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ABSTRACT

Using a standard beam attenuation technique, proEon total reaction

cross sections, oR, for ni58, Ni60, Ca4B have been measured aL

seven incideuc proÈon energles in the laboratory energy range fron 22 ro

48 LleV aË the UniversÍLy of Manlcoba Cyclotron l,aboratory. The resul-ts

obLained have an absolute accuracy of I to 3Z for Ni5B.rrd Nr-60, and

2 to 5% fo. c.48.

The results for C.4B h".r. been compared with both rel-ativisric and

non-relativistrc optical model analyses of elasti. p+Ct48 data. The

l¡i58 and Ni60 ,.srrlLs were compared both with non-relativistic

optical roodel prediccions using global parameEers and a relaÈrviscrc

optical- model analysis using a sLandard mixture of PotenLial terms"

Nuclear t.ransparency calculations have been made for these nuclel using

aJ-I publlshed daca below I00 ÙleV" Using prevÍously measured o* values

for nucler from Si28 to r.68, along $¡ith the presenL measuremenLs,

oR varÍations as a funcLioa of N ar'ò. Z have also been scudied"
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I. INTRODUCTION

The _toLal reaction cross section can be calculated frou a sirnplified

model where one considers the nucleon-nucl-eus interaction as a sum of

nucleon-nucleon inLeractions, specifieally, in the Glauber muJ-tiple

scatLering approximation at higher energles (>I00 MeV), or from Lhe

optical Eodel whj-ch assumes a uniforE potenLial represenLing the

nucleon-nucleus Ínteractions.

The total reaction cross section, opr Provides lnformaLion of

fundamental imporrance to any fuII undersEanding of the nuclear

inLeract.ion. In earlier opLical model studies, IRet " I-4] the imaginary

part of Ëhe potencial did not conform to any systemaLic behaviour" Since

t.hen studies have indicated that t.he imagi-nary Paramecers are quiLe

sensiLive co the toÈal reaction cross section. The o* data, to a large

€xtenÈ, determine the imaginary poLential- Ín the oPtlcal model [Ref. 5,

61. AJ-so o- Eeasureuents provide a great deal of Ínformarion on few.K

nucleon sEudles [Ref" 5]. ln addj-tion, Lhe totaL reacËion cross secLion

provldes an lmportant constraint on phase shift analyses of nucleon

elastic scaLtering.



lolo NON-RELATIVIST IC I'IODELS

I"l"a, Nuclear Transparency Ca-L culat ions

Þlany of the earlier reaction cross sectj-on studies at energies up to

I00 lfeV e¡ere concerned wlth rhe behaviour of o* as a function of mass

number at a singJ-e energy [Ref" 6-14]o However, recently the energy

dependence of o* (except at Lower energies where the Coulomb barrier

reduce6 OR subsÈantially) has been established and is represenEed by

the followtng senl-geometrical relation IRef. L2, I5-17]

oR = n(roR1 
/3 * 4.)2 [1

_2ZLe \ z._ Æ_) (1 - r) (r)
rAÞ

o

where I rs the reduced wavelength for Èhe rel-atlve motion of the incident

particle and the targetr ro is the radlus Parameter, ze and E are the

charge and center-of-mass energy of the incident particle, Ze Ís the

nuclear charge, and T 1s the energy dependent nuclear transparency which

is related to the mean free path of the incident particle inside the

Earget nucleus. ln general, the cross section lncreases wiLh increasing

energy up Lo a maximum near 20 ÞfeV, decreases to a minimum between I00

and 300 ÙleV, and then slighCly lncreases with increasÍng energy (up to

l0OO IleV) due to pfon producÈion [Ref. 15]. Hence [Eq' l] rePresents a

way of separating O* values into a geometrical factor and a facEor

whÍch depends on Lhe nuclear reaction mechanism. In this Ewo-Parameter

nodel representation of the reaction cross section, Lhe radius ParameLert

which is fixed for each nucleus, deËermines the geometrÍcal cross section

while the energy-dependent nuclear transparency, T, ls associated wirh

the nuclear reaction uechanism.



