
ELASTIC SCATT'FRI}JG OF PROT'ON-q FROI\4

642n, 662n, anc 63zn BETI'i[Ertr

i 0 anC 60 t{e\¡

by

Shu-po Kr.¡an

.4. thesis sul:r¡.itteC -uo the Faculty of Graduate
Stuclies of the University of Þianitoba in
partial iulf illment of the requirem.ents for
the deEree of l,laster of Science.

June 1 97 4



ELASTIC SCATTERING OF PROTONS FROM

642n, 662n, and 68zn BETI^,EEN

l0 and 60 l4eV

Shu-po Kwan

A dissertation subrnitted to
the Ullive¡sity of Manitob¿r

of the tlegree of

the Faculty of Graduate Studies of
in prrtial fulfillment of'the rcquirements

Peru¡rission has lrecn grantctl to rhe L¡BRARy ot- THE uNtvuR_
slrY oF' MANrroD,\ to rcnd or seil copies of trris dissert'tior, to
the NATIoNAL LTtsRAI{y oF' irANAr)A to 

'ricrot'ilnr 
this

dissertation and to lend or seil copies of ilre filnr, und uNIvERSlry
MrcRoFILlvrS to pubrisrr a¡r abstruct of this dissertation.

The author reserves other pubric¿iti.rl rights, ancl neitrlcr trlc
dissertation nor extensive cxtracts fr'nr it uruy be printecr or other-
wise reproducecl without trlc auth.r's writtci: pcrr'issio'.

MASTIR OF SCITI,iCE

@ lt)74

ÐF MA¡{ITOBA

'-- ¿/i-RAR\r:',n";'
-'aÈæ+::-æo



An experinent was performecl using t,he

proton beam fron the University of t'lanitoba sector

focused cyclotron to study the scattering of

protons by 64 zn, 66rn, and 68l-n.' Erastic

scattering differential cross sections were

ol:tained with incident proton energies of 22.214eV ,

ABSTRÀCT

30. OIîeVr

d,ifferenLial cross sect,ions an<l polarization data

that were available in t,he liturature for proton

energies betv¡een 10 to 60 Ir{eV v¡ere analysed r,vith a

standarcl optical nodel. Special i'nterest v/as

placecl in the energy dependence and isospin

<lependence of the real central potential. The

energy dependences for the three zinc isotopes

were founcl to be alnost. the same" The values of

the energ]¡ derigatives of the volume integral per

nucleon ,#, obtained \{ere around -I+ . 5 3 and they

li/ere more negative than the A dependent trentl set

by previous 16o, 40c.0 and 208Pb resurts. The

isospin-depenclent component of the real central

pot,ential r.tas found to be nuch srnaller

(-3 
" 8t2.5t"1eV) than the value usua3.1-y accepted

(24¡1eV) . This suggestecl that nuclear structure

effect nay be important anonq the zínc isotopes.

and 39 " 6Ì{eV. These data plus
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TNTRODUCTTOì{

The real potential of tìre opt,ical mo<lel

has been found, to be both enerEy and isospin

dependent. The presenÈ thesis describes an

experiment designed to sÈudy the opti.cal model for

elastic scattering of protons by z¡.nc isotopes,

$rith special interest placed in the energy and

isospin depend.ence.

Chapter trvo gives a generaS. description

of the optical model potential" In particuLar

some tireoreÈical aspects of the noulocality and

isospin are discussed and some results oi¡t,ained, ín

these two areas in the past ten years are

presented.

An experiment was performed, using the

proton beam from t,he University of l4anitoba sect,or

focused cyclotron. Enriched 64znu uurn, and 68zn

targets were bombaroed by protons aÈ 22"21'1eY u

30 " 0l'1eV, and 3 9 " 6MeV o and dif f erent,ial cross

sections were measured. The experimental

arrangement and data reCuction are crescribed in

cH.¿\PlER Oì'18



chapÈer three"

The last chapÈer is Civided into four

sections. The firsÈ sectio¡r discusses the

dif ferenÈial cross sect,ions obtaineci in this

experimenÈ. Section tr'ro gives t,he optical model

analysis performed. Discussion of the energy

depend,ence and isospin dependence is given in the

Èhird section and. the last section gives a sunmary

of the present study.



2"1 OPTTCAL }IODEL

In the stucly of nucleon-nucleus

interactionsr the complexiÈy in solving the

rnany-body problem does not, allow one t,o creal with

the process in detail, beginning from only tire

nucleon-nucleon interaction. fn order to reciuce

the many-body problen to a two-body problem,

various inÈeract,ions are replaced, by a potentiaJ-

acting between Èhe incident particle and the

Èarget nucleus. In mathematical form the

interact,ion v¡ould be descril¡ed by Schrödinger t s

Equation as t,he following:

CIIAPTER TT{O

- +rot,].r + u {r) {J = EqJ

vrhere U(r) is the potent,ial, E and ¡r are the

cent,r€ of mass energy and the recluced mass of tire

incident particle respectivelY.

fn orcler to take into account inelastic

scattering and ot,her possible reactions U(r) has

(1)



to be in "o*pt.* form. Àbsorption Ín all ineLastic

processes permittecì. by the Pauli Principle altd by

the larv of conservation of energy is describecl by

the imaginary part

About ttven'ty years agor t.ire square well

potent,ial was used for its simpliciry(Fe54) but it

was fou¡rd to predicÈ too small a reaction cross

section and to give Èoo much scattering at, the

backward angles.

poÈenÈiaI should not have a sirarp cut off but,

should instead, go to zero grad,ually. Tire form

proposed by lfoods ancl Saxon (Wo54 ) has been

generaJ.ly used. The potential is expresseci as

This inclicates that t,ite

U (r) = (Vo + ivb

where R and a are called the nucleas radius and

diffus eness.

Equation (2') gives only a very simple

expression for the potential. In order to account

for polarization effects and tlle coulomb

interactionr more terms v/ere added, to form the

so-ca.lled standard o¡>tica1 model (SOtl) potential

r.¡hich is composed of

(1) the real central potential

- V f (rureoas)

) [1+ exP ,=å] 
-' (2)



(21 the central

surface

volume P

(3) tþe spin-or

(vro +ilto)

(4) the coulor'.üc
zze2 l-^?ãa L',

J=u2r

imaginary

part i

art -i

bit potenÈ
o1l_\- 1

\ mnc/ r
potential

/r-\tl\Rdl

The function f (r'rt,â') is

Irloods-Saxon fornr facÈor given by

¡:otential
4a, r.r. -9-ElrrrL¿3LI-(lr
Wf (rar¡ ¡â¡ )

ial

u-i
f (r,r',ê') = [1 + exp Jjfl

d f(rrrr"¿aso)I"õ

The synrbol X is the orl-,,ital angular momentum of

the 1th parLial wave ancl õ is two tines ti¡e spin

of the incident particle; m¡ is tl:e nass of rr neson

and, Z and z are tire charges of tire target anci

the inciäent p4rticle respectively.

The addition of the surface imaginary

term to the potential v¡as based on '-he following

dr

for rçR"
for rÞRc

argumenbJ

in th¡e nucleus being excit.ed, to higher energy

levelsu Às nrost of the st.ates in tile interior of

t,he nucleus are fi}led, ezcitation of che nucleons

there is r:nlike1y unless tire inciclent energy is

the

Absorption is t,ile result of nucleons



high enough tfiat the nucleons rvould be excited to

¡nuch higher energiy leve1s. Therefore r at low

bombarding energies ¡ orlê rvould expect the

absorption to take place in preference at tÌ¡e

surface of t,he nucleus. Tire derivative

!'Ioods-Saxon form is usually usecl to represent tÌris

surface imaginary term and it is customarily t,aken

to have the same geometrical parameters r¡ and a¡

as the volume ímaginary part,.

The spin-orbit potential v/as aclcled. to

account for the polarizat,ion of the scattered

nucleons. This spin-orbit potential also improved

the fits to the differential cross sections by

damping out unphysically large oscillations

arising at large angles when only the central

potential was useC. The multiple scattering

approximation used by Kerman et al (Ke59)

indicated that the spin-orbit potential sirould

also be. conrplex, v¡ith the imaginary part having a

rnaximum st,rength of about one-tnird of the real

part. From phenomenological analysis, hovrever,

the imaginary spin-orbit potential does not seem

to be necessary except at high energy"

The coulomb potential is. obtaineci by

considering èhe nucleus as a uniformly charged

sphere wiih radius Rcu



Art ll
parameÈers V, [f r Yls r

parameters 16 ¡â6 ¡ f¡

(3) can be obtained

experimental d,ata

is given by

parameÈers (five

Vso , Ifso , and six

c â¡e Fso ¿ âso ) in-

from a leasè square

Here the theoretical differential cross sections

are ctr (e) and the experimental dat'a are

on (o) t$q (é) ' $fren Polarization clat,a are

available, they may also Ì¡e incluCecl in tire

\calculation "f Xc .

Unfortunately, tìtis analysis cioes not

give a unique set of parameters for each set of

experimental data" Tt is found that there are

funct,ions of some of Lire paraneters sucÌr tÌrat T7t=
very insensitj.ve to variations in tire paraneters

provided the futctions remain constant. The mosÈ

important of tirese relat,ionships is calleci t'he Vr*

x- = fç''g6p'¡'

dynar.rical

geomeÈrical

expression

fit to tire

ambiguity.

incide¡rt particle is belov¡ about 100¡r{eV' one can

vary v and ro v,'ithout changing X appreciably

provicled VC =constant (n is between 2 and 3) '
This is true as long as ro is restrictecl to

llhen the kinetic energy of t,he

7



1.0 < ro < 1.4 (flo67) " The imaginary potential l^io

and the diffuseness â1 nake up another pair of
parameters v¡hich causes an ambiguity- similar to

that of Vrl Anbiquities such as the two

r:entioned are connected with nuelear structure
(Ilo66). The product Vroâ¡ is eorrelated with the

nuclear deformation (He70). Therefore, when

obtaining potential strength parameters for
different sets of experirnental data in order to
intercompare them, the geornetric parameters are

usually kept fixed

2"2 }TONLOCALITY A}ID TSOSPT}I DEPE}iD]]IJT

Fror¡ the theoretical derivation done by

Feshbach (Fe5B) one could notice that the optical
r,odel is nonlocal. The Schrodinger equation

should therefore take on the integrodifferential
form

{rr'l(;t.l * Erü(r, -lr(?,?'rü6')drr= o

v¡here \/(f,f|) is the nonlocal potential. As

V(f,f I) must be symmetric in -r and f I and the

ranqe (3 "t the nonlocality is snall, perey and



Buck chose

v(8,r0) = u (ålr+r't) -.,åu'-exe [-f+.1 ']

to facilitate numerical calculation (Pe62). Ti¡is

non-local potentiaL was used by Perey and Buck to

analyse neutron scattering data up to 25ÈteV and by

Schulz and Wiebicke (Sc66) to study proÈon elastic
scattering. Both of then found good overall fits.

