€ unabte tc c6npafe the theoretical

ca-Lculations uith experine nta 1 results. Th e thir il

state ïras included in the calculations strictly for

conpleteness, since it nalçes a small contribution"

through cor:pJ.ing, to the secor¡d state" Thus the

coupling scheme used in these ca3.culations $as 0+-2+-4+

anil the theoretical calculaticns f or the differenti-al

cross sections of Èhe first tldo sÈaÈes rere conparÊal to

tbe experineat,ally measured values to ileterniue the

goodness of the agreeÐent"

The starting paranet€rs used i-n specifying the

interaction pot,entiat tar the coupJ-ed cbannels

calculatj.on were taken from the results of the opticatr

model analysis as described ahove. It should be noterl

here t,hat the conputer code does not opti.mise anT of

the parameters, it nerely perforns a single ca"l-culation

based on the input Paraneters" Even sor the tine

67



:-.-.

required and the compu ter services cost
prohibitive. The method used to ohtain

is guite

the fi-na1
coupled channeÌs parameters 1,as as f oll-or¡s. Choosin g
the 30-4 I'leV data as typical, nunerous conputations
fle'e performed starting frour one fixed set ot
Paranete¡s' varying one parameter at a tin¡e ancl noting
its effect cn the results. Then, assuming that the
effect of changing a particular paraneter varue does
not depend severely on the value of the other
parameters one uas able to make good estinates of
paraneter values to provicte the best agreement uith the
experimentaL data. For example: if it was noted that
one chcice oi parameters yieJ.ded, erasLic scatterÍng
cross secticn val_ues r¡hich ïere too high at -backward
angles, and inelastj-c cross sections which lrere
srightly high alson then increasing the strength of the
imaginary potentiars cculd improve the fit. -rn such a

manner satisfactcry agreement to the experimental data
was obtained at the six energies neasured for the firsÈ
two states of 2+ltg Fig. lJ : 1g.

The vaìue for Bz " the coupting or ã"ror*.tion
parameterr sas taJ<en f ron the r-i terature <r1,z3Ê+ l
{mostly electron scattering d.ata) which consistent}y
gave a value of 0.47. This varue was used throughout
and n''as not varied in any attemFt to inprove the fit to
the dar-a

ó8
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The effect of changing the various paraneters of the

j-nteraction pctential- Þras the following' As stated

above inc¡easíng H had the effect of louering the baclc

angl-e efastic cf,oss sections and uni.f ormly lol¡ering the

inelastic cross sections. Increasing I{D similarly

lowered the €J-astic results at back angles, büt had

greater effect cn the inelastic resultsn lowering tbe

2+ anil deepening its ninima, and drasti-cally loweriag

the 4+ cross section. Louering the real potential

st,rength, V, lowered the elastic cross section sli-ghtly

and shift.ed the ninima to the right. The 2+ cross

section was lower and the ¿t+ ncre so. fncreasing the

5.maginary radius parameter fiI shitted the ninina of the

ß+ cross sections s]-ightly to the lef t and lo¡rered the

cross sections of the inelastic s-tates. The elastic

results cor¡1d be increased at þack angles 'by decreasing

the imaEinary d¿ffus€ness paraneter AI. This also hatl

the effecÈ of increasing the 2+ and 4+ cross 5sçtions.

ån increase in R , the real- raalius paraneter, ¡loulil

shift the e.Lastic minima to the lef t, lower the 2+

values, and ilrasticall-y J-cuer the 4+ values' Fina3.lyt

increasing the real iliffuseness Falaneter å l¡ail the

effect. of f,iJ-ling in the minima of the elastic closs

section, rai-síng the 2+ values anil louering tbe 4+

differential closs section sligbtty, The palameters

ðescribi-ng tbe spin-orbit interaction ryere not changeil
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frou those values usecl in the optical mocleL analysi-s'

sÍnce to this point the polarisation data have not been

conpared with the coupled cbannels predictions.

The paraneters obtaj-ned by this method for the

coupled channels interacticn potential are shown in

Tabi-e 3" The dasbe<l li-nes in Fig. I s 13-18 ar€ the

calculated cross s€ctj.ons as ileternined using these

paraneter ualües.
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Table 3 Coupled Channels Potential Parameters

I
I
I
N

I
I

T

v

R

À
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FD

RI

ÀI

vso

RSO

.450

o
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20 .0

4,p-6
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0.0
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0. ú0
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0.96

o.67

25.Q
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0.0

4. 43

1.¿tl
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0.74 I
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I
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3. 00
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44. 9

44. I
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6.7 0
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t----¿-------r-.----r- -_----t--- --¿ -------L------J
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îhe data obtaiseal apPear to follo¡¡ smooth curves and

the errors associ-ated r¡ith t.fte cross sections are

sufflcient tc accouat for any fLuctuations from these

curves, uit.h the possihle exception of the 6.43 IlleII

data. The ccoss sectioa tcr the state at 6.43 SeV ffay

contain soil€ structure" but then uncertainties arê

large and ntt alt tbe data fall on a si$ple' snooth

curve.

It is iutenest.ing to note hou the back anEle

differential elastic scattering cross section is

dependent upon the iociilent PEoton enêrgIr. At 1?Oo

fron 20.0 t{eV to 44"9 üeT there is a decrease of 2.5

ordÐrs of nagnitucle. 9or the inelastic cross sections

th€ change nanges fron cnly ?'0 to 1.7 orders of

nagnituôe. Thus from a simplistic point of vie¡¿r âs

the iaciðent protan energy increasesn J.neJ-astic

contributions to the scat.tering process becûme nore

in portan t.

Even withouÈ this energy enhancement, the inelastic

processês are conparable r¡.ith the elastic scattering-

Backward of about 30{, tbe 2+ {'1.3? IåeV} different,j-al

cross section Í.s of the sane nagnitude as the elastic

otìe. The differentj.al cross sections for exciting the

other states, sith the possible exception of the 3+

{5.23 !l€V) state" are nat m¡¡ch lorer, being usually
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¡rithin an order of nagnitude of the el,astic scat.terÍng

differential cross section. Àt far backward angles the

summed cross sectioßs of the 4+ tt1.12 Ì{e1I) and 2+ {4.2 3

$eV) states ar€ gr'eaten than the elastic scattering

dif f erentj-al cross section. Cleartr-y the inelastic

chanaels are inport.ant, in any theory trying to describe

scattêEing Ërcn 24M9.

The 3+ {,5.23 EeV} state has a fairly snall

differential cross section. This is not unreasonab3-et

as it is an unnatural parity sÈate. It cannot

therefore be populateil ilirecÈ1y, but only through some

compficatecl proces.s. ïlork has been ile¡¡st5) to explai-n

the non-negligible síze of u¡natusal parity states on

the basis cf .i) conpcund nucleus fornation, ii) spin

orbit interactions bet{een the prcjectile anö target

nucleo¡rs, iiiJ exchange processesr and iv) multi--step

scat.tering processes. the most plausible explanation

is the fourth oner that is a ¡sultj- step scattering

process takes place, i.ê. r the 3+ state is populateal

Èhrough coup3.ing to other states.

fhe optical model analysis seelns to fit the data

Euite uell, except perhaps at back$ard angles antl at

hlgher 5.¡ciitent proton energies. Tbis may be üue to

the 5-ncreasing effect of inelastic scatt€ri-ng

processes. However ttre optimisation af the paraueters

of the C¡{P nay have hidtlen uany oi the discrepancies.

?3
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This may account Ëo¡ tbe fluctuations in the paraneters

obtained. Fcr this reascn nc attempt was nade to

search for a set of parameters havi-ng a connon

geometry. SÍnce the optical mcdel analysis ís thought

to be cf cloubtful valiciity in this case a coupled

channels ca3-culat.ion $as perf ormed.

The coupleó channels calculations appear to fo1low

the trend of, the experimental ciif f erential cross

section values fai.rJ-y uel1. Howevef,, exact agEëeBeBt

cannot be expected, conside¡ing the inefficient neans

by rr¡hich the parameters ar€ optimisetl. Also th€

program CHüCK rshich ¡vas used is nct entirely suitable

i-n this case, since i-t does not pernit members of tbe

gan$a vibrational band tc be incluöed in the

calculations. lflith 2+Mg this may be a serious tlrat¡baclt

and lirnit its usefutrness.

In adilition, since only two states are availabLe for

comparison ¡cittr experinental data, the resÈrictíons oo

the parameters ar€ not as stringent as might' be.

Tmproveil calculatrons to include the gamma yibratioaal

band are needed. This nor¡ld pernj-t the theoretical

predictions for the 4+ and 2+ states (of the gamna

vibrational banf,) to be aililcd tcAether and then to be

coarpared with the cross secticn measureil in this r¡ork

for tbe sum of t,he tco states" Àlso the preilictions

for the excitation ot the 3+ state may proviile furtheE

7q



testing of the choice of the poteutial paraneters'

By comparing the potential- parameters determined j-n

the optical moilel analysis ¡¿ith tbose of the coupleil

channels analysS-s tre can s€€ that outside of a fe¡i

small changes in t,hê geometxy, the ¡rromineat üifference

is in that the inaginarl strengths are decreased by

approximat.ely 50ä rn the case of the coupled channels

analysi-s. This is rathe r P3-easing, is that it
j-ndicates that the inagi-nary Fart of the interaction

potential, irhich uas origlnally introduced to correct

for inelastj-c and reacticn Frocessesr is of lesser

importance j.n the CC calculaticn. Thus the explici-t

inclusion of certain j.nelastic prûcess€s has lead to a

bÊÈter descripticn of t.hê interaction"

'15
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Based on the observation that the pctential

parameters cbanged significantly between the optical

modeL and the coupled channels calculations {mostly the

strengt.hs cf the imagi-nary terms, but also solu€ of the

gecnetry parameters) ' 
j-t çcuIû appear that the optical

¡nodel is a less accurate m€ans cf ilescrihing the proton

s+frg interaction. $hile it certainly car¡ fit the

elastic scatterinE ilata {once the potential paranefers

are suítably optimiseil), j.t scul-d appear that these

fi.ts ar€ nisleading ancl that the ¡rotential thus ilerised

is not a goocl approximaticn to the true interaction-

If th'is werê not the case t'h€B the mpre accurate and

physically sor€ correcÈ cotpled channel-s calculati-on

wor¡lcl not have required such significant chaages in the

parame ters.