I"Lbo The Optical Flodel with Global Parameters

Over-r.he years an extensive search for a betLer understanding of the

nucleon-nucleus interaction has establ-ished the opLical model as one of

the most widely used methods of daLa analysis, and frequenL applications

of the optical model have gradually led to rnodificarions of the model

parâmeters to improve the fiLs. The conventi-onal optical uodel replaces

the aggregate of nucleons wÍth a potentlal having several ParalDeters

contained in conplex cenEral plus complex spin-orbrt LerrDS. The oPtical

potentlal used in our analysis was of the standard form

u(i) - vc(¡) - vr(xo) o rlarw". þ rt*rl

twvo r(xi) + (v"o * rwso) * tå¡ r(x"o)lí' Û Q)

where V_ is t.he Coulonb potencial and ls represented by che pouential
c

of a unifornnly charged sphere:

2^vc(i)-*tl-(fr)'l , rsR
2

-ze r ) R (3)
r

v¡here R ls the Coulomb radius, R=roAl/'rt, t¡ith ro taken to be

I.25 fu, a6 suggested by llenet [Ref" 7)" However the ro values for

each nucleus, taken from the charge distrlbuclon conpi-Iation suggesLed by

Hofstadter nlght yield betcer agreeBenÈ [Ref" 5I]. V is the real

potential , H,oo and W", are t.he volume and surface parts of the

imaginary potenEial, respecLively, and V"o t" t.he real parr of the

spin-orbrt. pocential" The funaginary part of the spin-orbiL poËential'

W"o, *"" seÈ equal Eo zero since lts negligibte value has no



significant effect on the quality of the fits, although it becomes quite

an imporLanL ?ara$eter at energies of 500 MeV and higher. The radial

form factoi, f(x") is a Fernl function:

f(x.) - [r * exP(xa)] 1 where

" - " n1l3
x - â (4)aa

a

The optrcal potenLial thus contains six geomeLrical- paramet.ers, namely,

fo, aor ri, ai, a"o, "so and five dynamical- parameLersi V,

W.ro' W"f ' V"o ' Hso o

Based on rhe facË that the quality of the fits wi¿h fixed geonetry

and strengch is comparable to the best fits to each indlvidual targeL

nucleus, the global paraneters from Becchetti and Greenlees [Ref" 4] have

been adopted here, In their work, they analyzed existÍng elastic

scatterj-ng data for incidenE protons of energies up Èo 50 !ÍeV scacEering

from nuclei of mass number between 40 and 90, and determined an optimum

general parameter set using t.he standard formulaEion of the opticaÌ

nodel. Although the superiorrty of the global parameLers over Ehe

parâmeters tha[ Írere exÈracEed from che indlvidual analyses has not. been

establlshed, it has been shown that [Ref" 3,4], wichin Ehe range of

validity, Èhe gtobal parameters can be used wiEh reasonable confidence"



I.2" THE REU,TIVISTIC OPTICAL MODEL

DurÍng _t.he last decade an optical model based on Lhe Dirac equation

has been developed as an alEernative Lo the Schrödinger equation based

phenomenology IRef. I8-30], This is largely due fo rhe availablity of

Lhe experimental elastic scatÈering data for spin observables" The basic

feature of the standard relaLivÍstic opEical urodel is the treatment of

the optical poËential- as a nixture of a LorenËz scalar pot.ential and the

time-like conponenL of a four-vecLor potential which provides the

required spin-orbit and ceneral tenns. This (SV) nodel was motivated by

the fact that heavy mesons play an inporEant role in the descripcion of

nuclei, and furthentrore the effecLive nucleon-nucleus lnLeraction is

derivable from Lhe meson-exchange models of che lwo-nucleon interaction.

ln Ehis nodel the scalar poLential is relaEed Lo the neutral scalar field

arising from a two-pion exchange process, and similarly, the vecLor

pocential is related to the neutral vector field conposed of o-îesons"