On the other hand, Perey and Buck sÌ:,oç¡ecl that, one

can use ã local potenÈial to fiË differential

cross sect,ions quite accurately. They also shorr¡ed,

that, the relat,ion between the eguivalent loca1

potenÈial V"(r) and non-Ioca1 potenti.al V..o (r) is

approximat,ely

vN(r) = v"(r) exp Fæ ("-u"r"l)]

qy first, order expansion in E, one obÈains

vn(r) = v"(r) [.l . #i

This explains in part the energy dependence of tir.g

potential strengÈh of the optical øoclel v.'hen tite

locaL potential is used (Theoretical aerivation of

(r-v"(rÞ I

9



the optical model performed by Fesbacir sitowed that,

the optical nodel is intrinsically energy

dependent apart from nonlocality) "

In 1962, Lane (La62) shor¡ed that. the

nuclear potentiaJ- should have an isospin dependent

term given by A-1(E.T)v; " The factor (E.E) comes

from averaging over the constituent, tvro-body

Heisenberg exchange forces. The total isospin of

the nucleon-nucleus system can have tire values ,nl,
1and f-à, and the corresponding eigenvalues of

(E.Í) .r.. )r and lre*ll respectively. Bot.h

these isospin states are possible for proton

scattering. Therefore È,he nuclear potential is

obtained by averaging them with weigitt factors
(2t+1)-1 and 2T(2T+1)-1 the average isos¡:in

potent,ial is t,hus found to have the f,orm

f v,T
2A.

As nuclei are predominantly in the state of

minimum isospin with ,=* 
"=l(¡I 

- z) , the isospin

d,ependent, term for proÈon scattering is taken to

be

assuming tite protron and neutron distributions i¡ave

t,he sairre shape. For neutron scaLtering, only the

1 N=z -.- --if-;- o,

10



_1 \T+* state is
¿

isospin poLential

. 1 N-Zï-q A v¡

As the isospin interaction

aIlot.¡ecl and

is

charge-exchange reactions (depoLarization of

isospin) the form and magnitude of the isospin

potential can be det,ermined by analysing the cross

sect,ion of (p, n) reactions to the isoL¡aric

analogue states of t,ire target nuc1eus. From sucit

analysis, it, is found tirat tire isospin term is

more likely to have a surface form tl¡an a volume

form and that Vr is approxinately 301'1eV"

Unfortunately tirere are not enough (prn) clata for

a comprehensive study of the isospin potential.

¡s È:e 1= generally <0.2 the isospin term is
.é\

quite sma11 and does not have any lsÈ, order effect,

on the . differential cross section. It is usually

taken to have the same volume forrn as the real

central potential and is analysed as a com¡lonent

of the real central potenÈial" This approximation

tends, to increase the raclius of the volume form

but its effect is quite hard. to noti.ce due to tite

Vrf ambiguity,

fn 1970 Sinha and Edv¡ards (Si7C) fitted

tire corresponding

can cause

11



elast,ic scatteling clata with a real surface term

and substant,ial fit inproverne¡rt was claimed" Tiris

derivative real model (¡:fU,l) iras been aciopted by

some authors i¡ut their results have not yet been

able to give more. information concerning tlte

isospin term in the optical model potential. Boyd

et aI(8o72) fo¡:nd tiraÈ there t¡as an appreciat¡Ie

d,erívative term even in N=Z nuclei. It was

suggested that,, other than the isospin, the real

d,erivative terrn is also attributable in part Ëo

the exchangeo target polarizat,ion and the hard

core of the effective nucleon-nucleolt interaction,

which are all difficult to calculate. On top of

this, t,he idea of using the real derivat'ive term

to st,udy the isospin dependence tv'âs futirer

discouraged by the st,ud,y of Zimanj i and Gyrnrali

(2i68) " By folding tlte excess neutron clistril¡ution

of the shelI nrodel witÌr an effecÈive tr'ro-i:od'y

isospin - dependent force, they found that the

symmetry potential appearecl to have a pure

d,erivative gfoods-Saxcrn shape only for nuclei rvith

a sr.raIl neutron excess. As it is not surprísing to

obt,ain improved f its af ter ad.ding 3 more

paramet,ers, t,here is some scepticism al¡out the

validity of the addition term used in (Si70) and

(P,o72) .

12



More than a decacle agor attempts t¡ere

made to cletermine overall proÈon potentiaJ-s. In

1963, Perey analysed elastic scattering data for

9-22 t"leV protons incident on a wide range of

nuclei. 'Iire following generalized parara.eters vrere

obtained:

v = s3,3 o.ssn + 27#+ o.4i3
I,Ie = 3A1/7 w = o.o

vso = 8.5 (E ) 17t"tev) i vso = 7.5 (E{ 17l.fev)

¡e = 1.25¡ t, = 1.25i ¡.¡o = 1.25 (fm)

ao = 0.65; a, = 0.47i aso = 0.65 (fm)

The energy dependence v¡as taken to be linear
(-0.558) . Horvever, Perey showed that -0.55 is

acÈually too smal1 due to the effect, of coupling

the elastic channel to the first inelast,ic channel

and the value v/iÈhout, eouplÍng would be -0.3. Tire

last term of. V in (6) is t,ire coulornb dependence

which arises from the energy clependence of Ëhe

nuclear . potential in the presence of tire coulornl¡

field, Ti:e coefficient 27tIeV for the syrnmetry term

was cbtained. from the lirrear fit of V-0. +z¡*/1 vs
N-Z

(Mev)

(IÍeV)

(ldev)

A

, A more. recent

these lines was done by

(8e69), After analysing

elastic sca.ttering data

(6)

and complete

Becchetti and

a large number

for nuclei with

work along

Greenlees

of nucleon

mass A> 40

13



and bombarding.'energy E{ S0tleV in a simultaneous

searchn they obtained tire foIIor.¡ing paranreters for

the proton standard optical l4odel:

v = 54.0 0.328 + o.qi + 24.0N;z
A'3 A

W =0,228-2"7
(or

Þio = 11.8 0.

(or

Vso = 6.2

:t:e=1.17iâo=0"75

ri = 1.32i a¡ = 0.51 + 0.7+
r¡o = 1"01; âso = 0"75

zero wlticir ever is greater)
r{- z

25E + 12.0-;6- (raeV)

zero whicìr ever is greater)

One can notice that Ehe inaginary potenÈia1

taken Èo be isospin dependenÈ as well,

fn 1968, the analysis of elastic

scat,tering of 1llleV protons frorn 24nuclei in tir<:
4s 76range '- Sc to ' - Ge (Pe6B) cast tioubt on tne

valid.ity of parametrizing the real potential in

t,erms of the isospin in Èhat energy and mass

range, When the real cent,ral potential is plotteci
ìl- zagainst 'ï, the data ¡roints seern to fall on a

family of hyperbolic curves, onc for eacir isos¡rin,

Morever, the real potentials shorv a linear

dependence on A" The reformulated optical model

(ROtf) proposed by Greenlees et. al (cr68) provicies

some explanation to Pereyr s result, The volume

(r¿et¡)

(¡aev)

( fm)

ltm)

(fm),

(Irtev)

(7)

l-s

14



int,egral of the

4nR3v

for the bToocls-Saxon potential

proportional to A. One could

potential in the form

real potential rvhich is given by

(1 +

g= 3iA 
=

4rrR3(1+s$)

ïn the tatter expression R is replaced by r" a73 and
2T1_N-ZA by Ë with T - 2 

(s-z¡ and oL = -}-. This

gives a family of curves eacir cìraracterized by a

differenÈ value of T as observecr by Perey. These

results might, suggest, tirat tire isospin t,erm that
is being sÈudied can be interpreted as the A

dependence r.¡hen the geometrical parameters are

assumed to be fixed, liorvever t,his cannot be tire

only source of isospin dependence as it. gives no

accor¡nt of the isospin potenti.al necessary to

describe the (prn) reactions"

Hodgson (Ho70) considered this problem

to be Èhe result of restricting t,he nuclear radius

to bb proportional to A1/3. lte rprot,e the real
potenti ai in the form

=jÀ

form was

express

found to be

t,he real

anrJ ['.if,,äf"]
?i

\r7 =
,, R3¡+Ç4)

KA + 24ú.+ 0"517T(1-o¿)
o(R

15
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The first. term'in (g) is based, on the .tr depenclence

of the volume integral. The coefficient of tl¡e

seconcl term, i.e" Èire isospin depenoent, term, is
obtai¡red from (prn) reactions and the last term

corresponds to the coulomb depencient term O"4z/þ3"

Using this formula Hodgson searchecl for ar¡

expression for R v¡hici¡ would fit, Pereyrs real
potent,ial, He obtained

ft = l.zottls + 0.305

but, rr¡hen he included dat,a fron. other analyses he

had to express the radius in the form

R' = -0.i1.A, + 1.613s - 6.30/3 + 11.59

This formula is hard. to interpret physically.

The energy deSrendent terms in the real
central potentials ol¡tained by Perey and Becciretti

were the results of analysing elastic scat,tering

data with a wide range of nuclei. Work has also

been carried out to determine the energy

dependence for individual nrrclej- and as sirov¿n in
Tab1e f , it seems to be different for different
isotopes. This casts doubt on the validity of
finding the energy depend€nce and isospin

dependence simultaneous Iy,

fn previous stuclies of the isospin

dependence, the detaiLs of nuclear sÈruct,ure t/ere

16



not taken into" consicleration. It was assumecl that
nuclear structure effects rvould be smoothed out

when a wide range of nuclei r.¡as used,.