Even sor the couplecl channeLs aaalysis macle to t'his

point Ís inadeguate in tt¡at it cnly shor¡s that there 'j-s

roon for inproreme$t, À mcre thorough analysis is

required, incorporating nor€ t,han the first tso states

of e+$g in tbe calculation and subseEuent conparison

with $easured results. such an analysis i.s of course

limited by the necessity of keeping the con¡:utation

vithin a reasona,bi-e time and thus restrj.cti-ng the

number cf coupled states,

flor3< is continuing in this direction

?6

using tbe



computer cod€ JUPITOB("6) flhich is nore suitable to

t.his particular scattering problen. The FEogran

J{tPITOB si11 permit the coupling O+-2+-4+-2+-3+. Aften

these calculatioas have been nade Ít r¡i11 be possible

to co¡ûpar€ theory ancl experiment for four of the

angular distributions presented in this thesj-s. rn

aitdítio¡ the lÍterature data {w hich includes

polarisation ilata) can be compared to the theory. It

is hopecl that such restrict.i-ons on the results of the

calculations {rj-I} better determine the proton - 2+ü9

interaction j,n tbis €nergy rang€r
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10.1 ?ABUTÀTED DÀTA

rhe following tab}es conÈaj-n the differentj-aI cross

sections for Broto$s scattered by z+llg at incident

euergies of 20.0. 25.$, 30.tlr'34.91 39.9' and 44.9 $eVn

fron the excited süates: 0+ {0.00 $€v elastic} , 2*

{1 .3? HêV}, t,he sun of 4+ {1t.12 I{eV) and 2+ {rr.23 l{eV) ,

3+ {5.23 Uey}, 4+ (6.01 ¡{eV}r ancl 0+ {6.43 UÊy}-

Be.laèi-vistic transtormations to the centre of momentuut

frame of reference were used throughout. ilncertaintiÊs

guoted are the abso-l-ute percentage errors in tbe

differenti.al. crcss s€cÈions.

¡ji:lr-i;.:

78



ENERGY = 20.00 EX = 0.0

f-.,,a:;r:':;.1' .5',r.,:::;. -:."1t : "J,..1.;:t'1:,.; . ¡|,:t!- -:,':'rt-",'i:-'-'-'-!,'::-'- :'. r.L.. i-)-. r',- :'.-

% ÀBS. EBRONTHETA Cü {o) (r{ B/s fi)

I
I
I
$

I
I
I
I
N

l-_-----
| 10"43
| 13.03
| 15.64
i 18.24

20.8I1
23 "4426,04
28.63
31 .23
33 .82
36.4?
39"00
41"58
44 ,16
46,?4
49 .31
51,88
54.45
57.01
59.57
62. 13
64.68
b7 "23
69 .7'l
'12.31
74.84
77.37
?9.90
82.42
84 .93
87.115
89.95
92 ,45
94 ,95
g?.45

1A2.42
104"90
1 0?. 37

3.1
7.2
4.3
5.7
3.0
4,1
4.6
?.3
3"8
5.9
4.8
5.2
5.3
3.?
3,9
Il ,6
3.9
3.8
3. '.l

3.4
3,0
3"0
3.',|
3.t
3.0
3"0
3.2
3.2
3.4
3.2
3"?
3,8
3.2
3.0
3.0
2.9
3.0
3.0

6599.
2855"
1 790.
12.35.
97 i.2
706.0
520.1
353.9
24b.7
1 r¿8. ?
95.28
45.06
21 .25
1 2.30
'l"l . ?4
1,6 .6?
24.ß'l
32.06
39"14
44.93
45.69
45.90
43.89
40,39
35. 16
30"02
24 "79
20 .43
16. 08
12.18
9.517
8.097
6. 'l 48
5" 433
4.916
4.?15
4-922
5. 063
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1û9.84
1 12.31
117.22
122 " 12
12? " 01
131,88
13ó " ?3
'141 ,58
1rt6.41
15 X .23
156.04
160.84
1 55. 63
1 ?û. 43

tltÐTa c¡{ (o)

5.274
5.369
5,534
5.543
5.28'1
4.981
4.477
3.958
3.384
3. ß72
3.03ö
3" 350
3. 86'l
4. 4ó',|

I

I
I
I

I

I

3.¿l
3,0
2,9
2.9
3.0
3.0
3,1
3.0
3"7
2.9
3. 1

2.9
2.9
2.9

I
L--

{r{ 8/ss) % ABS, EEAOR

-_--{
10"57
13.21
15. B4
18.48
21 .12
23 ""15
2b "38
29.0x
31 .63
34 .25
36. B?
39"48
42, 10
44.70
1+7 - 3l
49.90
52.50
55.09
57 .6?
60.25
62.82
65.39
6?.95

34.72
311.12
27.33
23.82
21.06
20.81
'l8.88
1? .80
16.82
15.96
15 .45
15 .05
't3-?B
13.02
72.44
11.30
1 0.38
g. 3?û
8. 962
8"684
8.115
9.274
B" 351

4.4
3.5
3,2
4.2
6.9
6.7
4,4
rl" 2
3,8
2.9
3.0
3.0
2.9
3,û
3-2
3.1
3,0
3.0
3.2
3.2
3.0
3"0
3.7

I
I
I
I

I
I
I
I

I
I
N

I
t

i,::::
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I
{
I
{
{
N

I
I
I
I

70, 51
?3.06
75 -51
78. ?5
80. 68
83.21
85 .73
88"25
90.76
93 "26
95.76
98.25

103 .21
'105 

" 68
1CI8.15
110-ó1
1 13.06
117.95
122.82
12?.67
1 32 .50
13?.30
1lr2 .09
1 46 .8?
151,63
156.38
161 .11
165,84

THETA Cfl {o}

8.616
8.849
9. 094
9 .396
9.796
9. 381
9.181
9,8?3
8" ?45
7.626
7. ',l'10

6.274
4.993
4.519
t+.028
3" 693
3.526
3"414
3,646
3.911
4.083
4. ß22
3" ?85
3"222
2.612
2. 038
1,412
1,039

3.2
3.1
3.1
3.1
3,9
3.0
3.0
3.2
3.2
3.1
3" 1

3.1
3.1
3"?
3.3
3.8
3.0
2.9
2.9
3.0
3, ?

3" 1

3,0
4,2
3.0
3.0
3.5
3.9

---Å--.-----

I
I
N

El¡EBGf = 20.û0 EX = 4"20

{HB/sR) % ABS, EBROR
I
i
I

I
I
{
I
I
I
{
I
I

13. 12
75,-14
18-36
2Ð,98
23.60
26.21
3'l .43
34. 0l+
3ó.64

-_--{
7. $27
6. 501
5.265
rl, 856
4. 089
4, '1 03
3. 'l 35
2"437
2.249

15.5
8.8
6,1
t+. 0
4,7
b.7
5,3
3-2
4.8

i.;:.t..
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39,24
4? .84
44"44
47.t3
49"61
52"19
54.77
57"35
59.92
62 .48
65. 04
ó7 .6ü
?t" 15
72.69
75,23
77.71
80.3û
92.82
85"34
87-B5
90.36
92.86
95"3ó
97 .85

702-82
105-30
107.77
112. b9
1 1?.59
122.48
12-l .311
132.19
13?.02
1 41 .84
'¡51,43
756,21
1 60.98
'165 , ?4
1 70.50

;:,1 
"r!.,1it; ;tr. ¡t-::,r,:;!. j\,!:-1,..-".;+a:..i.,,:.:r ; i_.;:t

2. {J91
1.73ó
1.579
7.5b9
1 .3?3
7- 2b8
1.242
1. 164
1.272
'1. 20 1

1.2'17
1.326
1.38'î
'1" 381
1 .466
1.55{)
1.5ö5
1.644
1.66'6
1.718
1.ç10
1.797
1,882
1. 809
I.8ó3
1.893
1.792
1"?03
1. óCI5
1. 538
1. t+90
1.5ó4
1.?41
1. 842
2.441
2.?t8
3, t18
3. 308
3"448

ENSRGT = 20.0û EX = 5.23

3.3
3.?
3.8
4.6
3.6
3.9
3.9
5.'l
4.4
4.7
3.5
4.6
4.1
3.3
3.8
3.9
4.1
3.4
3,6
3.4
5.1
3.2
3"2
3.2
3.1
3,2
3.3
3"2
2"9
3.0
3.0
4.6
3.7
3" 1

3.1
3"2
3.4
2.9
3.1

I
I {o}

1

I
I{¡18//SR)

82

THEÎA C¡{ % ABS" ERROR
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I
I
I

41 .84
44.44
54 "7162.48
65.04
72.69
75.23
80,30
82.82
95.34
87 .85
92. 86
95.36
97,85

102.82
1 05, 30
1ß7.77
,l:12 

" 69
't??"59
122.48
727.34
'132. 19
13? .02
1tt1. B4
151 .43
156.21
160,98
1b5.74
170.5û

.22b3

.3118

. 3373
,3936
.4261
"4289.4797
,4938
.469?
" 

¿1421

" 4266
.4 ¿i73
.4927
,45811
,4590
.5382
, 50'l 1

.5545

.5820

.6198

.6361
.6902
,66õ9
.?148
.5771
.4905
.364S
.2.$87
.1550

12.0
11.7
17 .1
12.8
11.2
12.6
10.6
11,9
10. ?
10. 6
11.?
'l 1.5
11.1
10,5
1 0,9
1 0.5
10,6
1ü.5
10"4
1 0.5
r0" 4
10"9
10" 4
11"'l
10. ?
10.4
10.6
t 0.8
"l 0.9

--J

ENEBGT = 20" 00 EX = 6.01

------.1-

lfiErA CrT {o} {fl E/sa) 7i ABS. ERROR

---{
'15 

" ?4
18. 36
20.98
23. 50
2b.21
28.82
3'l,43

3. 4?4
3,325
3. 413
2.949
2 "8113,045
2-740

11.q
'12.0
1 0.5
10.4
10.4
12,5
1 0.5

83



I
I
I
I
I
I

34"CI4
36 .64
39.24
41.84
4r+.44
4?.03
49"61
52.19
54.77
57.35
59.92
62 .48
65"04
67 .60
70.15
72.69
75.23
7? .?7
80.30
82.82
85.34
87 ,85
90,.36
92.86
95.36
97. 85

1ß2 . 82
1 05, 30
107 .77
172. ô9
'1 1? ,59
"122.48
127.34
132 " 19
137 .92
'141" B4
'151 ,43
156.21
1 60 .98

t----------

I
{

2.706
2.b68
?.1¡86
2,312
2" 352
2.403
2.172
2.18ß
2.023
2, Q16
tr.943
1"863
1.916
-¡ . ??8
tr. ó60
1.b22
1.522
1 , t42?
1. 4?0
'¡ 

" 343
1.262
1. t93
1-254
"972'l
1. t6ó
.9440
.9057
" 8096
.8251
" t335
. ??88
.6865
.5911
, 53'l"I
.4247
.38'12
.2635
.2181
.1703

ENERGY = 20,00 EI = 6.43

{HB/sn}

84

TtiETÀ C[Í {e} X AB5. ERROB
.::,1ri

'19.1
1 1.0
10.5
10.5
10.5
10.7
10.6
't 0.?
10.6
10.5
10 .7
10.8
10. 5
10.6
10.5
10"8
10.5
11.8
10,4
1 0.6
10.8
11,0
1X.1
'l '1. ó
'10. I
10,8
12"2
I1.3
'?0-5
1 0.6
10.5
10.7
10.4
10,I
11.0
x1.7
I 1" 5
11,0
1 0.8