Hov¡ever, t.he model assunptÍon of a static field j-s not fullfilled since

the struck particle recoils. Although a model of this type has been

successfully applied Lo the finite nuclear size and the single particle

bound sLaEe problems, one can also consider oLher combinations which use

a tensor potenÈial Co obtain the large spin-orbit sErength, such as (ST),

(VT), or (SVT). However it has been pointed ouÈ t.haÊ Lhere is an

unsolved ambiguity in È.heir Lorentz charact,er, buL chere is some

theoretical evidence from Ehe relatÍvistic impulse approximation and

relativlstlc nuclear structure calculations which favours the (SV) ¡nodel

[Ref. 29,3L]. The (SV) nodel has recently been applied over a wide



energy range (20-400 IfeV) with encouraging results [Ref" 29,31],

including systematic behaviour in this energy range, which is a basic

requirement for any type of phenourenological model.

The most general local, time independent Dirac equation contains

five types of potentials: scalar, pseudoscalar, vector, axial vector and

tensoro But. under the applications of conservaEion laws, such as parity

conservarÍon and tÍme reversal invariance, only scalar, veclor and tensor

polentials remain. Hence the Dirac equation has Lhe following form:

{e " Ë + ß(M+s) - (E-v) + ißü " }r} vtËl = 0 (s)

The vector conËains Ehe staLic coulomb potential, while the tensor T

contains Lhe poËential due [,o the interaction of Ehe anomalous magnetÍc

moment of the projectile wich the charge distribution of rhe nucleus.

Afrer a series of algebraic manipulatÍons, one obtains the second order

Dirac equation Ín the foJ-lowing form:

'2 ) I ,,"2 *2lV- * (E-V)- - (¡,1*S)' - v - r

.lLS-t]l ¿"t'?qivn*r)LrA âr *rr r

. *# (iril * rl " I ri . Ëlrvr - rr)

r.1 âA ^ Vnl + --LrrAâr-¿F-t""ËIvu(il=o (6)

whereA- (l,f +S+E-V) / (14+ E) and Vr is Èhe 3-vectorpart of the

vector potenLial (V ls the t.ime-llke componenL of the vector potencial)"

From Lhis point one defines

Y (¡) = K(i)otil
u (7)



srlth K(r)-+1 as r-|@ o Direct substitutlon of [Eq" 7] into [Eq" 6] gives

(8)

Using IEq" 8] n one rnay wrlte the Schrödinger equÍvalent equation

þ xri) - å t* å* + 2if I xtÊr

{v' o (E-v)2 - (¡t*s)2 - 12 o i # -' :

aT 31 ,,âAr2 - 1 ä f,2 4ì- a" - f F tr"' zr2,- à' âr/

* r.l-äA-zil ¿ " tÌ oti) * o. (e)
'rA âr

It is clear thac the 3-vec[or part of the vecÈor PotentÍal does not

appear in [Eq. 9] " From here one can define the Schrödfnger equivalent

central, spin-orbit and Darwin PotenLials, Lhey are:

tI -\t2nv +2Ms-f ns2 *T2 *zI-!aa"eent. 2L n A âr

âT 3 ,â4l2 1 â r 2 ðArr* 
ãF 

* 
,..ue 

,*, - 
,Ã ãF t" a"JI '

u".o. = $ t- h t#l . Í tl and,

uo-hf-+h("'$fl "{tfft't , (Io)

for a Schrädlnger equatlon glven by

i' n ,r(u""nr o u".o Ë " t) etil - (E2 - u2l otËl (lI)

It is clear thac both Lhe cenEral and spin-orbit potentials depend on S'

V and T, while there is no tensor conLribuEion to Ehe Darwin PoLenÈialo

Since pseudoscalar and axial vecEor terms can be omltted because of a

parlty argument, and slnce the tensor coupling of the o-rneson is thought



o

t.o be sgal-I, it' follows thaL the scalar and vector potenLials a]-one are

adequate to describe our systen. In order to compare Lhe rel-ativrstic

optical medel at lour energies wiÈh Lhe non-relatÍvrst.Íc model, the Dirac

equat.ion must be reduced to a Schrödinger equation for Ehe upper

componenÈs of y for the (SV) model in a simj-Iar manner to that above.