The isospin' dependence ltas also been

studied for .isotopic sequences. One advantage of

using isotopic sequences is that the coulomb

correction term is almost the saïne for all the

nuclei studied (ne64). On the other i¡and, the

nuclear structure effects v¡ould strongly affect
the isospin term and the isospin dependence

obt,ained this way seems to have a wic¡er

fluctuatiori.

Some of tite studies r.¡ith isoÈopic

sequences have shed some light, on t.he nuclear

struct,ure effects. I,Jhen st,udying the tin isotopes

at 9.8I'feV(Du65) and at 16I'1eV(Ma68) the real
potential was founcl, to increase up to 114sn ancl

fall at 116Sn, and, t,hen increase again witir mass

number. . Sood(5o65) suggested that this may be

explained by the change of shell occupied by tire
outermost nucleons at 116rrl. This explanation

could also i:e applieci. to the Zirconium isotopes

studies by t{ani et al (t'1a71) . The stuoy of
Samarium isotopes (Fu70) revealed another

dependence of the real potential" The real
potential increases from 144sm to 148sm but it

17



dropped and ii:emainecl quite
152s*u and, i54sm. Fuln,er et
unusual result as resulting

of the isotopes.

2"3 OBJECTÏ\ft OF TIIE PRESD¡JT EXPERIÌ'EI'IT

As the zinc isot,opes have no change in

shells nor drastic change in deformat,ion (see

Table Ia) r one may expect a priori tï¡at the stud.y

of isospin depenclence r,¡ould not be affected by

nuclear structure effects. .Angular distributio¡rs
were obtaineo for proton elast.ic scattering at
incident, energies of 22"2MeY, 30.0I'1eV, and 39"6MeV

for 642n, 662n, and 682n. þJ'nen corJ:ined with data

obtained from the literature for proton energies

constant for ltor*,

a1 consicrered this
from tire deformat.ion

of

49.0Bl4eV (Ca67) for all t,hree J.sotopes and

61.4t4eV(Fu69) for 68rn, data covering the range

from 1OMeV t,o SOt'leV in 101'leV steps r¡,'ere availab,le"

The energy dependence of these three zínç isotopes

was first obta-ined, lhis proviCes tr.¡o kinds of

informat,ion that we are j.ntereste<I in: 1)whether

the energy clependence of the zinc isoi.opes follov¡s

the A dependent trend as indicated in Table I ancl,

Z)}:.o''rt rnuch t,he energy dependence ciranges from one

1 1 " 0t4ev (Pe6 8) 
"

14"51'feV(Xe64), and

1B



zínç isotope to anoÈher.

The isospin ciependence tvas then studied,

F^s there are only three data points for eacir

energy r the isospin dependence determinecl aÈ eacir

energy was of limited accuracy. A more accurate

approach is t,o find the energy clependence a¡rci

isospin dependence simultaneously. Tiris approacir

would be justified if the energy de¡rendences for

the t,hree zinc, isotopes were for¡rd, to be almost,

the sëune c
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TABLE I

Energy range dV/dE ref.
(l"lev)

6r,i zs 50 -o,35 LoTo

1 6o 20 55 -0.37t0. 04 va69

4oc. zo - 1Bo -o.z8to.o3 Va71

2o8p¡ 16 1Bo -0.31t0.03 va74

TABLE Ia

The nuclear deformation factors of the zinc isotopes.
(ca6 7 )

(3, is clefined as in

64zn

66zn

6Bzn

ft= R"( I +þrvi+ oooooo )

ß,
0.2tr

0.23

0 "21
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3 " 1 E}PERTI\,IEI.¡1ÀL ARP,AIJGEI"IEì{T

The proton beam

produced by Èhe University

focused cyclotron (8u65).

layout of the beam facility

experiment was performed.

line c

CHÄPTER TTIP.EE

After leaving tire cycloton, the proton

beam is deflectecl dorvn the bearn line by tire

combination magnet C. Along the beam i.ine tirere

are quadrupoles and steering magnets r^/¡riclr guicle

the proton beam to the bending magnet. A set of

slits (Slits 1) locatecr at tiie waist produceci by

the first set of quadrupoles defines the object

plane in front, of the bending magnet " Vihen

passing t,hrough the l:ending magnet, the proton

beam is momentum analyzed by a 45o deflection, A

second slit system (Slits 2) at the focal plane ot.

the magnet defines the suitable component of tlre

beam that enters the ex¡;erimental area v¡here tìre

quaclrupole doublet. Q7-QB procluces a waist at the

for the experiment, was

of l"lanitoba sector

Figure 1 shows the

used. The presenÈ

on the 45o -left beam

21



Fig, 1 Cyclotron ancl bean'- litle la1'out
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centre of Èhe h6-incir scaLtering chamber. In order

Èo reduce the f-r.y background. fro¡n the slit

syst.ern, trvo lead collimat,ors with 3.81 cm circular
apert,ures and lengtÌrs of 5.08cm and 7 " 62cm

respectively are placed inside the beam pipe

immediatel¡z befo re the scatt.ering chamber. Leacl

shielding also surrour¡ds the beam pipe at tire

entrance to the scattering chamber.

A skeÈch of the scattering chamÌ¡er is

given in Fig" 2. The crescent sirapeo oetector box

is att,achecl on a turn t,ab1e which can be rot,at,eci

from -l BOo to +180o . Inside tire deÈeôtor box,

eight NaI (T1) scintillation count,ers are arrangeci

to permit detect.ion of scat,tered protons at eigh,t,

angles simult,aneously. Eacl¡ detector consj-sts of

a tlaI (T1) scintillation crystal (3" 81cm in

d,iameter and 1.27cm thick) optically coupled to a

photomult,iplier tul¡e (RC44523) and is ¡:laced

behind one of t,he eight windows on the inner arc

of the detecÈor box. All eight rsinclor.¡s are

covered by 0.0051crn Xapton-H foil. The detector

box is maint,ained at atmospheric pressure rvhe¡r the

scatterinE chamJ¡er is punpeo Cov¡n, In fronÈ of

each window intercirangeal-rle collinators can be

mounteC, 9¡ith the help of a tÌreodoLite, the

detector box v/as carefully positioned such t,hat

23



sho\.rn hoLds B detectors.
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the apertures on Èire

10.00" to.o1' with

chamber.

The turn table can be rotatecl either
frorn the experiment,al room or remoÈely from tire

control room. An angular readout syst,em gives the

angular position of t,he first detector r'¡itir an

accuracy of tO.O1o.

At, the top of the chamber there is a

vacuum lock througtr which a target ladder car¡ I¡e

lowered into the chamber. The target ladcier used

can hold five targets.

a piastic scintillator v/as mountecl on

t,his target lacld,er so that. when it was placed in

the path of the beam the position and size of the

beam spot at the ce¡rtre,of the ci¡amber could be

examined via closed-circuit television. The act,ual

beam spot shape and size were obtained. from glass

slide exposures made at, the target position and at

the beam entrance to and exit from the scattering

chamber. It v¡as founcl to be almost rectangular ir¡

shape and typically about 0,25crn v¡ide by 0.60cm

high at the target position,'the beam divergence

was Èvpicallv tO. 8o about the beam axis in tire

horizonal direction ano there rras no dj.vergence in

t,he vertical plane,

col-limaLors were separated by

respect to the centre of t,he
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To ensure t,irat tl¡e beam travelled along

the 0o line of the scattering ciramber, two

NaI(TIJ scintillation count,ers vrere set at 15" to
the left, and to the rigÌrt of the beam qirect,ion.

The beam spot i/as adj usteC sucit Èirat the

difference betr{een the number of counts detecÈecl

by the two 15" monit,ors was less than 3fr.

Additional checks were made by comparing elastíc
yield obtained when the detector box was placed, on

the left, and right, hand sid,es of tlre scattering
chamber.

}lfter passing through Èhe scat,t,ering

chamber, the proton beam was collected l:y the

Faraday cup. The Faraday cup was connected to a

current indicator and charge integrator
(Brookhaven fnstrument, Corp. mcdel 1000). The

digital signals from the charge integrat,or t,'ere

recorded by a fast, scaler.

- As only four analog t,o ciiEital
converters (aOC) were used for eigirt detectors,
signals from tr.¡o detectors v/ere mi xed togetirer ancl

fed into one ADC, The signals were rout,ecl r^¡ithin

t,he on-line cornputer used for data collection by a
t

sigrrral generated as describecl belov.'. The typical
electronic set up for a pair of detectors is shown

in Fig" 3o The amplifiers irave tvro outputs eacir,
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trig, 3 Tl¡e electronic set up for ¿r pair of
detectors.
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The prompt bipolar outputs v/ere fed into t,he

t,iming single channel analysers (TSCA) and the

delayed unipolar outputs r/rere sent to- the l-inear

gates " Outputs from the TSCA I s had t,hree

functions. Firstly, they opened the linear gates

so that the desirable linear pulses could pass

through. Secondly, they t¡ere use to route signals

sent, to t,he ADC. Thirdly, they were sent to fast
scalers. The outputs of two linear gates vJere

mixed in a surn and invert amplifier and then fed

into an ADC. The ADC's v/ere interfaced to a

PDPl 5/40 computer where the spectra fron the eight

detect,ors hrere stored in eight menory regions of
512 channels each" The count,s in the fast scalers

were used t,o give the correction factor for the

dead ti¡ne of the ADCrs. The dead time correction
factor was taken to be the ratio of .the counts

recorded by the scaler to the total number of

count.s in the corresponding spectrum recorded by

the cornputer.

4.