------J



15.?4
18.36
20.98
23,60
26.21
2g "82
3',1 . 43
34"04
3ó. óri
39.24
4',¡ . 8{¡
44.44
4?.03
49 .61
52 .19
5tJ".77
57 .35
59,92
ó2.48
65.04
6?,60
?0.15
72.69
'15.23
1'1 .77
80,3ü
82"82
85, J4
8? .85
9t.36
92.86
95 .36
97,85

102.82
105.30
107 "7?112.69
1'l?.59
122.48
127.3t1
132. '19

737.02
14?.84
151 .43
156.21
?60- 98

2.4114
1.630
1.536
1.279
1 .223
1.08?
.]'197
- 11429
1. 352
.52b2
.3760
. 34 B',l

.2581
,3 332
.356CI
.3 t¡3I
.2876
.2812
.28'18
.1938
.157q
.0?96
" 1'153
.11?8
.1502
" 039?
.'r237
. û49?
.2295
.1042
.2985
.2t04
,2541
.2869
.42û9
.3 '165

.2û58

.1818

.1?40

. 1421

. 'l 125
.0566
.0576
.0734
.09?0
.1298

3 1.7
32.5
30.4
3ß.2
30.2
33.2
30.4
43"9
31.0
30.4
30.4
30.4
3 0.6
30,4
30"7
30.4
30.4
30-7
30. I
30.4
30.4
3 0,4
30. ?
30.4
32.1
3 0.2
30.6
30,?
31.1
3'1.2
31- I
30.8
30.8
32.8
3'1. 4
30.3
3 0.6
30.tt
30. ó
3Ð,2
31.0
31.0
32.û
31.7
31.1
30- I

85
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tIiETA Cr{ {o)

ENEtffY = 25.ç0 EX = 0"0

(!18/s R) X ABS. ERROÊ

:::-t '. :, :.-,1,-f.:-,):,-:-_-:'-:,: ,1. l:-.1

I
I
N

I

10.43
13"03
15. 54
18"24
20.84
23,114
2ó.04
28.64
31.23
33"83
36"42
39,00
It1.59
44. 1?
,t6.?5
r19.32
51.89
54.46
57.02
59"58
62.14
64.69
67 .24
69 ,78
72.32
?4. 85
??.38
79.91
82.43
84"95
8-l .146
89..96
92 "47
94 .96
97 .46
99 .95

102.43
104 .91
1 Ð? ,38
1 12.32
'114.?8
,t'17 .23
122 -13

I
I
I

i
{
I
I
I

4118.
2264 "1ó93"
13 ú9.
982.5
6ó1.8
485.5
320" 0
2Ð'7 "6122.5
66.31
35.27
22.23
19.O2
22.88
29 ,18
36.59
40 "66
43. 44
42.91
41 .29
35"95
31.04
25 "3020.35
15.29
11.41
8"513
6. s35
r1.967
3.998
3. 642
3. 6'! X

3.722
3.84?
4.2A1
11.220
4,275
4. 1'14
3. ?58
3. 4-11
3-C49
2.331

86

4"7
3.5
3.9
4.5
2.9
4.5
4.1
6.3
5"3
5.ü
4.8
5.1
3.2
J.B
3.?
3.2
3,2
3.5
3.0
3"2
3.0
3.4
3.0
3. 'I
3.5
3"8
4.0
4.7
3"5
4.0
3.2
?o
3.1
3.2
2.9
3"2
3.2
3.2
3.0
3.2
3.6
3.3
3,3
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127 .û2
131 .89
136.74
141.58
1t*6.41
151.23
156 , û4
1õ0.8t+
1ó5.64
170. 43

1"754
x.342
'! . 14?
1, ü89
1. C?B
1. 095
1. 062

"9826
.8925
.8096

3"3
3.3
3.1
3.0
3.2
3.2
3.3
3.4
4,5
3"5

-.---J

ENERGY = 25-00 Ef = 1.3?

{s B/s8)
I

%, aBs, EBRoR I
I_--._l

I
I
I

l---
10.53
13. 16
15.79
19.42
21.t4
23.67
?6.29
28 "91
31 .52
34. 14
36.75
39.35
4l .96
44.56
4?. ',|5

49.75
52.33
54.92
5?.50
ó0.07
b2 "b465.20
b7.-16
70. 31
72 "86
?5 .Itt
7?.gir

TI{8T.A CS {o)

I
I
I

{t1 .03
3ú.55
34.33
29,16
26.'19
23.36
22.3't
21.55
20.51
't8.81
18.19
1?.0'l
15. ?5
13. 3'l
tr'1.82
1 0.49
9 ,234
8.032
7 ,209
6.946
6.737
6.776
6.923
?. 1t3
7. 331
7" 390
7.3'.!5

3.3
3.5
6"2
4"8
5.0
3" 1

3.3
3.7
3.1
3"4
3.1
3" 1

3.1
3.5
3.0
3.1
3. tr

3.5
3"0
3,5
3.O
2.9
2.9
3.2
3.0
3.1
3"'l

I

I

{
I

I

8?



'i::..:'''::'lil:lr

{
I

I
I
I
I
I
I
I

80.47
83"00
g5 

"5288"03
90.54
93 ,04
95.54
98.03

1 00 .52
103"00
1 05.47
107.94
112.86
117.76
122 .64
127.49
1 32.33
137 " 15
141.96
146.74
151 . 52
15ó ,29
161.04
1 ó5. ?9

7 .162
7. t{+û
6. 1495

5. 882
5. 384
4. 812
4. 230
3. 532
3. 013
2.661
2" 229
't ,920
1 .47?
1.219
1. 1?0
1.194
'1.240
1,302
1 .246
1"080
.9364
.72ü1
.5423
.3?60

3.1
3.0
3.2
3" 1

3.0
3.2
3"û
3.3
3.5
3"5
4.5
3"4
3"7
3.1
3.0
2,9
3.0
3.û
3.2
3,6
3.5
3" 4
4.7
5. 'l

EIEåGT = 25.G0 EX = 4.20

THETå CE {"} {uÐlsR} X ABS. ESAOR

10 . 48 | 9.. 391 | 25"2
20.95 | 4. S02 I 7.9
23.56 | 3.534 I 4.6,
26 .17 I tl. 306 | 7 -9
28.78 | 3.0?3 I 3.7LOtlÇl I J.V,J I

31 .39 I 2.3?5 I 3.2
33.99 | 2.1b4 I 3.0
36.59 I 1.?38 I 3.7
39. 19 | 1- öo? I ri. o
41.79 | 1.417 I 3.8
{*4.38 I 1.346 I 4.{t
116.96 | 1"268 I 4'2
rsg,55 | 1.217 I 3.tr

8B



I
I
I
I
I

I
I
I
{
I
I
{
I

52"1J
54. 70
57 "2859.84
62,41
64.96
67 -52
70 "ß7
72 "6175, 15
v7,b8
80.2 1

82-73
85.25
87 "77
90,2?
92.18
95 -27
97 .-17

1ß2-73
105.21
1û?"68
112"h1
117 .52
122.4ß
72'1.27
132 . 13
'136 

"'95t4'l . ?8
151"39
156 " 1'7
160.95
165.72

1.225
1.250
1 .242
?.312
1.308
I .3ó8
1. 338
1 .356
1. 349
7.329
1.294
1.31{;
1.275
1.232
1 .215
1-196
1. 1?5
1.2A3
1, 115
1.112
1. 1ó4
1.û58
1,041
.9? 03
.9171
.8526
.815?
.8'l?8
.8034
,8284
"8b21
.841¡3
.82Q9

3.4
3,8
3,7
3.6
3.5
3.5
3.0
3.7
3.0
3,2
3.5
3.3
3.2
3.4
3. 1

3,0
3"3
3.5
3.1
3.2
3.5
3.0
3.5
3.0
2.9
3,0
3.'l
3.'l
3.1
2"9
3.3
3,0
3."î

% .âBS. ERROR

t---

ENEtscY = 25.ûü Eï = 5.23

TflETâ C¡1 (ül ( r{B/s 8)

36.59
39.19
41 .79
44"38

-2790
.3 'l 13
.3ú01
.41',fJ

1'1.û
1 3.3
10.4
1?.0

89



t:;a:;:::..:!.:.1::a4'::;I,:1.i:i;t!.;tla:ri:.:,-;,::];r,?:¡/,i;J:?;.4ì::¡:'¡:l

I
I
{

52.13
54.?ü
57.28
59 .84
62,41
*4.96
b'I .52-lß.Q7
72,61
75. 15
77 -68
80 .21
82. ?3
85. 25
8"1 .?7
90.2?
92.78
97.77

'102 
" ?3

107"68
712 " 61
117.52
122,40
727.27
x32. 13
'l 36. 96
14'.t,?8
1 51 .39
'156 . 1?
1 60.95
165.72

.t4237

.4273
,3848
,3?1ó
,3735
.3?18
.3278
.2967
"2858
,2725
.2296
.1948
.2097
,1888
, 'l441
.14?1
.134?
.1205
.1360
" 

'N 4ö6
.1?35
" 1821
.1995
.2ü16
.2040
.18?4
.1668
.1325
,1 1û5
.0956
.0732

11.0
12.8
10.4
1 0.4
13.2
12.5
10.6
13.9
11 .2
10.6
11.1
1 0.5
'10.5
10.5
1'l"B
13.6
12.2
12.2
10.8
'l 'l. g

1û,8
10. s
'10.5
10.6
10.4
10. 5
10,6
10.5
10.4
10.,6
14.3

I
I

I

I
I
I
t--

THEÎA Cll {o}

ENERGY = 25.ü0 EX = 6.0X

(üB/sH)

3. 632
3.349
3.266
2"940
3.481
2.7 1?

% A8S. ERRÐR

2Q.95
23.56
26.17
28.78
31,39
33"99

1'1.0
12.0
10,7
11,'Ì
11.1
11-3

9t



I
I
I
I

3ó ,59
39,19
41 .79
44.38
4ó"96
49 ,55
52.13
54, 70
5'l .28
59 ,84
62.41
ú4,96
67 .52
70.0?
72.61
?5. X5
?7.68
8S.2tr
92,73
85,25
87 .77
9Ð "2"192.78
95.2-1
97 "77'102 

" ?3
105"21
10?.68
1tr2,61
11?.52
122.40
127,27
132.13
136"96
141.78
x51 .39
15b.1?
160.95
165.72

THETA Cr{ {" }

2.752
2,653
2"499
2. 333
2"?62
2.167
2.'l4B
2.O24
1.912
1.178
1. 809
1. 6õ3
1.474
1 .364
1.27 4
1.145
1. 00'l
.8441
.8595
.7 221
.6'1ó5
.569S
.5040
,4?96
.4255
"3828
. 3l+ 18
.3 814
,33ó9
.3150
.30{å3
.2583
.2299
.202Ð
.1606
.1005
.0ó84
- 0529
. 0313

ENERGY = 25.{,Ìû

{M Ðls 8)

91

10.7
10. 5
10.5
1 0.5
10,6
11.0
10.5
10"6
'10. 5
10"7
10.5
1 0.5
10. 5
10, B

?0,5
10.5
'1 1.0
I0.7
10.4
10.?
1 1.0
10. 4
11.1
10,?
10.9
11"0
12"1
1Ð.7
11.1
10. I
10.9
10.ú
10,4
10.4
10. ó
't1.1
t 1.9
13.0
'l û,8

EX = 6.43

I

s aBS" EEAOR I



I
I
I

20.95
23.56
26 .17
28 "7831.39
33 .99
36.59
39.',19
tl1 .7I
r+4.38
46.96
49 .55
52.13
54.7t
57 .28
59. B4
62.41
É4.9ó
6? .52
?0.0?
12.61
75" I5
77.58
80.21
82.73
85. 25
g7 .'17
9t "2792,78
95,27
97 "-1-1

1Ð2 "73
105- 2 1

107.68
172 .61
17V.52
122.40
'127 .2'l
'132. 13
136.96
141.78
151 , 39
156 . 1?
1ó0. 95
1ó5"?2

.8425

.644?