(i.e. deleElon of the tensor poEential and anomalous magneLic lDoment

terrn. )



II. EXPERIMENTAL SET-UP AND PROCEDURE

II" I. BEAMLINE

The experimen! was carried out at the University of Manitoba

Cyclotron Laboratory" The proton beam J-eavj-ng the cycloLron was cenEered

wirh respecE to the axis of che beamline by using Ehe combination magnel

and varying the stripping foil angJ-e" Steering magnets STII, STl2 and

rhe quadrupole lenses QI and Q2 were also used. The beam of the

cyclotron was broughr to a waist at the posrlion of the slit system SI

which defined the object size for che rest of the beam Lransport system.

The sIiE settÍng of Sl was 0.1 cm wide by 0"05 cm high" The beamline

configuration is shown in IFig" I] " The proton beam vras momentum

analyzed and defLected into the l5o right beamline and into the

reac[ion cross secLion apparatus by che bending magnet. A beam limÍLer

(a cj.rcular carbon bl-ock r^riLh a 1"8 cm by 0"75 cm recLangular hole) was

placed just before the bending ltragneE. During the experiEenL, Lhe

quadrupole lens Q3 was turned off, while Q4 was used to reËracL the focal

plane of che bending magnet onEo the Location of the image slits (with an

aperÈure of dimensions 0.3 cm high by 0.2 cn wide)"

By using a small- currenL source the residual magnet.ic field (39

Gauss) of Ehe analyzing magnet "4" r¡as nulled to avoid the deflection of

protons to the high resolutÍon beamline. A set of collinators, described

in the followtng section, were used to further define the beam size and

directiono
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LI.2. REACTION CROSS SECTION APPARATUS

The reaction cross sect ion apparatus consists of an evacuated tube

fÍt.ted with a circular entrance collinator of 0"127 cm diameter IFÍg. 2]"

A brass antiscatlering baffl-e, wich a 0"38 cm diameLer hole is.located

89"5 cm away from the first collimator" The antiscaLtering baffle

removes the protons scattered from the edge of the circular collimaror.

The passing detectors I and 2 are two plastic scin¿illators

constructed from NE-I02 sheet and are "0064 cE and .0076 cm thick,

respectively. They were separated by a distance of 6"0 cm" Each of the

scintillators is rûounted in a cylindrical ¡ube, the inner surface of

whic.h is coated with white reflecting paint" One end of the tube is

closed while the other end is open for viewing by a phoronulciplier tube

through a l-ucite windoç¡ which also forms a vacuum seal" The beam enters

and leaves t,he cyJ-indricaL tube through I.3 cm diameter holes in the

sides which are covered with 0.0006 cm thick aluminized mylar, thus

opticalty isolatÍng each tube from the othero Passing detector I is

Iocated I0"9 cn downstream from the antiscattering baffle while passing

detector 2 is separated by 0.3 cu fro¡o the first scintillator dÍsc of

annular detector 3"

The annul-ar detecÈor telescope is composed of detectors 3 and 4.

Detector 3 consists of a paÍr of plastic scintillator discs. The first

disc has a hole 0"236 cm 1n diameLer, while Lhe second disc has a hole

0"305 cm in diameter. Each scintillator is mounted ln a luciEe holder



L2

which ls covered with aluminlzed nylar; the assenbJ-y sLides into a cavity

in Lhe apparaËus" The discs are held perpendicular to the beam. The

distance between the two discs of annular detecLor 3 is 2"5 cm, and the

second disc is 19"2 cn from the target location" Each cavity 1s vacuum

sealed with a lucite disc, and both ends are viewed by photonulripl-ier

tubes. Annular detector 4 is a scincillator disc with a center hole of

0"368 cm dlameter and is located 4"9 cn upstream fron t.he target

positÍon'