The

foils rvith the

64_
¿!n

66zn

682.,

A_typical spectrun is shov¡n in Fig.

targets used v¡ere self supporting

followinq characteristics.
l4easured Thickness

4 .794 t0. 01 9 mg/cmz

4.681t0.028 mg/cmz

t+ "996t0.040 nq/cmz

purity

99 ,66r

98.55%

98.50ß

2B



Fig. tl Tìle sPec.run
r:ith E = 22"ZìleY.

of p+6LtIIn atg =
l. ah

75,0"
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The rveight of tl¡e target r'/as measureci using a

micro-balance and accuracy . rvitiri.n 0"005X tvas

obtained. Tl¡e length and rvidth of the rectangular

target,s were obt,ained by taking measurement along

the ed,ges using a vernier caliper. Tire error in

these measurements rras al¡out 0.3Í"

The energy of the proton bea¡n was

related to "the bending magneÈ field strength,

which was determined by using an IùÌlR sysÈern. Tire

energy calibration of the bending mSgnet rúas

determined using the cross-over method witir CLr,

and CH2 targets (Sm64) " The uncertainty of tire

beam energy v/as about t150keV.

3"2 DÀTA REDUCTIOI.T AÌ'ID ERRORS

The differential cross sect,ion for the

scatteri¡rg.of a beam of inciclent particles by a

single scattering cenÈer is defined hy

where q (e) is the number of particles scatÈerecl

per unit time into tire unit solid angle ai¡out e

and Ie is the incicient fIux" Tal:inE Y to be tire

number of protons scatterecl into tire stl iC angt " Ae

_ rl(e).L
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during the time 6T by nt target atoms, then

The incident proton flux is given by

fL(o) =

where e is the charge of t,he proton, S is the area

of the target illuminatecl. and 0 is the charge

collected in time AT. As the t,hickness t.of the

target can be express in the form

r = *F ( in mslcn2 )

nr ,^f2 ar

t = 
-Q.-eSIT

where A is the atonic nass and ì.1 is Avogradrors

number, the differential cross section can be

expressed by

do= e AY

dr¿ -N QraQ

Put,ting in the values of e and ttr, the differential
cross section becones finally

do = 2.660x10-4 AY nrb/srdc¿ orac¿
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In order to take into account the. fact that the

target is not usually perpendicular to the beam

and the proton bearn has finite- size and

divergencer. ¡\f¿ is replaced by a geometric factor
c (I,li66) given by

G - c. (1 + Ao * .74, * 

-A, 

+ .o.).
/ dcr\ / dcr\\m/ \ani

Here t#, ' and r#l " are the f irst and second

derivatives of t,he differential cross section with
respect to t,he scattering angle g, and

/ doV
\doi

In Go r Q i.= t,he angle between the normal to the

t,arget and the incident bea¡r direction. The values

of A. , A, , and A, may be obtained from the

expressions given by I'li1lnes (I^Ji66 ¡pr71) "

/ dcr\ ", 

-t

\ c1o./

\ro
Ao

cosQ

CTOSS

1)

The relative errors in the differential
section were calculated fron the follovzing:

Statistical error due to the counting

statistics was obtained fron +-. itere, y
F

was the number of counts in the elastic
peak with the background subtractecl.

Generally the statistical error v/as less

than 1% in the forward angles and less

32



2)

than 2% in the backward angles.

Error arising frorn the uncert,ainty in the

scatt,ering angles O was calculated using

At#. 1=(#lf¿"
Here, AO was the uncertainty in ê. This

error l¡as usually around 1% in the forward

angles and "2% in t,he backr.¡ard angles

except that there were one or two point,s

at extrerne forv¡ard angles which had

errors of the order of 1.5%.

Error in the dead t,ime correction v/as

usually less than ,4,q0 except at the rrost

forwarcl angles where it might qet as high

as 1.5%. This error v¡as calculated with
the assumption that the uncertainty in the

nurnber of counts lost due to deacl tirne was

,tthe nunber of counts lost .

Error resulting from the uncertainty of
energy (Ael was calculated from

./do\
'\ãa,l

-AE

dE
This error shorved the largest variation of
all the errors but it rvas generally less

3)

4)

than 3%.

The t,otal relative error for each clata point rvas

obtained by adding tÌre above errors in quadrature,
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and it was usually less than 2%. The absolute

errors in the differential cross sections were

deterr,rined from the following:

1) Error in rneasuring the solid angle was

less than 0"9%.

2) Error in rneasuring the target, thickness

was given in section 3.1 "

3) The uncertainty in setting the target
angle gives rise to the error of target
thickness seen by the proton bearn. As

this angular uncertainty is t0.5o , the

corresponding error rvould be !0.6/o rvhen

the target is set at 60o or 12Oo with
respect to the beam direction.

4) Error coming from the bearn current.

int,eqration v¡as taken to be 1%.

The total absolute error was obtainecl by adding

the above errors in quaclrature.
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4"1 RESULTS

The elastic scat.tering clífferential
64 66 68cross sections for Zn, Zn, Zn obtained in

this experiment are tabulated in the appenciix and

their ratios Èo the Rutherford cross sections are

shown in Fig. 8 to fig. 10. I,Jhen the error bars

are noÈ shov¡n explicit.ly ttre experimental error
bars would be smaller than the size of t,he dots.

It can be noticed thatr âs the proton

energy increases, the diffraction-li.ke structure
becomes more pronounced and the minima in tire

angular distribution shift to smaller angles. This

behaviour of the differential cross sections is
also observed with t,he increase of neutron number

at any part,icular energy. Futbermore, wiren

differential cross secÈions for tire tkrree isotopes

at 22"214e\l are cornpareC, the differential cross

sections for 68zn are found Èo be larger tiran

those for 64rn at the forwarcl angies but smaller

at the backward angles" This phenomenon is
completely reversed ai, 39 " 6MeV. This tras

CËIÀPÎER FOUR
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investigatecl f'urther by comi¡aring the 11l.ieV data

(Pe6B) and 49 " 08t4eV <lata (ca67) and they all

suggest t,hat, there is a transition arour¡cl 30l4eV;

rvhen the incident, energy is belor" this transition,

differential cross sections increase at the

forward angles but decrease at the backward angles

wit,h the increase in neutron number, and the

reverse is true at higher energies.

fn the literature there exist prot,on

elastic scattering differential cross sections for
64rno uurn and 69zn at, 39.6ì{eV o}:tained by Liers

et al (Li7O), and p+682n clata at 401'leV by Fricke

(Fr67). They v/ere plotted rvitìr the 39.6IvIeV data of

t,his experiment, for comparision (Fig.5 to Fig.7 ).
The 64zn data of the present, experiment, shor.¡ very

good, agreement witl¡ those of Liers et aI. Ti¡e

absolute cross sections obtained in the present
66work for -- Zn are sligirtly (<10ñ) smaller tiran

those o! Liers et, al" Among the three set,s of

d,ata for 6'rn, t,he presenÈ d,ata anC those of Liers

et al agree v¡ith each other but the dat,a by Fricke

et aI are considerably lower (15fr-20%r. On the

whole, all these data have almost the same shapes

and phases of oscillations for each isotopet it is

in only the absolute normalization tirat,

discrepancies occur. It should be pointeC out,
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Fig. 5 The differential scatiering cross
sections clivided by tire RutÌ'lerforo cross seci.ion
for the elastic scattering of protons from 6ttZn at
39. 6l'teV obtained in the present experiment are
cornpareC r.¡itir that ol:tainecì by Liers et al (Li70).

Fig. 6 The d.if f eren'r-ial scatteritrg cross
sections divided by 'bhe Rutirerford cross ççction
for the elastic scatiering of protons from 66zn at
39"6i.1er,/ obtained in t,he present experirnent are
com¡>ared r,¡ith that obtained by Liers et al. (Li70).

Fig. 7 The clifferential scattering cross
sections divided. by the RutÌ:erford cross seclion
for tire elastic scattering of protons from 682r.
obtained in the present at 39"61'íe\¡ are comþared
lvith tirat ol:tainecl by Liers et aI (Li70) at
39"6lreV anC by Friche et aI (Fr67) at ¿lC.Ol.TeV"
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however, that 'the present dat,a at 39.6MeV have

more data points, cover a wider rangc of angles

and shov¡ smoother angular distributions tha¡r those

data obt,ained from the literature.

4.2 OPTICAL MODEL ANALYSIS

The analysis was performed by using the

automatic search code SEEK (Me66) in a modified

version which allows one to search for all 11

parameters in the opt,ical model potent,ial given by

equation 3 in Chapter 2. Data included in the

analysis are differential cross sections obt,ained

in this experiment and differential cross sections

and polarizations availal:le in literature (see

Table II) " The 11 MeV data viere normalized

follovring Perey (Pe6 8) .

pararneters for the zinc isotopes or those for

nearby isotopes or energies were used as start,ing

values for the searcÌ¡. The value of the imaginary

spin-orbit potential W.o was set, to zero and not

searched because it did not improve t,ire f it

appreciably in preliminary trial runs. During

the initial fitting, searcires were performeci wit.h

the differentíal cross secÈions only so that t,ite

spin-orbit parameters Vso , r'o , and a.o were kept

Existing best-fit
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Table II

Datá included in tire optical

P

(Mev)

do(e) /dA (Ref)

64zn 66zn 6gzn

11 .00

14"50

22 "20

.30 " 00

39. 60

49.09

61 "40

Pe68*

Ke64

EX

EX

EX

Ca67

rnodel analysis 
"

Pe68*

Ke64

EX

EX

EX

Ca67

Pe68+

Ke64

EX

EX

EX

Ca67

Fu69

64zn

Ro63** Ro63**

Ro63 Ro63

Li70 Li70

tsSl***

EX Present experirnent

* Data v,'ere rencrmalized

*+ Data were measured at
**+ Data, were measureo at
***+ Data were neasgred. at,

P (e) (Ref )

66Zn 68Zn

P.o63**

Ro63

LLIV

Le67*rr**

as done

1 0 . 5l4eV.

49"31{eV"

4 9 " 5t4eV.

by Perey(Pe68) "
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fixed. When ihe differential cross sect,ions were

sat,isfactorily f itted t,he polarization cjata , if

available, were then included in the fitt,ing and

all ten parameters searched.