.4?65
,4016
. 3145
. ¿1953

"2199.2773
"3b02
,4 182
.3431
.341 4
.28'11
.322'l
"2662.2814
. '16ó?

.1606

.1369
,12-14
. 1lJ4?
.1103
. 1 ',|88

.0951
, a817
.10t4
. 10?'l
.1210
.12Ð4
"1393
" 

'123 1

.1226

.1944

.0989

. 1'188
, 1031
.0813
"0811
.0?63
.081?
, ü388
.1107
"1166
. 1 1'!9
.?1?5

31.1
32.5
30, 7
32.1
31.2
31,5
30.6
30.4
30.4
3 0.4
30.5
3 1,0
30"3
30.5
30. 4
3 0.6
30.3
3t.4
30.4
30.8
30.4
3 0.4
31.0
3ü.7
30.2
3 0.7
31.'l
30.2
31" 'l

3CI.6
30.9
31. û
32.'l
30.7
31.2
30.8
31.0
30.5
30" 2
30, 3
3 0.5
31.2
32.3
3it.0
3 0.7

i. ',;:',r'
i. ::":..

92

:i:,Ì.;:::::1¡



ENERGY = 30.40 EX = 0,0

{uBlsfi}

3 052.
209b.
1645.
1:¿78.
953.3
694. 2
451.3
304. I
1?5"3
98 .49
54 .56
32.49
24.91
26.32
3'1 .?1
35.5Õ
39.37
39.32
37.78
34. 5,6
29 "4224.15
18.30
'14 

" 55
'10.59
?. 619
5. 613
4.514
3.95ó
3.688
3.4 86
3,516
3.441
3.1122
2, 898
2.391
1.ó58
x.184
.8208
.6 545
.56?3
.5 459
. 5195

I
I
I
| ---+--
N

THÐTÀ CU {ol

'l û. 43
13.04
'15 

" 64
18.25
20.85
23,45
26.05
29.65
31.24
33.83
36.42
39.01
41.59
44 . ',|8
46 -75
r+9 ,33
5'l ,90
54 . {$7

57.03
59 ,59
62"15
64 .70
b7.25
69,79
72.33-!4.97
77.44
79.92
82.44
8ll .96
87. ti?
89 .98
92. r+8

97.4?
102.44
10?.39
112.33
177 "25122.15
?27.ü3
131.90
x36 "75'141.59

I
I
I

I

93

I
I
I

% ÀBS. EBEOR

2"9
3.0
3.2
3"0
3. {)
3.0
tl .8
3,1
3"4
4.0
3.4
3.1
3,0
2.1
3.0
3.5
3.t
a'>
3.2
3.'l
3.1
3,3
4.0
3.1
3.0
3.4
3.5
3,3
3.4
7,0
3.1
3.9
3.5
3.2
3.9
2"9
3"5
3-6
3.6
3.3
3.4
3,0
3.5



14ó.42
151 ,24
156"05
1 60 .85
x65.ð4
1?û.43

"4922
"11b92
.4 û66
.3410
.2882
.2324

3,5
4.0
ó.5
3.3
5,5
3.0

--_---t

ENERGY = 30.q{] EX = 1-37

I
N

It-
TssfA c$ t") { H B//S R) % åBS. SRROA

39.5ö
36.96
31 .4ft
27.92
26.13
24.32
23 .68
22.73
21 .08
'19 .55
18,48
1õ .36
33.86
11.80
g.'168
8.4?û
7.205
ó.836
6" 130
5.949
6. 016
6,052
6,066
6.139
5. 9rr I
5.66û
5.000
4.697
4.194
3" 6?',|
3. 087

5,0
3.0
¿+. 9
3.1
3,'l
3.1
2,9
2.9
3"0
3.1
3,3
3.0
3"0
2.9
3.8
4.3
3,1
5.1
3.5
3.0
3.0
3.0
3.6
3.0
3"0
3.3
3.4
3"3
3.4
4.?
3.5

94

x0.51
13.13
15. ?6
18.38
21"0ü
23 -62
2b.24
28. 85
31"46
34 .07
36.68
39.28
41 .88
44 .48
47.. O?
49"66
52.24
54 .82
5?.40
59.97
62.53
65 .09
6?"65
?0.20
12.75
75.29
'l'l 

"82
80 .35
82. BB
95"40
g?.91



ENERGY = 30.¡¡{) El = 4-2A

{r{B/sB) Y" ABS. 8RB$R

I
N

I
I
I
I
I
I
I
I

90 "42
92 "92g? ,91

102,88
10'l .82
1 12 .75
111,65
122,53
127.39/
132.24
13?,06
1I¡1 " 88
146.6?
151 ,46
156 .23
'16'! . û0
165"76
170.51

2"680
2-251
"1. 780
1 ,396
1 "2351.005
.8691
.6?41
,5?76
.5ü84
.5205
.5b72
.6122
.6?34
.6534
.5ó03
-t+29t1
,2ó45

3.9
4. 1

3.4
3.9
2.9
3.5
3.3
3.5
3"3
3.3
3.0
3.7
3,1
3,5
4.6
3.'l
6.9
4.2

TflET,B, CIC (e)

I
I
{

'13 .09
15"71
18-32
20.9 3
26.75
28.7 6
31.36
33-96
36.56
39.16
41.?5
rt4,34
ri6 .93
49"51
52.09
54.6õ
57 ,23
59.80
62.36

5.990
5.185
4.517
3. 748
2.904
2. 388
2.086
1 .84CI
1. óû3
1.364
1.108
.9425
.8827
.??û4
.85ó2
.9228
.9533
,9813
1.038

5.9
3.0
5.1
6.5
4.1
3.0
3.1
3.0
7.0
3.1
3,3
3.3
4.?
8.5
4.'l
3.8
3"8
3.9
4.2

IJ5



64."92
ó?"4?
7lJ .02
72,56
71 .b3
82 .68
85.20
g7 ,71
90 -22
92.72
97-?1

102.68
107,63
172.56
'l 17. 4?
122.35
tr27.23
132 .09
136.92
141.?5
'15'1.36
156.15
160.93
1 65 .70
110 " 47

1 . '136

1.070
1 .116
1 . '.|28

1,û06
.9227
" 89q2
-7767
.7065
.6ö55
"ó11õ
,5668
.5822
.5573
,5 490
.5028
. tt6??
.4'l?9
.4123
.3??6
.3 842
. 3?05
.3 154
.2674
.1996

3.9
4"8
3.1
3,0
2.9
3.3
4. '!

3.2
4.8
1.8
3.4
l¡.'l
2.9
3,7
3"1
3.5
3.2
3.ó
3.0
3.8
4"0
6.7
2.9
8.2
5.9

ENEBGY = 30.{¡O gX = 5.23

tSETA Cl{ {o} {sB/sR) % ÀBS. ERROB

t--
.2345
.2536
.2297
.1856
,20?9
.2320
.1969
.21b7
.2323
"21'16,1899
.18?2

I

I

I
I

?0"4
19.r1
2t.2
'13,7
12"8
11.'l
13.3
11.ö
15"2
13 .8
16,5
13.4

I
I
I

96

1g "32
20"93
36 .56
39.1ó
41.?5
46"93
49,51
52.O9
54 .66
57.23
59.80
62 "36



I
I
I
I
I
N

I
I
L-

67.47
'TCI.û2

72.56
82.68
87.77
92.72
97 .'11

102.68
107.63
tr12 "56
117 "4"1122.36
127 .23
132,09
136.92
î 41 .75
1 51 .36
156 . 15
160.93

.1572

.17 37
,14?9
.1149
.fi927
.0719
.ob32
.04?8
.0 42?
.0410
. û449
.0516
.0568
.o5?7
.0622
.0434
.0 307
.0250
.0163

15.8
'l 1,1
'l 1.7
1X,1
10.4
1 0.5
10.9
10.5
10.?
11.'l
1 1.4
10"9
11.1
10.8
1'l.g
12.A
I1"g
18.3
12.3

ENSRGY = 3û,40 ÍX = 6,01

I
I TtsETA C¡{ {ü}
I

{[18//S R]

$-

{
I
I
N

13,09
15 ,71
18.32
2$.93
26 " 15
28.76
31"36
33 .96
36"56
39. 16
41 "?546.93
52 .09
5'l .23
59,80
62 .36
64.92
67.47

2.652
2. ú00
2. 54ll
2.318
2.397
2. ¡i35
2"24?
2.214
2.342
2"'t39
2" 121
2.012
2. C94
1. 583
1,716
'1.500
1 ,53?
1. 094

X åBS. ERROR

15" 1

11.3
11.0
10. 5
13,0
'1 0,7
10.ó
11.5
1t.7
1',|.1
11.0
'l 3.5
10. 5
1 3.3
12.9
1 1.5
11.8
14,ü

97



ENERGY = 3t.40 8X = 6.43

nt.5
10.6
10.4
10.4
11 .?
10.5
1 0.7
10.5
12.0
10.8
10.5
11.9
10.?
10.ó
10.5
1 0.6
10.5
10. ?
11"6
20. 1

13.9
10.4
1 1,9

Ë ABS. ERROR

70 -ß2"l,2.5b
7'l .63
82 -68
t5.20
87 .71
9Ð "2292.72
97.71

1û2.68
10? " 63
112.56
1 1?. 4?
722,36
12?.23
tr32 "09136.92
1ttl,75
151 "36
156 , 15
16û.93
Itis,?0
17û.4'l

7.172
1, 003
.7522
.5350
,4973
.4112
.3831
.3122
"2å34
"?169,1747
.141ó
.1228
.1098
.0987
. ü930
.0919
.0?54
- t583
. 04?4
" 0t¿?3
.03û2
,0212

I
I
I
| 
---

ÎHETA Cr{ (o} {uBlsa}

1.071
.6ú3?
"4û93
.4C0û
" 12?B
.2257
.3 399
.2 896
. 4 tl?8
.4223
. 4 3{$0
.41 86
.1480
.2 048

3?.3
31.5
31.1
30.4
34.0
3 0.4
3'1.8
30, ?
31.2
31.0
34. 7
34.4
33.7
3'l.B

98

I
I
I
I
I

13.û9
15.?1
18.32
20.93
26.15
3'l .36
33 .96
36"56
39.16
41 "?5
46 ,93
5-l .23
59 .80
b2.3ú



I
I
I
I
L--

64.92
67.47
70.o2
7 2.56
7?.63
82.68
g5 .20
g?"?1
90.22
92"72
97 .71

702.68
1Ð'î.63
112.5ô
117.47
122.3b
127.23
132. t9
136.92
141 " 75
151.36
156,15
160"93
165.7û
170 "47

.1û56

.2163

.CI412

.0554

.0310

.06?1

.1068
.0703
. s89?
" 0644
. 1091
.1 155
.127'l
.0?83
.0863
, û493
.03?1
. 0313
,0338
,0531
.087?
.0933
.t848
. ü70?
.0529

32.2
3s.5
30.4
30.5
30. 2
30.3
32.0
3 0.4
30. 7
30.4
32. 5
30.7
30. 3
32.3
3 0.6
3 0.5
3t.4
30.4
30.3
30.6
31.9
45.9
35.3
30.2
32.3

i
I
I
I
I
I
I
I
J

tfrETÀ cfl {0)

8NEÊGY = 34.9û EX = ü.0

{r{B/sR} * åBS" ERBÛR

2612.
2439.
1b26.
126Q.
942.3
66 0.5
434.0
267 "5146.5
81.37
114.25
29.96

6.4
3.0j.2
3.2
3.2
4.3
4.û
4.2
8:8
7.9
4.9
3.q

99

10 . l+3

13.04
15, 65
18,25
20"85
23.45
26. 05
29.65
31.25
33 ,8tt
36. 43
39.Ð2



41.60
44,18
4b.7{t
l+9 .34
51 .91
54. 48
57.04
59.6t
62.16
64.7 1

67 .26
69 .80
72.34
?4.88
'17 . 41
79.93
82 ,45
B¿r,97
8?.48
89.99
92.49
94"99
9?.48
99.9?

t02-45
10r+.93
1ü?.4CI
1 09. 87
1 12.34
1 14 .80
117.26
'122.15
127.04
131 ,91
136 , ?6
1 41 .60
't46. 43
151,24
156.05
1 60 .85
165. 6 4
1?0.43

26 "8730.66
33.82
3b.42
36.45
34. 10
29.b9
24.67
19. ú4
14.98
1 0.90
8. tt9
5,816
4.490
3.6?t
3,259
3, 024
2.93'l
2.808
2.721
2.517
2.309
2. CI29
1,12?
1. 480
1 "234
.9989
.8252
. ó620
,54b5
.4788
,38?3
,3485
.3212
,2935
.2429
.2043
" 

'1808

.1538

.'133CI

.1008

. ü6?1

I

I
I

3.3
3.1
3,0
3.0
2.9
3.û
3. ',l

3"3
3"5
3.6
3.5
4.2
3.9
3.ó
3.8
3.2
3.1
2,9
3.2
3" 1

3.1
3.1
3.1
3,5
3.1
3.2
3"'l
6,0
3-2
4.'¿
3.2
3.1
2.9
3.0
3.'l
3.2
3.0
3.3
4.?
4.O
5.1
6,2

I
I
I

I
I
I
I

I
I
I

_--_-J

ENERGT = 34.90 ET = 1.37

l!r:r:,t:

100



THETÀ C$ {" } {uBlsR)

I
I
I
I

10.50
13.12
15. 74
18.36
2A.98
23 .60
26.21
28 -82
31 .43
34.04
36. 64
39.24
41 .84
44.43
4i.Ð2
49,61
52.19
54.77
5'7. 35
59 "91
62 .48
ó5. 0¿l
6?.59
?0. 'l4
?2,69
?5.23
77.76
80"29
82 -82
85. 34
87.85
90 .36
92.86
95.36
97.85

'¡00-3r¡
102.82
105.29
107,76
1 10.23
112.69
1tr5"14
1 1?.59
122 .1+B
12?.34
132, l9

35.66
31 .96
29 "58
2b .11
26.46
25.95
24.92
23 .81
22.11
20.17
17.94
1 5.4?
12.45
'10. 4 1

8.214
6. gB3
5. t4?
5.429
5.221
5.271
5. 3'15
5.325
5.11?
11.829
4" 450
3"966
3.393
2.860
2.363
1.927
1 .597
1 .3ó6
1"152
1. 0s2
.9 372
.898?
.8300
.8021
.?408
.68',|8
,622tt
.5ó78
.4913
"3É45
.27 39
.2248

I
I
I

il

't 0'1

% ABS. ERROA

3" 1

5.4
5.1
3" 1

3.1
4.6
4.3
3.3
3.2
3.1
3.1
3.2
3"2
4.0
4"ó
3.0
3. 'l
3,0
2.9
3.0
2,9
2,9
2.9
3.5
3.1
3.2
3.7
3.8
3.1
3,8
3.5
3"3
3.4
3" 1

3.O
3.4
3.1
2"9
3. X

3.5
3.1
4.1
3.3
3-3
3.5
3.1

l./.i ¡i,ì,::r.:.1

l.;



137 "O2'¡41 "84
14ó"64
'l5x .43
156.21
16û.98
1b5.74
1 70.50

.2184

.2467

.2869

.3329

.3319

. 3058

.2428

.1575

3.1
3.0
3.0
3,0
3.7
3" 1

4.4
5"7

-{
14.4
8.2
8,0

1X.?
5-7

11.{)
3.1
3.5
3.5
5"8
3"9
5"1
5"6
6.1
3.1
2.9
3.4
3.0
5.8
3.4
3,2
3.ó
3.5
3.2
3"0
3.2
3.1
2"9
3.0

ENBRGY = 34-S0 EX = 4.2t)

-------n--
Y, ABS. ERRORÎHDTA CI'l {o} ( û18/s R)

I
I
I
I
I
I

?0.4?
13 .08
15. ?O
'lB .31
2ß.92
23 .53
26 - trtr
28.-15
31 .35
33 .95
36"55
39. 14
41 .74
4$. 32
46 .9',|
49. t¡9
52.0?
54.64
57.21
59.78
ó2,34
64.90
6?"45
69,99
72.54
75.07
7-l "6190"14
82.66

6.915
6,264
5.47 4
5.086
f1.255
4" ?61
3. 310
2.4r+1
2"205
1.ó1'l
1.426
1.231
.9?84
.897?
. ?359
" 68'17
.?105
.7489
.-!822
.9564
.9256
"9571
. 9513
.9 409
.9118
.8605
.?933
,693?
.b272

1t2



85.18
8? .69
9t.20
92.1 o
95.2Ð
97.69

1 02 .66
105. 13
107 .61
tr Iû,07
112.53
11?,44
122.34
127.21
132,O'I
136 .9',l
1rl1 , ?3
351.35
15ö , 14
160"92
1ó5. ?0
x70.1+7

ENÐAGY = 34. 9û E.ï = 5"23

3.3
3.0
3.0
3.4
3.2
3.1
3.0
4.4
3.2
4.1
3.3
3"'!
3. X

3.3
3"'l
3.3
3.3
3.0
3.5
3.4
6.0
6.9

S Â85. EBROR

.5553

.482ß

.4449

.3?81

.3698
- i312
.31ó5
,3296
.3105
.3 168
.3111
.2932
.2659
.23rJ9
.2 040
.1897
. 'l ?96
.1829
. tr?85
.1549
.1210
.088?

I

I

I
I
I

I

I
I
I

,l

I
I

ÎHETS CH {e} {fl Bls n}

36.55
39. 14
41.74
44,32
52.A-I
54.64
57,21
59. ?B
62.34
64 .90
67.45
69 .99
72.54
75"0?
??.61

.1838

.tr906
" 2033
.2û?8
.1668
" 1516
.1275
" 1300
.1 305
. 1061
. 1001
.0922
.0945
.08t4
.07?B

103

11 .2
10.4
1 0.8
12.'l
12.0
1 1.0
12.'t
1 0.5
1 1"7
11.4
13.9
1 û.4
13.4
10. 6
'16,5



I
I
I
I

80,14
82.66
g5 , '18

87.69
90.20
92 "7ß
97 "691û2,66

107.61
112.53
1 1?.44
122.34
127.21
732.07
'13ö . 91
141 .'13
-151 

" 35
156. 1 4
160"92
165.7{)
1?0.4?

.070s
" 07û0
.0ú80
.0528
.0525
.0491
- û345
-4289
, 0193
.0 16?
.0146
.9 166
.01?6
.018?
. Ð201
.018?
.0142
,0143
"0109
. û070
.0 040

11-O
11.0
10,5
11":l
10" I
15. 1

11.'7
15. B

tr?"3
16. 6
12, 1

I 0.9
'l t.7
12" 1

11.9
10. B

10"6
12.9
10.9
11.0
2tð.9

ENEESY = 314"90 El = 6.01

{fi B/sn) QA A85 " ETRON
I
I
I

THETA Ct{ (o )

I
I
I

10.47
13.08
15,7û
1g .31
20.92
23 .53
26 .14
29.75
31 .35
33 .95
36.55
39.14
41 .'14
411.32
46 .9'.t
49-49

2.529
2.704
2. 353
2.7 17
2.429
2.76ç
2"752
2.367
2.292
2.208
2.186
2.188
2.1ú1
2.198
-¿ 

"1172. û5ft

104

12.5
27.3
27.O
14.?
11.4
1 tt.9
12.8
11.9
10.5
11.0
10.4
10,4
10.5
10.8
'1 0,5
i0.5



i t :, i.a::. a 1: : :t:r': )i :a ::1-:-.:::i:i1,rlT1:i:l::l

52.O1
5¿l . ó4
57,21
59,78
62 "34
6rt .90
67 "t+5
69.99
72.54
?5.0?
7',1 .61
80.14
82.66
85.1U
g?,69
90.20
92.7A
95.20
91 "69

102 "66
105.'13
197 " 67
tr10.07
112.53
1 17 .4r¡
122.34
127,21
132.t-1
136 " 91
141 . 73
146.55
?51 .35
15ó " 14
160.92
165.7Ð
1 ?0.4?