For incid.ent energies less than 30l1eV,

the value of t,l'¡e volume irnaginary strengÈh W $¡as

small and. usually negative and. did not improve Lhe

fit. Therefore it, vras seÈ Èo be zero. On the

other hand, when the dat,a at 49.081'1eV were fiÈÈed,

the surface imagínary st,rengtir VIe beeame very small

and it had no effect on the fit. For Èiris reason

ÞIo was f ixed at zero for 4 9 . 08t4eV and higirer

energies.

Table III lists the final optical model

parameters and Èhe corresponding theoretical toÈal

reaction cross sect ions. The f inal f it r^/as

selecÈed mainly according to ninimum * , but in

order to avoj-d false 'best' fits, the paramet,ers

were also required, to be either sir¡.j.lar for all

data sets or to follovr a certain trend. The

differential cross sections ancl polarizations rvitÌr

their theoretical fits are shown in Fig" B to 14,

t

As aiready mentionecl in Chapter tt'ro" the

parameters of the opÈical model are not unigue.

In order to avoicl the aml¡i Euities ir¡
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Fig. g The Cifferential sc.etLering cross
sections Civiclecl by tìre Rutirerford cross ¡çction
for the elastic scattering of protons fron ''--Zn at
?1.0, 1Lt.5, 22"2, 39.6, ancl 49.08 Ì{e\r" Tìre
experirnental errors are cornparable Èo t,he size of
the dots unless inclicated by error l¡ars. The
sol-id lines represent tÌre "all-paraneter" optical
nodel fits"

Fig. 9 TÌre dif ferential scatteriÌ'ìg' cross
sections divicled by t,he Rutherforcl cross qqction
for the elastic scättering of protons fron 66zn at
11.0t '14.5, 22"2, 39.6e and 49"08 Ì{e\¡. The
experirnental errors are conparable to tire size of
the dots unless indicated by error bars. The
solid lines represent the "a11-parcf.neter" opLical
r:roc].e1 f its "

Fig. 1 0 The clifferential scattering cross
sect.ions divided liy the Rutherforcl cross sqction
for the elastic scatlering of protons frorn 68rn at
11.0, 14.5, 22,2, 39"6, 49.08, and 61 "4 l{ev" Tire
experimental el:rors are cornparal-rle to tire size of
the clots unless indicatecl by error l¡ars. Tile
solicl lines represenb. the "alI-parameter" optical
noclel f its.
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I'ig. 1 1 Polari zat.i-ons for the elastic
scatterlng of protons from- ('ItZn, ('62n, ancl 63zn at
i0.5treV. ?he experirnental errors are com.parable to
the sizc of the dots unless i¡rdicatecr by error
bars.
"aIl-paraneter" optical nodel fits at I 1 " 01.',eV.

Fig. 12 Polarizations for tire qlastic
scatteríng of protons from 6tlzn, 662n, ancl 682.t at
14 " Si{eV. The experirnental errors are comparable to
tl-re size of the dots unless indicated by error
bars " T¡te solicl lines represent the
"aIl-pararneter" optical model fiL,s

Fig. 1 3 Polarizations for the ealsLic
scatterinE of protons from 6tlzn, 662n, ancl 68zn at
39.61{et/" The experim.ental errors are contparable to
the size of the clots unless inclicated by error

The solicl

bars "
"a1l-pararneter" opLical model fits.

lines

Fig. 1r+ Polarizations for the elast.ic
scatterinq of protons fron filtzn at 49,3t'1eV and
6 8zn at - 

¿19. 5ile\¡" The experime¡ital errors are
conparable to the size of the dots unless
inclicatecl by error lrars. The soliC lines
represent the "al1-¡rararaeter" o,otical ¡'rodel fits
at 49.031¡eV"

The

represent tire

solicl lines represent the
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parametrization, conrnon geometric parameters v¡ere

obtained brlz averaging the best fit values, and the

potential strength paraneters Irel:e again searched

with the common geometric parameters fixed" This

approach .is justif ied because the geometric

pararneters do not shovr any systematic dependence

on incident enerqy or on the consti tution of
target nuclei.

By averaging the best fit, qeometric

parameters in Table fff, the following set of
cornrnon values tras obtained:

ro = 1"205fm. 11 = 1.331frn. rso = 1.0?3fm.

ac = 0.706fn. ar = 0.566fm. âso = O.7Z2f.m.

One may notice that this set of comrnon geornetric

pararneters is quite close to that given try

Becchetti (p" 1 a ) . vlitÌì this set of qeometric

param.eters, the four potential strenqth parameters

V, I'tr, t6, and Vse v/ere searched. I{ was fixed at
?.ero for data below 20ÌçleV while I^Io v¡as fixed at
zero for the 6i.4Me\/ data. The resulting
numerical values for the various potential
strengths are listed in Table f\/" As the fit for

6BZn at 22.21.1eV \das comparatively vrorse at the
forwarcl anqles, optical moc1el f ittinq \^¡as also
perforned not including data points above 12Oo and

again above 90" " The results ç¡ere not given in
Table rv because the fit at forv¡ard anqres rvas not
improved significantly.
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4.3 ÐTSCUSSIOi.]

It can be noticed in Table IV that, for

11MeV, 14.Sl,feV and 22"21,1eY, the surface imaginary

potential increases very slovrly but consistently

with energy. lrtren Èhe volume imaginary potential

$/as includ.ecl in the search routine, t.he surface

imaginary potential decreaseo rapidly r,-ith energy

while the volume imaginary potential increased

rapiclly. This is in accorcl with the fact thaÈr âs

mentioned in section 2.1, absorption takes place
)

throughout tire whole nucleus for higb energy. The

real central potential seems to depenC linearly on

- N-7, _E and -6:. fn order to f ind out hors the energy

dependence changes frorn one isotope to another, a

linear least squares fit to V v¡as first performed

as a function of proton energy. The error in the

real central potential strengtir used ín the

fitting was obtained according to the follovring

procedure, nFixed cornmon geometryt' optical model

f ittings v/ere exar¡.inec1 fcr each d.ata set, Tl¡e

change in V for 1OiÃ change ú * lras taken to be

the error in V" Although W, ,ño, and Vso were also

variables in tire fittings, the possible effect on

\l caused by variation in Fio rìIo , and V* was not,

considered explicitly because their correfatio:rs
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are quite conplicated and very little v¡as knor.m

about them. The slopes ¿y/dE for the three

isotopes 642n, 66zn and 682r, .r" Iisted in Tahle

V. It can be seen that, within errors, d\.7/dE is
the same for the three isotopes studied.

dependence of \¡ linear least squares fits were

also obtained for \/ vs -Nif- for each incident
A

energy" The resulting expressions are given in
Table Vra. As there are only three points to
determine each relationship, it is not surprising
to see the values of d:V/d tY I not being

fn order to

consistent

Consequently, the values in Table \/fa rnay not
represent the isospin dependence of the real
potential accurately. A simul-taneous search of
all available data was therefore perforrnerl. to find.

the energy dependence and isospin depenclence for
all 19 values of the real potential at different
energies for the 3 isotopes. This is justifieci.
because the energy dependence of the zinc isotopes

obtain the isospin

frorn one energy to another.

are alnost the sane (see Table V) "

potentials r'¡ere fitted to the fornula
v = vo /r o r,ff + 0.4+"

A/3
The best fit. values are given in Tahle \zlb.

The above "connon geornet::y" approach v¡as

used extensiveì-y before the reformulated optical

The real

54



(t
l

(J
l

T
A

B
LE

 V

6L
lz

"n

66
zn

6 
B

zn

E
N

E
R

G
Y

 R
A

N
G

B
(i\

fe
V

)

10
 

50

10
 

50

10
 

60

dv
ld

n

-0
.3

29
!0

.0
07

-0
.3

44
10

.0
04

-0
. 

35
6t

0.
00

6

E
N

E
R

G
Y

 R
A

}t
rG

E
(M

ev
)

20
 

50

20
 

50

20
 

50

dv
/d

E

-0
.3

21
!0

.0
09

-0
,3

34
!0

.0
04

-0
.3

42
t0

.0
09



TABLE VT

EIIERGY clvlclE:Z
A

(l!ev) (taev)

11.00

14.50

22 "20

30.00

39.60

49.08

Sinultaneous search for energy depend.ence and

isospin dependence

14.9!12 "8
12.5!7 .7

-4. 1 !5 "7
15 "2!12 "B
19 .2t7 .1

-7.5t3.1

alI 19 data sets 20û.1eV(e ( SOl.teV

% 53.4 6!0.23 53. 1 4tO "26
t -o,344ro. oo3 -0. 33310. oo3

u{ -1.0!2"3 -3"8!2"5
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model- (Gr6B) 'was proposed" Alt,hough good results

$¡ere obÈainecl, tire conunon geometry a¡r¡rroach is not

$tithout ambiguity, The values of common geometric

parameters do depend sligittly on the data sets

used and t,he use of .common geometry rvorsens the

fit. Theref ore the possil:le errors in the

pot,ent,ial strength pararneters are much larger"

The introduçtion of the reformulated opt,ical model

provided a different approach to the study of the

opÈical nrodel. Greenlees et aI (Crgg) suggested

that t,he mean square radius ( r2)ana the volume

integral J'of the real cenÈraI potent,ial sirould be

used to study tire reaL central potential because

they seem t,o be quite well <lefined, in the optical

model analysis. These tr.ro quantities are ciefitred

as

J = Jv(rl ci=

Taking the form factor to be Vloods-Saxon, they can

-<¿> =

be simplified to .,

J = 1[ u*3 (1*Tr:^'?)
! ^ 

3 
v¡\ I I ' ¡f

<r, = å ßaz+ti"!t
f

where ft = r" Af3 and ao is the ,dif fuseuess

Plots of J/A vs E and ( t2>'' vs E tør

Jt'o(r) ar

Jvtrt ar
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Fig. 1 5 Tire rms radius ancl tìre volune
integral tr)er nucleon of tÌle real central optical
nocle1 potential for €,uZn plotted versu:i tire
incident proton energy for tile rang'e I0-50laeV,
Tire solicl line represent linear fits to the volume
integrals per nucleo¡r accorcling to the reLation
J/l = Jo /A + d,E for f, betl,¡een 20 and 50 I'feV"