1 .992
1. 848
7.744
1 .595
1,454
1.2?g
'1.053
.9228
. ?353
.6398
"5559
" 4588
.399?
.3I+11
.2488
.2385
.2û211
- 1831

" 
'1542

.11?8

. 115b
,08 7t
.0727
.0688
,üö60
.0532
.a462
.04I?
.D352
.03ö3
" 0399
. t393
.0410
.0391
" 0338
. 029t

10.4
1 0.5
10.6
10, 4
10. 4
1 0.6
't 0.5
'10.5
10.8
10, 4
1 0.9
11"1
10. 6
10.5
12,3
'l 1.5
11.0
15.1
11.7
11.5
11 .2
1 1.9
15,9
14,4
10.9
'10"ó
11"2
10.5
11.0
'l 3.9
17 -7
11.0
16.?
12-2
23.2
1?.ü

ENERGY = 34.90 EX = ö.43

T-------

ÎHETA Cfl (o) {}rBlsî} fr ABS. E88OR

| "9486

I
I
I
I

| ?0.47

105

| 33,4



13"ß8
15. ?0
18,31
23. 53
26.14
28,75
31 .35
33 .95
36.55
39. 14
41 , ?r¡
44 .32
46.91
49.49
52.A-l
54,64
57.21
59-?B
62.34
64.90
6? .45
69.99
-12.54

?5.07
'17.õ1
80.14
82.66
85. 1B
8? .69
9t.2û
92 .-7 Ð

95.20
9?.69

1 02. Õ6
1ß5-13
107.61
110.07
1 :12.53
117 .t+4
122.34
127.21
132.A7
'13ó.91
141 ,73
146.55
?51,35
156"14
160.92
165.?0
1?0 , lt7

.9524

.ú589

.47 41

.4180

.5032
"2-i18
.3ó1û
.2755
.3061
,3038
.3297
.2666
.2538
"1966.1666
.1324
.1308
.0432
.0t177
. û459

" 06?0
.447-l
.1123
.ß'l-12
.t729
. û795
.08?0
"0845. 1251

"1'l?1
,1039
.1877
.0994
. c939
.090?
.û842
.0891
.0?14
.046 tr

" 0393
. 03't 6
.0332
.0443
"0512
,0606
.0'121
. o'l ?7

" 0663
- 0532
.0335

I
I

I

58.9
58.4
3b.-1
3?,0
33" 7
32.3
30.4
31,0
30.2
30.3
30,4
30.?
30.4
30. 4
30"3
30.3
3ü.5
30-3
30" 3
3 0,5
30.3
30.4
30.7
30. 3
31.0
31"2
3 0.5
3 0.4
32..9
3X,B
31.'l
3 ?.4
32.Ð
3T.?
31.3
32.3
38. ?
36,3
31.0
30"4
31"4
30,3
31.0
35.3
41.6
3'1. 1

It0.0
32.7
51.2
40.It

1û6

-ì .'
:¡ì;::l



:\'1ìi l.::;il:.'r ¡r:i,liLial

% ÀBS. ERROR

------- 
|

------{

ENEBGY = 39.9û EX = 0"0

THETA CM {{'} {fits/sB}

| ---t----
I
N

I

I
I
{
N

10.43
13,04
?5"õ5
1g-25
20"86
23,t+6
26 .06
29.66
31.25
33.85
36.44
39 .02
41"61
44" 19
46.77
49.35
51.92
54.q9
5?.05
59 "6162.17
b4.72
67 .27
ó9.91
72.i5
74"89
77 .42
79.94
82.46
8tt .98
8? , ¿+9

90 .00
92.50
95-00
9?.49
99 .98

1 02. 4ó
1 04 .94

242?.
1941.
t 5ó8.
1193.
858.2
568.8
35!.0
2t6.5
11t,5
58. 14
34.30
26.95
27.14
30.4?
32"06
31.92
29 -21
25.27
zCI. 30
15"82
11.50
8. 169
5.955
4. 44?
3. 481
2,915
2.691
2.510
2"360
2"208
2.00?
1"792
1. 524
1 .254
1. ß29

"8254
" 6534
-5298

3.3
3.1
3.0
3.0
3.3
4.2
3.3
3.6
3.9
5.5
3"4
3.1
3"0
3.3
3.2
3.1
3.2
3,2
3.4
3.2
3.5
4.1
4.2
3.5
3. 1

3" 1

2-9
3,0
2,9
3.2
3.2
3.1
3. ,|

3.8
3.'I
3.2
3.3
4. X

107



'+:;1:;r;-1,:,::,:;r :.::l

107.42
109,88
112.35
117 .27
122.16
12-1 "05
13',1 .g3
136.77
141 .61
!¿16.43
151 .25
156.05
160 . B5
'165.65
170.43

.4195
,3679
,3087
.273:2
.2515
.2251
,1'192
, tr315
.4924
.0/18
,066ü
.0ó87
.0ó46
.0540
" t336

3.5
3.5
3,4
2,9
3.0
3.2
3.2
11 ,2
3.5
3,5
3"9
3.3
4.6
4.9
ó.5

ÐNE8GY = 39. 90 EX = 1 .3'l

---'t

{r{E/sË) Ë ABS. EBROR

---{

îHETÀ Crlt {Ð}

3q. B0
i1.'19
26.91
25.5ó
27.28
24.b1
23 .55
24.32
22.31
19.2b
't 6.8?
13.?0
1 0.64
9.352
6,5?3
5"391
4.743
4. 660
4,585
4, 585
4. q72
4.2t;8

1CI8

3.7
2"9

11,'l
9.6
3.9
3.5
4.0
3.3
3.?
4"4
3,1
3.3
3.2
3.6
3.6
3.3
3.0
3.1
3, {)

3.0
2,9
3.û

10 .49
'13.11
15. ?3
18.35
20 "9623"58
26.19
28 ,80
31,41
34.01
36.62
39.22
41.8't
44.40
46.99
49 .58
52.16
54.14
5?.3 X

59.88
ó2.44
65-00



t
I
I

I
I

I
I
I
l
I
I
I
I
I

I

I
I
I
I

I

I

I
I

3,929
3. 5û7
2.995
2. 1118

2.009
1,589
1.2-17
1. 034
,Bb'l6
.'1796
.6925
.6581
.6137
,5969
.5 4'14
,50 10
.4357
.3984
.33Û8
.2322
" 

'1545
.11ó1
.1û35
- 1 '100

.1231
" 13'"17
. 'l508
. 1486
" 126Q
.0984
.0582

ENERcf = 39.90

67 .55
?ü.1û
72.65
?5. 19
7'1 .12
80 -25
82.77
85"29
B7 , B'I
90. 3'l
92,82
95"31
97"80

100.29
1A2.77
105.25
1ß7.72
110" 18
112"64
1'17"55
122,t14
127.30
't32.15
136.99
141 . B1
146 . 6',|
151 .41
't5ti.19
1b0.96
165.?3
170. 49

3.1
3.2
3.2
3.4
3.8
3.2
3" 1

3.2
3.4
3"0
3.0
3.5
3.1
2"9
3,0
2-9
4.0
3.1
3.3
i.7
3.4
3.5
2.9
3,0
3.5
4.1
3.6
4. {J

4.8
7.4
b.6

N

I
I
I

EX = 4.20

IË åBS. ERRORÎHETA C¡{ (o } {üBISA)

i::'::

---{
I
I
I
I

I
I

10.47
13"ûB
t5 .69
20 -92
23,53
26.13

?.0?3
6, 340
4.7 64
3.865
3,167
2,7ß7

109

4,2
1.7

12.0
t¡, 0
3.9
8.3



28.74
31.34
33"94
36.54
39"13
41 ,'12
44.3X
46 .90
49.¿t8
52.06
54.63
57.2Q
59.?6
ô2 .32
64 .98
b7.43
69 "98'72"52
?5,06
77.59
80.12
82,64
85 . '16

87 "6790.18
92,68
95.18
97.6?

102.64
1û5. 12
1 0?.59
310 " 06
112.52
?'1?.43
122,32
127 " 19
tr32.05
'136 

" B9
141 . ?2
151 .34
156.13
160.92
165"69
1 ï0 ,46

2.015
1,838
1.463
1 -245
1,011
.7 924
.6502
. 5 84',|
. 5'196
.5525
.6 059
.6621
.7089
.7290
.?544
. ?3õ8
. ?300
.6? 16

" 588?
,5 459
.4853
.41A9
.3503
.3028
.27Q3
.2 439
.2233
.2033
" x940
.1854
.1?34
,1727
.1ó06
. '1459

- 1272
. 1 '104

.0939

.0 855

.0 814

.081'l
" 0?6ö
.a732
.0ó15
.048?

9.4
3.1

10.8
3.1
4,0
3.5
2.9
3"0
4.2
3,1
3.2
3.1
3.2
3. t
3.4
3.1
3.1
3.2
3.8
3.?
3.0
3.1
3.5
3,ó
4.6
3"r+
3.4
3.3
3" 1

4,5
4.1
3, 1

3.4
3.2
3,1
3.5
3.1
3.3
3.4
3.0
8.5
3.0
6.3
t+.5

: t,r!:::

-----À--

ENE fiGY = 39 . 9{)

11û

EX = 5.23



I
I
I rnETÀ cu {o )

I

I

(r{ E/sB} % ABS. ERBO&

| 36.54
| 3e, 13

{ t}l+. 31
52 .06
54"63
5'I .24
59. ?6
62.32
ó4,88
67 .43
69 .98
72."52
75. t6
77 ,59
80. 12
82 "b485,16
87 ,67
9û,18
92.68
95. 1B
9?.6?

1 02. õ4
1 0?. 59
110,06
112.52
11?"43
122.32
127 ,19
132.05
136,89
x41 .7 2
151 ,34
?56"13
160.92
165.59

.1508

.1581

.14û9

.13?0

.09ó?
"0809
.081?
"0732
. ûó?0
. t69'l
.052b
.0558
.0525
, û453
.0 382
. û39û
.ü332
,0 342
.0 323
.0234
.Ð262
.o248
. t246
. û 18rl
.Ê19?
.01?8
.0129
"0üó4
.0 069
. û060
- 0û6?
. û085
.ß076
. û0?4
" 0065
.0û63
.0037

15.5
72"9
14"6
1 6.9
11.9
13.7
'l 1.8
tr 0.4
1 1.6
12.b
15.2
? 0.5
12.5
13.3
1 1.7
1û"5
i0.6
12.5
12"0
1 6.9
12.3
10.5
12.3
'10,9
20.5
13,3
13. 2
12.4
14.2
11.8
11.5
'¡1.4
13.4
11.9
1l¡,6
18. B

29.4

I

I

I
I

I
t
I
I
I
I

t
I
ü

I
{
I
I
I
t

ENSRGY = 39.90 EX = 6.01

11'l

------J



la :a':!: |i i:- :-)" v., )., !-:i:. : :: i I

THETÀ CI't {{t} (H B/sfi] % A8S. EEROR

I
I
I
I
I
I
I
I
I

{

15.69
20.92
23.53
26.13
28.1t|
31 .34
33"94
36.54
39. 't 3
41,72
4¡t .31
46.90
49 .48
52,06
54 ,63
5?.2Ð
59,?6
62 "326tt.88
6?. 43
69.98
72 -52
?s.06
??. 59
80.12
82 .64
85. 16
87 .67
90.18
92 -68
95. 18
97,67

x02.64
1 0?.59
1 10.0ó
n12 -52
? 1?.43
122"32
12?.19
132.05
1 36 .89
1q1.72
146.54
151 " 34
156.13
1b0.92