Fig. 16 The rms raclius and ti:e voLurp.e
integral per nucleon of tìle real central optical
noclel põtential for 66zn plottecl versuè the
irrcident proton energy for tire range 10-501-leV.
The solid line represent l-inear fits to tìre volume
int,egrals per nuglaon according to the relation
J/A = Jo /1' + v,E for E betr.¡een 2A and 50 I.ÍeV"

Fig " 17 The rms radius and tìre volune
integral per nucleon of !Ì-re real central opt,ical
nodeÍ pðtential for 6 B zn ploLted versus tÌle
incidenL proton energy for the range 10-60t.IeV"
The solid line represent linear fits to t-.he volume
intcgrals per nucleon according to the relatj.on
J/n = J" /I' + v,E for E b'etween 20 and 50 I.4eV"

(The errors in the rrns raclì i ano tìre volume
integral per nuclcon oi tÌ:e real central optical
potential r','ere taken to l:e the corresponding
changes with 10Í change in f as mentionecl
previously. I'Jherever error bar is not siror.¡n the
error is less than the size of the cl-ots.)
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and 68rn are shown in Fig.15 to 17. These grapiis

shot.¡ that, for E greater than 20l.leV, the voLume

integral per nucleon decreases with energy

linearly while the rooÈ mean square radius stays

constant rvith energy" gliren E is below 20MeV, the

volume integral per nucleon and root mean square

radius rapidly move above the linear relationsirip

with energy as tire energy d,ecreases. This

behaviour of the volume integraf pei nucleon ancl

root mean square radius has also been observed for

other isot,opes (liu72) . This could be related to

the fact that effects due to core potrarization and,

exchange become irnportant at, low energies (14a72) 
"

Tire volume integrals per nucleon for energies

above 2OtleV $/ere fit,ted to

J/e=Jo/A+ê(,Ep

for the three zinc isotopes separately. Error in

the volume integral v/as again obtained, from the

change o"f J corresponding to 10f change of )e as

done previously" The r¡alues of c<, obtained are

listed in Table VII. ¿\lsc shown in Table VII are

the averag'e root mean square radii (11¡¿eV and

14.5t1ev not included) 
,for 

64zno uuro, and 68rn as

werl as odr ancl < t'>"' for 6r,i u nu o , uoao, ancl

208Pb obt,ained by others. ït j-s apparent that

although the values of gl#Ð fo.r t¡e zínc
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isol:<-rpes are co¡isistent, among ilrcmselves, ilrey are

in disagreement r,¡itt¡ the results for 40ao 
ancl

208f,' 
" ït ean be notecl tliat these tv¡o isotopes have

both neutron e¡:o pr-o trn shcl_Is- closeCrbut tirere is
no obvious reason r.rtry this sirould cause the value

of # to cliffer from that for other nuclei.
Greenless et aI (Gr6B) shor*ed that tire

volume intogral sirould also crepend cn tl¡e isospin
according to

r/A ,td ( 1*çYt
Unfort.unately this

accuraÈely in the present stucly as only three

isotopes v¡ere stuclied. The values of f{="" Taì:le

VIII) for eacir energy scatter bet,r.,-een 1 and -0.5,
and it is very hard. to say r.rhat the ¡nast, probable

value is. .Ir,s the energy depenCence of the voltune

integral per nuclcon betrr'een 201{eV ancl .50lieV v¡as

almost the same for all the zinc ísotopesr the

volur,re integral per nucleon in that energy ranE:e

could not be exami¡recl

t¡ere fitted using tÌle for¡nula

J/A = Jd (1* 9Yl + o(,8 +

The best fit values r-rere

J. ={99,3!2"6
Ci

{t=-3,228!0"062
elç'=-0.30010"062

ft is ol.:vious tltat the value

2.36-\
ÀAttL

ol.rtaineô Í.or C' is
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rABLE VII

6r,i

16o

4 oct

64 zn

66zn

682'

20BPb

ENERGY RANGH d,J /A , tr-

(Mev) ÏÉt ( rm3 ¡ 1r2t'2 tl.',,)

25

25

25

20

20

20

50

100

180

50

50

50

-4 "25

-3. B0 t0 . 50

-2.1 6t0.07

-3, 4510. 1 1

-3.24t0.09

-3 "24!0 "22

-1 "9 510.03

TABLE VIII

25 180

3.5110"05

4"0510"03

4.5210.09

4.48r0"04

4.5910.08

6 " 04r0.04

ref

LoTQ

Va69

Va7 1

Energy
(MeV)

1 1 .00

14.50

22.20

30 " 00

39.60

49.08

Va74

ç

0.48t0.19

0 "72t0. 1 1

-0"4610.10

-0. 1 4!0 .26

0 "62!0 "21

-0.3610"21
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much Ior.¡er tnah the value ç = 0.48 est,imated by

Greenlees (Gr68) using the soft core potential
proposed by Tang et al (Ta63) . l,or.¡ values o.f Ç

have usually been obtained for the isospin

d.ependence in studies done previousS.y using volume

int,egral per nucleon (Si72). The possible reason

for this is the neglect, of second anetr higher order

terms arising predominantly from the tensor force.
Ãnorher oL¡vious reason is rhe facr,or ( 1+rlEL)

which decreases wi.th the increase in mass number

v¡hen ao and ro are considered to be constanÈ. In

the case ef t.ha zina i-sotopes the factor (1- )

decreases by 0.5Í from 64rn to 662r, {also toth?z¡-
to 68 znl . The isospin clepenclent te:=q in

v = ve -oqg * u,Y + 0.4+
would cause an increase of 1"2% if the isospin

pot,ential st,rength Ur is taken to be 24tfeV. As

the isospin potential strengÈIr !¡as for:¡rd to be

aI¡nosÈ zeÍo for the zinc isotopes v¡hen tcor.mon

geometry" potential f.or Z0l,feV(E ( 5tI4eV was usecì

(see Table VI), it is not, at all surgrising to see

that a negative value for the isospin dependence

was obt,ained using volume integral per nucleonc

The large difference in tl¡e isospin

dependence obtained for the zinc isoËopes com¡rared

with accepted vaLues for U, and Ç suggests that a
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nuclear struäture effect neglected in tiris

analysis may be important in Èhe case of zínc

isotopes. lioir'ever, as already mentioned in Chapter

Two, neither change of shell for the outermost

nucLeons nor drastic change of deforrnatÍon seem to

be applicable to the zinc isotopes, There may l¡e

some details of structure of the zinc nuclei tirat

must be discovered in order to explained this

anomaly among the zinc isotopes but at present the

origin of t,he anomalously small isospin dependence

is not obvious.

4.4 CONCLUSION

protons by 642n, 66rn and 682r, h.= been studied.

An experiment was performed to find the

dj.fferential cross sections aÈ clifferent energies

Èo complement existing differential cross sections

and polari zat,ion data " ¡{11 these riata were

analysed with optical model potential. The

energy dependence and isospin dependence of tire

optical model potential vrere studied. by using both

the common geometry approach and the volume

int,egral per nucleon, The results of these two

approaches indicate that the encrEy iependences

In sumnary, elastic scattering of
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are almost the sarqe for the three zinc

(-0.33210.007) and they do not follor¡z the

À dependence suggusted by earlier results
for Aocu 

an.c1 2o8p¡.

The isospin potential strength obtained

f ron sinlultaneous search is Ur =- 3.9t2. 5l.leV for
data between It = 20Me\¡ and 50t1er/. This is much

smaller than the value obtained by perey(pe63) and,

Becchetti (8e69).

isospin term in the volume integral per nucleon is
quite different fro¡n the value O.48 suggested by

Greenlees(Gr6B) . Nuclear strueture changes miqht

well af f ect the cLetermination of the isospin
dependence using isotopic sequenees. Although

there is no drastic chanqe in clefor¡nation nor

change in shell occupiecl by the outernost nucleons

among the zinc isotopes, it v¡ou1d seen possible
that sor,ne detail of structure of the zinc nuclei
makes it difficult to compare the isospin ter¡rs
for the zinc isotopes and other nuclei.

isotopes

trend of

obtained

The coefficient q for the
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APPEI,TDTX

TABLES OF DIFFERtrNTIAL CROSS SECTIOIIS

Note:

For the sake of uniformity
all cross sections are qiven
to at rnosÈ 4 signif icant
figures even when the reported
errors - -do not fully justify
such precision.
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64zoçp,p¡642o

En= 22"20¡þ 0.15 trieV
-L/

o
ên IlIo

(dee)

10" 16

!2,7O

L5,24

L7 "TB
20.12

22"85

25,19

2'-1.91

1o,46

11.00

15,51

18.06

40.59

41.L2

45"65

48.18

50.7r
51"21

5r,76

58.28
60.Bo

6r"12

65"74

68.1'

70, 87

71"18

7),89
78.40
80,91

81"42

85"92

88"42

¿o/aO eï:ror' Cân

(rnb/sr ) (I'")

2582c. 2.r
10160, !"7
5176. 1.8
2754" L.7
159:." 2.6.

g6oJ 1"8

572.1 ) 1,5
142,Q 2.2
2L6"6 4.7
t62"6. 1.5

141.9 1.5
r19.T L.4
I77,O I.B
L28"6 I.1
IL1.7' 1,5

92.62 t.4
69"55 1"5

47 "ro I.7
28"25 ' 2"O

L4"18 1,8
6,jj6 j"o
1"695 6.0

4"822 1.8
8.328 1"5
L2,68 T"7

16,89 !.5
2O"O2. L"4

21,70 1,5

21.?t L.5

rg "62 L"g

16.81 1,4

L) "16 2"0

ege mo

(des)