1,919
1 .48"1
2. Cts
1.710
1"6?6
1.767
1.?45
1.965
2.066
2.116
2. Ð-17
1 .99Ð
2.035
1,817
1.551
? .496
1.184
1"t?5
.88?9
" ?601

"6528.504fí
.4523
.4 054
.3363
" 3ü09
.2443
" 1916
"1699
- 1408
.111t9
.091 5
.066?
.0378
.0366
,0281
.028b
.0?66
. ü238
.0222
.02 13
.0163
.0295
.019?
.0283
-t262

I
I
I

12.5
1 3.3
11.',|
12.ç
14.4
11.1
11,8
1 0.8
10- 5
10.7
1 0.4
10"8
11.1
10.5
10. ?
1"1 .2
11.2
11.3
11.1
11.3
1 0.9
1 '1,5
12 "410.5
12.1
10.s
12,b
tr0"?
12.6
l0"B
1 3.6
15.4
:l 1.9
16.9
10"6
15. 1

15.û
12 "212. 1

11,6
14.6
1ó. û
13. 5
12.7
15.0
11"9

1X2

;:..:;



165"69
170 " 46

.Ð227

.0217
22.4
1'1.1

L----
------l

ENERGY = 39.9û ET = 6.43

THETA Cü (HBrtSS) % À85. EBBOB{")

I
I

I
I

x5 "69
20 "9223.53
26"13
28.74
31" 34
33.94
36.54
39.'13
41 ,72
44 . 3'¡
46 .90
49 . rtB
52.06
54. ó3
57.20
59.76
62"32
6t+. BB
b7.4i
69.98
't2.52
?5.06
7? .59
8û.12
82.64
85. 16
87.67
90, 18
92.68
95. "t8
g?.67

1û2.6t+
10?"59
'110.06

1. 004
.7227
.2866
- üú73
,3586
.5 858
.5'121
.4:J36
.3206
,2{9',|
.2267
.3t¡10
.2358
.1ß24
,24-19
.1186
.'2559
. 1610
.1823
. 1563
.1368
. 'l599
.1268
.ûÉ10
.1099
.0932
,1065
,1I52
.û8?4
.098?
.0960
.0858
.0636
"0546
. û459
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33,2
34.4
31.1
32.5
36"2
31-2
32.1
30.8
3 0,4
3 0.6
30.3
3ü. g

31.2
3û.3
30.6
31.3
31 .4
31.4
31,2
31.5
3 1.0
31.?
33.1
30" 3
33,5
3 û.4
33.4
30.7
33.3
30.8
3 tt.9
37.9
32.3
40"3
30.5

I
I
il

I
I
I
I
I
I
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I
I

112 "52
11?,1r3
122.32
x21.19
1 32 .05
?36 " 89
141.72
146"54
151 , 34
156 . 13
1ó0 " 92
165.69
170.46

.01100

. û313

.Ð2911
,0298
, ü300
.0310
.0351
. ü338
.0408
.0318
. ü32it
.0270
,01õ3

37 .4
37 .2
32.7
32.5
32.0
3 6.6
38. B
34.7
33" 4
37.2
32"4
49.9
31.2

t----------

ENEA€Y = 44.90 El = 0"0

(HE/S8) E ABS. EABOT

-----l

I
I
I

rnETA Cr{ {" )
I
I
l

I
I
il

I
I
I
I
I
I
I
I
I
I
I

10.44
13.04
15.65
18.26
20,86
23"46
26.05
28.66
31.26
33.85
36.44
39 .03
41 .62
44.20
46.?8
49.36
5X.93
54.50
5?.06
59.62
62. 18
64.73
57,28
69.82

2190.
1 837.
1 492.
1101.
762.6
505,0
311.2
't68.1
84.27
r¡3.?7
2'l .52
2t+.5D
26.23
2-l .29
26.82
25.64
22.24
1 7. Bi)
13.21
9.77fi
6.88ó
4. ?48
3" 483
2.732

3.0
3.2
2"9
3.9
3.4
4"3
3.'l
4,6
4.5
5. tl
3.3
3.1
3.2
3" 1

4.6
3" 1

3.3
3.8
q.3
4.0
l+.2
4"7
3.8
3.3

I

I

I
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'12.36
74.90
'17 ,43
79 .95
82.48
94"99
8?.50
90 .01
92.51
97 .50
99"99

102.4?
104"95
10?.43
1 09.90
112"36
11'l .28
122.1'l
'127 .t6
131 .92
13ó. ??
141 , 61
146.44
15I " 25
1 56. û6
1 60 .86
155.65
1?0. 44

2.404
2.17 0
'1.984
1,818
1 .735
1 .495
1.236
i.002
.'1999
.4636
" 3361
.2884
.242',|
"2130
"2024
- 1901
.1?83
.15?5
.1225
. ü8?0
.05 1?
.0297
.ß21'l
.0235
.02-?v
. û285
.0222
. 015',|

3,?
4.4
4.5
4.8
3.3
4"6
3.4
5.-l
4.3
3.0
4.0
4.2
6"9
3.4
6.7
3,0
3.2
3,1
3.0
3.9
3.9
4.6
5.4
3,5
3"3
3.2
5.2
5.6

I
{
I

TrrET.A C¡{ {o)

ElfgRGY = 44.9C EX = 1,3'l

{HBlsR) 96 ABS. EBROS

t.-----
29 .19
25 "87
25.41
24 .68
24 "'1426.0 ?

25.24
24.29
21.94
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5.0
9.1
5"6
2.9
3.2
3.3
3.0
2.9
3.2

1û. 48
13"10
'15,?2
18"34
20.95
23.57
26. 18
28.79
31 .39



I
1

I
I

I
I
I
I
¡

18.98
'15.18
1 'l .80
8.912
7.053
4. 85b
4.232
4.051
3.984
3.950
3,1b2
3. 533
3,133
2"óBB
2.2D7
1.836
1.11t12
1.'¡',14
.8985
"7579
.6It8ó
.5916
"5401
.4S84
.429Ð
.3679
.3 3b2
.2 906
.2371
.1923
, '! 538
"0951
.0ó59
.0587
.0598
.0673
.0?04
,07t13
"0?16
.0óó0
. $539
.0361
.0208

E$3RGY = 44.

34-00
36.6û
39.20
41 ,79
r¿4 ,3 8
46 "97
49 ,56
52.14
54,?1
57.28
59 .85
62.1+1
64.97
6?"53
70. û8
72.62
?5. 16
??.ú9
8$.22
82.7 4
85.26
87, ?8
90"28
92 "79
97 .-17

tr00. 26
1A2.74
105 ..22
I 07. 69
110,16
112.62
117.52
122.41
127,28
:N32. 13
136.97
141.?9
146,60
15tr.39
156 . 18
1ú0. 95
165 .7 2
170,48

11b

90 EX = 4.20

3.3
3.1
3.1
3.7
3.7

i 0.5
3. ?
3"2
2-9
3. ',l

3.3
3.5
3.5
3"?
4.2
4.5
5"8
5, X

5.2
4.3
4.2
3,1
3"3
3.t
3.1
.3 ,4
3. b
7.9
3.?
8.7
4.2
3.1
3"3
3.0
3.0
J.2
3.2
3"5
3.3
3.1
3.5
4.5
7.6
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TIIETå Cr{ {o )

18.30
20.9X
23.52
26.13
28.73
31 .34
33.94
36.53
39 .13
41 .'12
46,89
49 "47
52 .05
54,62
57. ',|9

59.?5
62.31
64"87
b7,42
69.97
'12.51
75,05
77 .58
80. 11
!ð2.b3
85. 15
87.66
90.1?
92.67
97.66

102 " 63
105. tr 1

1 07 .58
110.05
712.57
11?.42
122.31
12? , '18

132.04
1 36 .89
141 .71
151 . 33
156 " 13
160.91
'!65.69
1?0- r{5

{
I
I
I
I
I
I
I
I
I
I
I
¡

I
I
{
I
I
il

(EB/Sa) yt ÀBS. ERRÛR

6.6
5.6
4.1
7.2
4.8
3.2
3.9
3.9
3-2
4.2
4,1
4.6
3.5
3.6
3,3
3.6
3.0
3"0
3"3
4.2
3"8
4.3
5.9
9.7
3.0
4-2
3.6
6.1
3-2
3.5
5.?
6.0
4.4
6.9
3"5
3.ó
3"5
3.5
3.0
3.1
3.4
3" i
3.0
3.7
4.5
3,3

4. tl35
3.'¿b3
3.199
2.289
2.336
1 .642
1" 321
1,062
.7992
.648?
.4790
- 53?8
" 

l+?55

" 533ó
.5625
.5?50
.60?9
.586X
.5528
.51'13
.4504
.4086
.338?
.2 gB?

"27-18
.2217
.2033
.1909
" 1590
.1395
.1 155
.1130
" 1023
.Q992
.0862
.074X
" 0ó42
.0554
.047?
.0442
.0405
.0403
"0403
, t376
..0 3q0
.0289
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ENEBGY = 44.

rflETÀ CE {o} (i{B/s R)

9{i rX = 5.23

9ñ .âBS. ERROR

h-----
il 31'3rl
| 33 "94
| 36,53
{ 41 .72

52.05
54 "625?, 19
59"?5
62.3'l
67.42
72 -51
?5" 05
77 ,58
90.11
95.15
87.b6
90. x7
92.6'l

't02 
" 63

tr07. 58
112.57
1X'l - 42
1'¿2 .31
127,18
132"04
136.89
1tt'|.?l
151 " 33
156.13
160,91

N

I
I
I

" 1û01

"139û.144?
.1 199
.0774
.0ó94
.ç622
.0ú15
.0502
,0qõ2
"û288
" t329
.0306
" 0265
.0209
" 01Bt!
. 0165
.0 14?
.o$92
.0û72
-0082
.0041
.0038
.0032
,0035
.0042
.0045
.0s39
.0038
. û034

11.5
10,5
10. ?
13.7
13" 5
1?,4
11,9
14"1
12.5
1',|.1
16,6
19.4
14.6
20.2
12.2
11.0
11"9
10. 5
12. 4
1 0,5
1Õ.0
12.9
14.5
12 "9'10,8
14,I
1 3.4
12.6
11¡ 5
14.4

= 44.9CI
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lHBT.[ Ct{ ({t }

I
I
I
I
I
{

{
I
I
I
I
I
I
I
I
I

20.91
23.52
26.13
28.7 3
31 . 3lt
33 .94
36.53
39.13
41 "'12
4t+ .3 1

46.89
49.47
52"05
54.52
5?. 19
59.-15
62 -31
6rr .87
67 ,42
t;9.97
"12.51
?5. ü5
77.58
90. 1 'l

82,63
85.:!5
B?-66
9$.17
92.67
97.66

102.63
105.11
tü7 " 5B
1 12 .51
'll?"42
122.31
127.18
132.04
1 36. 89
'141.?1
151 " 33
156 . 13
160 .9',|
1ó5.69
'l?0,46

: ::t:! -ilt .