90.92

9r.42

95,92

98"42

100,91

LO1"4O

105 
" 89

lOB"JB

110"87

Lr1.t5
115. 84

t].B,t2
120,80

L21"28

]-,25,76

L28"21

L1O"77

L31.LB

t1r"65
Ltg"I2
].,40"59

r45"06

745"51

148.00

L5O"46

1r2"95

t r.19
L\T "85
L60"12

162.78

L65"24

]-57 
"7O

ao/aÍt error, e;mo

(nblsr) (lÐ
,10"70 2"7

7 "592 2."2

5"27I t.L
1"207 r.9
2,059 4,5
L.TJT 2,6
r,994 z,B
2,526 r"4
,,L67 1,6

,"829 L.6

4"152 I,4
4.616 l.B
4,606 L,4

4"166 L"4

1,972 1"4

I"JBB 2"O

2"744 L"5

2.116 2,o
1"592 r.g
r.L5' r"'I
0.gT6 1"5
0,875 L"g

0.942 4"+
I"079 r"6
r"145 7"8
l"5TO 1"8

1.836 3"2
2"065 1.8

2"118 5"L
2"225 2"0

2"288 2"A

2"289 2"O
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64zo(p,p)642o

E=p
e

c rI]1,

(d"s)
10"16

12"TO

rr,24
l.7.78

20"32

22"86

25,19

27 "91
70.47

lt"oo
15,51

38.O7

40"60

41.t1

45.66

48"t9

50"TT

51"24

55.76

58"29

60.81

61"11

65,84

68,j6

70"88

77"19

75"90

78.4L
BO"g2

8r"42

BBr4l

,o,oo * o"t5 i'iev

ao/¿Q error' c "II],
(nblsr) (%)

14670" 2,O

6741" 1"8

1264" t"7
1799.; 1,6

901.2 2"2

J80,0 2"8

l_28.1 4"7

48.4L , 6,2

,5"81 2-5

97 "61 t.4
r17,T 1,4

175"9 , r,7
160"1 !,4
r19"O . !.4
IO5.9 1.5

Tr"67 t.6
43.47 1"8

22"4r' 2.!
Lr,47 2.O

8"j11 r,5
10,24 1"8

14.71 1,7
Lg,"tr 1,5

2L,91 A"4

22"74 1.5
21"24 1.5

17.61 2"2

14"01. 2"r
g"6g1 2.,
6"829 2"9

1"612 1"i

e
C AIII"

(dec)

90"91

91"41

95.91

98.42

].OO,92

IOt"4L

105"90

ta3"19
110"87

7L1.16

115"84

tLB"tl
120.81

r21.29
r25.76

r28"24

t1o.T1
t r.r9
r15.66
L1B"rt
140.60

t4r"oT
r45"51

148"00

r50.47

t52"91

J-55,19

L'7.86
l.60"12

162"78

165.24

!67 "7A

¿olAfl error
' CclLc

(nb/sr) (i'")

2"969 7,O

2"9OT 2"2

1"105 !"7
1,t94 L.1

,.679 r.4
,,rga 1"4

1.5LT L,4

,,r51 1"4

2.770 L"6

2.4L1 2.L
L"94' 2,5
r"621 2.8
t.118 3.4
1"107 1"8
0"944 4.L
0,922 1.8
0"719 5"7

0"678 j,!
0"646 3,7
0"614 2.1
0,619 2.2
0,595 2,L

0"681 2,L

o"72L 2"L
0"797 2"6

0" 891 2"6

o.B4g 2"7

0"862 2"6

o,77' 1.2
0.724 1"5
0,658 t "7
0"595 t"B
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64znçp,p¡642n

Er"p-
ôc"mt

(des)

10.16

12"70

l-5"24

IT "78
24.12

22"86

25.40

27,91

ta.+T
,7.oL
35,r4
78.A7

40,60

41"t4
4!5"66

4B.tg

50"72

51"25

5'"TT
58.29
60. 81

61"33

65"85

68,17

70,88

71"40

7r"9L
78"42

BO.g5

&1"41

85,94

88,44

19.6a * 0.15 Liev

d.6/dll error
C C IIIO

(nblsr) (%)

8489" T,9

4580" 1"6

2922" L"7

L46r ", ]-B
552"7' 1-B

L54"5' 2,g

24"41 T,Q

15"54,. 2.L
LOry'? I'B
165"6 r L"T

LB6'A i 1*6

ü4.L 1.5
J28.5 L,5
86,55. L,7.

5L"7O 2.2
26.9L. J.O

u."T.o. 2"4

11"65 2.L
L1"8t 1,6
L7 "29 L.6
lB,5B, L,5

].B, t r.4
r6"L, r.4
Li.Lz r.9
9,7rL 2"2

6,497 i.B
4"Jo1 4"8
3"286. 5"1
2"652 2"9

2"511 5,L
2"658 1"6

2"700 1,7

o
C,UIo

(d"g)

90.94

9J"44

95"94

9e,4,
L00.91

rot,42
105.91

108,40

1I0.88
11r.JT

l-r5"85

ttg.Jj
120,41

r21.29
r2r-'17

r28"25

L13"19

L1B.L1

140,60

U3"o7
u5"54
14B"oo

t5a"4T

L52,gt

L55"4A

L57 "86
]60.12
L62.78

165"24

L6T"7A

d.o/d.ft error, 
G 'IIIO

(mblsr) (%)

2.771 t"7
2"665 1.8
2"276 r"g
l.861 2"1

L"IOL 2.4
o"g80 4.4
0.747 6"0
o"6ot 6.8
0"508 T,L
o.47L 6,6
a"464 5,2
0"462 4"2
o,LJA 2.7
0"424 2"9

o"r8g 2,7
a.Jro 2"6
0"216 1"1
o,15O 5"2
o"log J,2
o"og5 g"T

o,o8l w,
o.09o 11,
0"111 9.&
o.l1a 9,7
O,L55 T "2
o.Lvt 6"5

0,170 5"8
0"181 5.O

a.LTT 4,7
o"L76 4,L

70



66ro(n,n) 66ro

Ep = 22.20 * 0.15 Ì,tev

â ¿o/a0 error
CrIIlr ' 

'cülc(a*e) (rablsr) (%)

10.16 28)26, 1"9
72"69 LO11CI" . 2,5

L5,21 4957 " t.9
L7 "77 2746.' I.B
zO"tL t64g;' 2"5

22.84 1002,'. L,g
25"18 61L"6' J.2
27"9L 

'92"L. 
2,2

5O "45 2M.2 4.1
J2"98 Ì82,4' 1"6

1r,5L L55"2,- 1"L
JB"O5 141,5 1"5

40,58 Lr4,T ' ro8

45.tt l2r"? L"4

45"6.1 IO1.7 1.6

48.l_6. BL.T.9 I"7
50"69 59"06 2,O

53.2L )7"5A 1"8

55"7J zL.Bî 2"L

58.26 10,71 3..7

60"78 4"709 2"8

65,29 t,6t7 7.4
65.8L 5.Boo !"9
68"15 9,565 1,r
70"84 L4"66. r.5
71"15 AB,5T L"4

7r.87. 20"7.9 I,4
TB"'T 2L,15 1"6

B0"BB 20.41. 1.6
81"19 t7 "99 2"O

85,89 U"86. 1"8

88,19 11,79 2"L

e
coIï1.

(a"e)

9o.go

9i.19
95"89

98"19

100.88

tot,iT
ro5"B7

LOB.15

110,84

rt1.13
115,81

rLB"2g

L20.Tg

].21"26

L25"75

728.2L

LJO"69

Lt .16
L35"65

lrB,11
140,5&

t43,O5

L45"5r

l4T"9a
rra,4,
L52"gL

r55"rs
T5T.B4

160,1L

L62,77

L65,2'
167.69

¿o/¿Q error, Gclllo

(nrblsr¡ (%)

8"941 2"5

6,189 2,L

4"24A j.5
2.761 2"0

r"816 10"

r"69, 2.9
2"024 2,7
2"6QT L,4

1.211 1,6

1,924 l"B
4.195 L"4

4.62+ L,4

4"544 L.5

4"117 r.4

'"BTL 
r"4

t,258 2"4

2"639 1.5

r"977- L,g
L*4J-7 2,5
0"959 L.T
0"661 5,8
a,6:r9 l.g
o.62j 6.9
0,941 L-T

1,101 4.2
L,44O 1,8
L,rug 2.9
r.999 1"8

2,109 2"6

2,25' 2"O

2"264 2,A

2"272 2,O
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66roln,ùo6zo

En= 10'00

e
c eIIl e

(¿"s)

10"16

a2"7O

15"21

L7.77

24,7r
22.85

25.18

27,92

1o"45

J2,99

i5"52
18,05

40"58

43"\r
45'64
48.tT

50,69

57.22

55.74

,8"26
6.0,79

61"1o

65"a2

68,31

7o,85

71"76

75"87

78"18
g0"gB

91"40

85.90

BB"4O

+

¿o/afl eæor
' Cøtlc

(nrt/sr) (?")

lJB00" 2.1

6101". 1"7

1t45" 7.7.

T130" r"7
BIT.B 2"2

147., 2.9

128,]. 4,7

58"18 5.8
7r.o5 2"4

II2"7 L.5
149,o. r,5
164"0 L.5

l5T,Z. L"4

129"5, L,5

95"20, r"6
6r"aj 1,8

14"14 r"9
16.27 2.2
8.554 1,8

8.110 1.9

12"10 1.8
l7.rg r"7
2r"25 1.5
21.1r f "5
22,18. L"5

19"52 2"1

16,30 2"1

12"21. r.g
8"600 2,5

5,515 3.2

1"8L6 1"4
2"822 1"6

O"1l ltleV

€
c, lll.