I rf E/s Bt

1.634
1.94?
1.516
1 .786
1.554
1. 859
'l . 94ó
2" 013
1"858
1.927
1 .788
1.688
1.511
1. 3?8
1 .122
, 9',|25
.83õ3
. ô283
.5239
. lt 5??
.4 1?0
. 392û
.,3 019
.2t126
.2112
.1673
.1 376
.1141
.0910
" 05?7
.0383
.02?1
. 0195
. 0168
.0163
,0146
.0175
.0137
. 0'1 10
.0113
,0123
. 0143
.0129
.0 132
.0137
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tr1"?
1 1,4
'l 1.6
10.ô
11.0
1û"4
1 0.4
10.5
'10.4
1 0.9
11.6
1 1.8
10.8
10.?
11.8
'10.8
11"4
16.6
1ri.4
11.1
12.8
13.3
13.7
18,7
1'l.B
13. 0
11.4
17, {)
1'1,3
10.?
"l ü.6
31.9
12.9
11,5
1 !.8
11.1
10"5
11.11
'l 1.9
11.6
11.9
1'1.1
11.?
12" 1
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ÎHETA C¡f {t}

ENEfrcY = 44.9ü ÐX = 6,43

{r{ E/sR) % å,8S. ERSSR
I
I

I

I
I
I
I

{
I
I
I

.3 464
"4489
.4912
.5140
.3?03
.3273
.2664
.3676
"2b83.2180
.2454
. 1 ¿t41

.'l?19

.2410

.2688

.1499

. 't ?8?

.1b21

.1307

. '12?4

"0829.1ü85
.1123
.1258
,1144
.1047
.CI883

" 06?6
.0 45?
.0 303
.ß297
.427Ð
.0213
.o234
.026b
.0234
.0239
.a22ß
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32" 0
31.9
30"5
3'1. 0
3Ð.2
30.3
30-4
30.3
31.0
31.9
32 ""130.7
30.7
32.2
3 0.7
3?.6
39- I
_39.5
31.1
33.7
34.4
34.9
43"3
32.2
34. i)
31 ,6
4 0.5
31.5
30. ?
3 0.6
67.I1
33.8
31. I
32.1
31.2
30.4
31.7
32"3

2û .91
26. t3
28,73
31 .34
33"94
36"53
39.13
41 ,72
44,3 1

4ó .89
49"4?
52.05
54,62
5?.19
59"?5
62.itr
64 ,87
67 .42
69.9't
'12.51
75.05
7?.58
80. '11

82 "6385.15
87 .66
90.1?
92.67
9? .66

102.63
'105" 11
1 0?.58
112.51
11'l . q2
122,31
'12? 

" 18
132"04
tr36"89
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141 .'11
151,33
156.13
160.91
165.69
170.46

.018s

.0 165

.0149
"0161
" a129
.0û85

31.9
32"3
31.2
32 "O32.b
31. 4
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1Ð "2 AIICHIIENÎ

Before starting the experinent th€ detector and

target system uere carefully aligned. A theodolite

{f 2) }ras posi-tioned ancl levele d so that it could be

rotatecl in the verticaL plane and thus vieu either the

pin in the centre of the stitchinE magnet or tbe pin i-n

the centre of the scat.terS.ng chanber. Tbis ensured

that th€ tl¡eod.alite ïas centred ori the straight line

betueen these tuo reference pcints" The height ¡ras

adjusted. so that the theodol.ite was .Ievel with the

nediaa plane ot the switchiag magnet {anil hopef uì-Iy of

the cyclotron). once the thecdolite {as properly set

up it was used to align the detector and target syst€n.

#hile .Lcoking through thc theodolite j-nto the

scattering chanber at 0" 00o, the turntable uas rotated

in steps of 'lt.00o so that each detector was positioned

i-n turn at 0.00o, Talcing advantage of scribe narkings

on the dëtector cle.tining slitsn each detectoË ryas

verifi-ed to be at 0.0ûo + {J.01o" In a similar fashion

t,he anti-scatteri.ng baffles sere aligned. The height

+¡as also set so that, the detectors uer€ centrÊd about

the meclian pIane.

The target ladcler was lowered into position and,

using the thecdolite, verified to be cotrectly centred.
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the angle readout sas checked by setting the target at

90o and seeing that it lvas indeed parallel to the line

of sight (0.û0o). Ân approxinat,ion is nade here since

this Has alone with the chamLer at atnospheric pressure.

IJnder vacuum the chamber lid f lexed, thus lor¡ering the

target ladder slight.ly. This flas not deemed

sj- gnificant.

In order to align the tllo 15o monitsr det.ectors 'it
ras n€cessary to us€ tbe prot on þeam. Fj-rst a

weIJ--defined protorr beam rlas abtaineil j-n the scattering

chamber, using ùhe screêIis to see that it ryas on

centre. The two extrene detectors of the eigbt

detêctor array ser€ tben alternateJ.y pcsítioneil at 15o

anil -'150. The number of prctons elastica]-"]-y scattereil

into t.he tvo detectors from a nickel target placed

perpendicuJ.ar to tlre incident protoa bean {ras recorded

for a f ixed number of incider¡t protons {usin g the

f'arailay cup as a norfialj-sation). thus the rati.o of the

number of counts of these tuo cleÈectors indicated

whethe r or not the proton beam +tas on axis .

Adjustments to the bean transport ldere made . 
unti.J- the

natio vas 1.0t t 0"01. Then the detector array uas

noveci or¡t of tbe ray aad the 15o mcnitor detectors ¡ter€

used. Their posrtions $er€ adjusÈed until they alsa

yÍel-ilerl a rati-o of 1,0C t 0.01. the rletector array was

used once more at overlapping positions to verify that
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the proton bean alignment ras stiJ-I satisfactory,

?0.3 cRoss ovER TECHNToIJE

To areasure the n€aÐ €rtergy of the proton beam bent

into the 45o 1eft. beamline a kinenatic crcss ovex

techaiqu€(2"t was us€d. This relieil on the fact that

the angle at ilhÍcb protons ar€ scat,tereü rit,h the san€

energy fron tso target nuclei of different masses

un5.que3-y iletermines t.be incÍdent enêrgy of Èhe protoas.

For oür calibration a ¡;iece of plastÍc sheeting Tras

used Èc provide carbon and hydrcgen nr¡clei as targets.

First a Frrton bean of arbitrary energy was obtaineil

in the scat.tering chamber, By vieuing the beam spot oa

the scrêeÐs and ccn¡iaring the count rates of the 15o

nonitor detectors the protûn beam rras verified to be on

axis and well defineü t1.0 hy 0.5 cm at the centre of

the chamberl . The plastic {CH) target uas losered 'in-t.o

position. Spectra flere ccllectedn both left anil rigbt

of the beamn for nunerous angles in the lange of the

kj.nematic cross ov€r. lhe separation {number of

channels) betueen the spectrum peaks corresPonding Èo

èhe first excited staÈe af carbon anil hyclrcEen I{as

plot,ted as a f,uuction of angle" A quadratÍc fit sas

perforned" and the crcss cv€r angle and thus the beam

€nêrgy deterni.ned.

Thi-s procËss flas Eepeated for proton energies of

:-i1:ì::ì::ijrl

l' t i;l

'124



..)''.'}.:..,;.".¡.''".'.'^.':j.';|'.ì'.l':],.l¡:.:.:'J)],:,]|i!'¡..

25.3, 30"8, 32.1, and 39.0 t{ÊV. Each tine the str€ngth

of the field of the snitchlng nagnet lúas fleasured using

an $I{R t,echnigue. A calibrat.ion of the mean proton

bean enÊxgy bent Ínto the 45o lett scatter:-ng chanber

sas thr:s öeter¡ri¡ed as a function cf tbe soitching

nagnet field strength oî the NUR readings. This

calibration ttas used to set üp tbe experiments at the

clesired energies- tlncertainty in determining the Eean

energy oÈ the proÈon leam was 100 *elr.

10.4 COt{FtTEB C0DES

lhe t.ço prograns used tc anaLyse the spectra and tc

calcr¡l-ate the dif,ferentiaL cross sections have already

been di-scr¡ssed in detai.l in secti-on 5"0. å brief

description of tbe Èhree tt¡coretj-ca-L analysis Programs

used, naneJ.y¡ SEEK,8AGàlI, and CHUCK' ni.l1 be given

bere,

SEEK{10} is a ?ortran program used to carry out

optical noctel analyses cf elastic scattering dat,a of

spin 0 or 1/2, charged or uncharged particles' fron

complex nucl-ei sith uero spin. It permits searches to

be nade over the nuclear optical model parameter sPace

to yield optínum fits tc diffenestíaL cross sectioan

polarisation, ancl total reacÈion cross secti-on d.ata.

The search uses the Cak Ri,dge - oxford nethod in chich

the chi squared surface is expanûed to second ord.ér by
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a Taylor series, aPproximated by a quadratic functÍon

and solved for tbe minimum. The cunerical integratioa

of tbe Schradinger equation is carried out ti.th a

modif,ied, multi-step Numerov method,

the multi-step technique ryas a modÍfication nade to

the criginal Frogram at the Universít,y of i'lanitoba.

other changes uade here incluÕe the abitity to banflle

differenti.aL ctross secticn anil polarisatj-on data at

independent angl-es, spin - crbit geonetry i-nd.epenilent

of real central geonetry, increasing to clouble

precision, increasrng t,he maximun number of partial

ryaves to 46 {previous1y 30), t}re number of integration

steps tc 400 {previonsly 2{i0}, and correcting mixed

mode expressions. three versions exist with the

folloving options:

SEEK? caussian surËace potential

SEEK2 - derir¡ative Ílood - Saxon poteotial

5EEK3 as 5EÐI{2 with nesr, cpùional input routine

SEEK3 was used in the present {ork"

The progran HAGÃI,I{rl¡ is aÊ inproved version of

SEEK using the san€ methods as clescribed above,

llouever it also handles sp5.n l incident projectiles ,

performs calculat,ions incorporating the finite angular

*idth of the detectots, permÍts up to 60 partial ldaves'

aail 5-s generally nore versatile than SEEK. Cha$ges

have been nade to the crigi.nal progran here again'
tìi:,
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nane-l-y: mult1- st€P method i

conversion to doubl e pre cis j-on

changes to imprcve the run time.

obÈain final fåts for this rotrk.

n the integrationn

, and numerous snalL

t$AG.åLf Ías usecl t c

CIIüCK(22, performs coupled cbannels calculations to

yield elastic and inelastj.c scattering differential

cross sections and tensor potarisations. the program

can be used to couple reacticn Frocessês as rel.l but

this was not done hêr€" The expansion of the

interaction pctential is orly tc first. oriler in the

deformation terms. The ccupling to ine3.astic channels

is J-ini-terl to nenbers of the ground state rotational

band, so it ryas cnly usetul for the first, tl¡ree states.

ït. is import.ant to not€ that the progran dops not

perform searches but si-mpJ-y does a single calculati.on

based on the input data. this is due to the very long

tine required for a single calculatíou.

, ii.-i_ii :_ . i:
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