(a"s)

90"90

91"40

95.94

98"44

LOl"tB

TO5.BT

ro9"16

110.85

tL1.1t
rL5.B2

118,JO

t20.78
r21"26
t25"74

r28.22

l1t"L7
rrr,64
118"11

140.58

t4r"o5
r45"52

L47 "98
7r4.45

752.92

r55"18

T57.8'

]6A"1r
]..oz"7T

16r"21

167.7A

ao/¿O er:ror' C.ÍI,

(nrblsr) (%)

2"752 2"'l

5"057 2"4

1"4L1 1"6

1"716 L.6

,,818 !"4
1"171 1.5

2"916 L,T

2.420 1,8
t.grr 2,,
1"57A 2.8
1"214 5"4
1,050 4,A
o"gtT 4"7
a"B6J 4.2
a,Tgr 5"7

4"7.7.5 2"9

0.684 2.6
0"627 2"5

o.5TB 2"I
o"5r7 2,5
0"548 2"7

a"rgi 2.j
0"691 2.2

o,7BB 2"4

0,800 2"6

0"825 5"O

0"797 2.9
0,782 1.r
a.746 7,2
0"684 

'"4
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66znçp,p¡662n

Ep = ig"6o * o,r5 iae¡f

€gomt

(dee)

10"1-6

12"70

].5*24

17 "77
20.'L
22,85

25;19

27,92

,0"46

,2,99
1r.52
78"06

40.59

4i,I2
45,64

48"L7

50"74

5r,22
55"75

58.27
60"T9

61"3r

65"9t

68.i4

To,86

75"17

75,88

7a"19
80,90

81-40

86"9L

88"41

ao/a0 error' CotiÌ'

(*¡/"") (:i,)

1040 G. l.B
5151. r"7
2BrB, 1"7

L174". 1"8

527.7 2,0

L71'e 2.1

20"56 8,4

48"25 1"8

110"8 1.9
].67.6 1"6

182"5 1"6

161"g. 1,6

120,8 r"'l
7B.Og 1.9

42"90 2.5

20.62 r,6
12"62. J.L
12"00 1.7

15"49 L"7

]8*94 J.B

19,58 r"5
LB"5O L.5

L5"9r leb
rr,T5 2"2

8"608 2"9

5"514 r"g
,"v54 5.5
2.867 5.1
2"652 1,9
2,705 2.j
2"ea2 L"7

2"7?o 1.6

e
Crilt

(¿es)

90"9L

9r"4L

95"9L
gB,4O

100"90

LA1"J9

1o5"BB

LOB"t7

110"86

rL1"54

rt5"Bt
]JB.'L
l,20,79

L21"27

r25"75

I2Bs22

lJ1"L7
L15.64

Lja"r2
f/.O,r9

ut.o5
f.45"52

r47 "99
t5a"46.

Lrz"g2
L55-19

LrT "e5
160"3L

162"77

165"24

]-57.7O

¿a/d.Ct error
' C oIILc

(n{sr) (l')
2"656 L,7

2.414 t"5
2"014 1"8

r"541 1.8
I"L T L"5

OtBTi 5"5
o"7o2 6"2

o,5g9 6,t
0"514 5"8
Q"522 4"6
4.5I, 7.7
0,507 2"8

0.479 2.L
0"426 2"5

0.184 2"8
0"575 2.4

0,228 4"4
0,195 4,4
o"Lrz 5.4'-,

o"rJa 5"8
0"108 4,4
0"106 ?"o
0"109 T "5
0"118 7"9
0.146 T*2
0"160 6"7

0"180 6,0
0,186 5.5
a"L96 5"O

0,190 5,7
0"182 4.7
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6t-(nrn)6uro

\.p=)22.20-l o,t5 l,ler

e acr/¿O errolcrllla ' grm,

(¿es) (rrblsr) (lù
10,15 ]4010" 2,1
72"69 11950, 2"L

L5"21 5699" r.9
laI"T6 SLg].-. L.9
20"14 L?OT, 2"4

22"81 1190, 2"O

25"17 746"r' 2"9

27.9A 469"O. 2,5

,a.41 294,2 5"&

t2"97 2t9.4 r"7

J5.5O L84,6 2,6

,B"Ot !67 "O L"5

40"56' U9 "Z L"7

41"09 Ltz"' 1,5

45"6t- 110"0 1"6

48"14 Tg,g4 L,6

50"67 57 "A5 L"'l

53,t9 15.66 2,O

55 "7L trg 'LT 2"2

58,2j 8,42' 2.O

60"75 4.26L 2.L

61"27 4,&5L T"L
65,7g 8,668 ¿nL

68.30 LJ*BJ 2"+

TOè82 19,11 1,6

l1"Jî 22"7A 1"5

75"A4 24.59 1,6
'f 8"75 zt.BT L"8

80,86 27,82 r.7
8J"16 LB"rz 2,L
B5,BT r4"g+. 2"O

88"17 11,U 2u2

e
CoItro

(¿uc)

90,87

9r.57
95"67

98"36
r00,86

r45"55

105,84

LAg"r1

L10,82

1'L1"rû

ILr"79
118"27

r20,75

J21.21

L25,TL

128"L9

LlA"67

rJt,14
t15"6t
Lt&,o9

uo"56
Ur"A,
t45,5O

r4T"g7

L5o."41

L52"9O

Lr1"17

L,T.B3

160,10

L62"76

L65"22

L67,69

d-o/¿fi erf,r.o:t'
' GcIÌÌo

(nblsr) (1i,)

B,4Lg 2.6
5"t18. 2"A

,,450 1"+
z"jj4 2,6
1"840 8,4
2"A59 2"4

2.629 l"T
5"545 L.5

t"g6L L"6

4,56'E 1"5

4"A79 L,5

5"428 L"'
4,785 L,5

4.tBT 2"L
j.854 1"6

5,t65 2,A

2"41j 2"O

L"746 L,g
L"r45 J.6
o,74i 1,7

0"496 8,7

o"4I0 2oA

a"529 15"
a*772 L,7
r,122 1"9
L,5LJ 2"O

L.854 2"'
z.rM 2"O

2,265 2,O

2*199 2,O

z"tBT 2,4
2,289 2"4

7LT



68ro(n"n)68ø*

Ep = ]o,Oo + O.15 þIe\¡

e
Goro,

(¿ee)

10.tr5

L2,69

15,2'
L7 "76
?aða
22,94

z>ln
2T 

"gA
to"M
72,97

,5"50
18,01

4O"56

4)"49

45"62

48"75

,0"67

55"eo

55,?"

58"24
60"'16

61.2e

65:Te

68"'L

70,82

71"14

75"85

T8"16

Bo"86

81"17

95"87

88.'B

d.cr/a0 error
U e¡Uô

(nb/sr) (7,)

r27n, ?o6

6087, lnL
J9O2, 1"9

L986" znl
975"1 2.,
421"9 7"O

r55.e' 4,7.'
79,45:' 5"o

92"25 2"1

].4)*6 I,B
lBL-1 L"T

192"2 1"8

180,4 1,8
178"5 l-,8
gg"5l t"g
59"47 2,7

3O"L5 2,6
L1,20, 2"'
8.26L r"7
10,58 2.L
t6"59 2,5

22"09 2"A

26,75 1.8
26,71 1,8
25,1A lug
zL"tB 1"9

r6"6t r"g
t_1.59 2,J

7 "7.57 2"9

4,TO7 4"4

J"39J 4,Q
2"904 1,2

e
Coto

(¿"e)
g0"Eg

91"78

95"4'l

98,17

LO7,56

105,85

110,82

tLt"lL
tL5"Tg

1Ì8"28

72O"76

r25"24

125"TÊ

].,2B"2O

L75.L5

L75"62

t1B"O9

t4o"56

¿claÇr eqror
' @cEIo

(rrblsr) (t/"ì

J.zjL 2,t
,"762 1,8

4"2L4 !"7
4,5OT L,6

4"044 L,T

5.5J5 L,7

2".-L95 2"2

t"657 2"8

L,25L 1.7
L"0o1 4,6
o.gtl 4"9
0"885 4"6
0"906 4"2
a,g44 7.j

o,Bg1 2.7
o"Bu 2"7

o"7o2 2"4
4,5t7 1,4

t5o"44
rr2"90
155,77

L57 "84
t6o"ro
]..62"76

L65,21

t6T 
"69

a"546 2"7
o"6L5 2"9

O"7L9 t"7
0,775 i"O
o,BB0 2"9

0"890 1"4
0"9l.2 1"6
0"855 2,9
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69znçprp¡íBzo

Tip= J).6 t o"t5 Itiev

€
coEl,

(¿.s)
10"15

].,2,69

15"21

17 "77
20"1O

22"84

25"77

27.9r

10.M
32"98

15"5L

38.O4

40"57

41.1o

45"61

48"L5

50,68

51.2o

55.72

58.25
6a,77

63"2a

65"8o

68"72

TO"B)

T1.74

75"45

78.16
80"87

81"78

85"BB

Bs"lB

¿o-/an- er:ror' c oIIl.

(nblsr) (7")

rol]o" r"6
5156" 1,6
2721 * 1,7

7247, I"9
4M,8 2,L
89,70 6."2

20,11 11,

77.64 1,8
\57.6, log
zrL.7 L"T,

215"8 1,6
179,9 I,6'
L1O.g L,g

77 "A7 2,r
tg"B4 2"9

r9.o9 7"8
Lt"25 r.g
lr"To 1"6

20"15 2"a

24"44 I,B
24"52" 1"5

22"19 r"5
r7 "Tr' 2"O

!2"57 2"5

8,252 2"7

5"11r j,O

1.742 5"7

1'216 4.4
t,2L2 2"1

1.525 1"8

3"58A 1"8

1"47L 1"8

o
c ollle

(¿*s)

90"BB

9J"JB

95'ee
gB,tB

1OO"87

aar"t6
105"85

L48,14

110,8'
tL1"j2
115'go

118,28

r20"77

L21"25

L25"72

!28.20
1ro"6B

711,rj

118."10

L4O"57

L41,O4

r47 "gB
150"44

L52"91

157 "84
L6O"J2

162"77

]67 "69

ao/an er:ror' C oIBo

(ru/r') (/")

1.Ot7 L"6

2,496 l"g
1"984 2"5

L,4Bt 7"6
L.L64 2,2
o"B7g 6,o
0"729 6n0

a"69, 2,A

0"617 4"1
o"6Jg 7"L
a"62a 2.6
0,578 2"2

0"523 2"O

a,46o 2.5
o"4r4 1.A
0,408 J"ø
Q"282 2"L

0"248 4"4

0"181

0,169

o"152

o"l-19

0"151

0,158

0,29Q

o"2L2

o"221

o"24,

4"9
2"9

2,O

2"A

4"5

4,9

4,9
5u2

5"o

5*j
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Be64

Be6 9

ôâ1
Bo72

Bu65

Ca67

Du65

Fe54

Fe58

Fr67

Fu69

Fu70

Gr6 B

tse7 0
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