Ttre t.arget forls are nounted on a ÈargeE wheel 10"3 cm ln diameËer,

The wheel can accouurodat.e 14 targets plus an empLy space for targeL-out

measr¡rementso The wheel is turned by an el-ectric motor which is fitted

wiÈh a synchro-readout, allowing the target to be positioned renotei-y

fron t,he control roorno Immediately following the target ls a collinator

v¡hj-ch defines the acceptance angle subcended by the energy analyzing

detector aystemc This angle lraa 45o for the chree LargeEs used in this

experlmenË o

The energy anaJ-yzing system consisLs of two detectors" The flrst of

chese, deLecÈor 5,ls a small plastic scintillator disc of 0"635 crn

dÍameÈer and 0.I02 cn thickness placed ln a flac lucire pipe 0"I57 cn

thick which passes ouL t.hrough sloEs in t.he target block for viewing by

two photornultipller Èubes, Each photomultiplÍer Èube views one end of

che light plpe through a luci-te window. Detector 5 subtends a cone of

half-angle 80 wlth respecL t.o t.he center of the Larget.n Protons which

emerge from a ËargeÈ wfth deflecEiou bet\.Ieen 0o and 80 wÍIl strlke

detector 5" The electronic logic Ereats such proLons as non-reactions,
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whether t.hey deposit full energy in ¿he stopping deLecLor 6 or noto In

general, 98l or more of the beam parcicles passÍng through the LargeLs

ar
emerge in the B" cone, almost aII having been elastlcally or multiple

Coulomb scatteredo These proLons produce 987" or ltrore of the reaccÍons in

the stopping detector 6, causing false reactions to be recorded' A very

snall number of protons have undergone reactions in the EargeL, and a

small error is made because these reaction products are Lreated as

non-reactionso As a result of the presence of detector 5r che

at.Èenuation rate (fo-i)/io with targeE-out is reduced by a large

f act.or ; it no longer contributes signif icantly Èo the overa.Ll staLi-stlcal-

error. The stopping deteccor 6 Ís a Cesium lodide crystal 8.9 cm in

diâmeter and 1.3 cm thick coupled co a photomultipLÍer Lube through a

l-ucite lighr pipe" DeLector 6 is locaLed direccly behind detector 5.
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anticoincidence requlremenL on the signals generaLed in deEectors I, 2r 3

and 4. The pulse resulting from Lhis selection circuit is recorded as an

I oulse- Once an Io event occurs, the second part of the electronico'

circui-try is activated, The function of this section is lo determÍne

wheLher or not the Íncident proton has been removed by Ehe target" If it

is noE, this circuiE generally produces an I pulse" I and Io are

combined in the third logic circuit Eo form (Io-I), which represents

the number of protons reuoved from the beam by the Larget. It can be

measured directly and is related to t.he total reaction cross sectiono

The elecrronic

parEs (see Irig" 3] )

characleristics f rom

An I pulseo'
detectors I and 2

annular deÈectors

II"3. ELECTRONICS

II"3"a. Logic Operations

circuitry can be brrefly divided inLo rhree major

, The f irst part seJ-ects a proton !¡ith t.he correcL

the incidenE beam by inposing a double coincidence

is produced whenever pulses are generated

in coincidence in t.he absence of pulses

3 and 4. This evenË is denoÈed 1254 and

in passing

from both

indlcates ¿hat

a proton has passed unscatEered Lhrough the passing deEeccors I and 2 and

has passed through the central portion of the annular deEecLors 3 and 4"

This Io pulse is routed into Ewo branches. One branch opens Ehe

nornally closed linear gace whlle the other branch goes Èo the slgnal

input of a normally open Linear gate (after being delayed). If the

proÈon whlch produced the 1234 pulse does not undergo a reactÍon and is

elasri-cally scattered frorn 0o co the maximum acceptance angle of
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deLector 6, a second pu-Lse is generated and is denoced by (5+6)" This

(l'-6) pulse passes through the linear gate opened by the 1234 pulse,

regisLers as an I event , and c-loses the normally open ]-inear gate,

preventing the delayed 1234 pulse from passing through rhe linear gate

and registering as an (Io-I) event. However, if che proton undergoes a

reaction in the target, 1t does not, in general, produce a (5*6) pulse.

The nornally open IÍnear gate remains open and the delayed I23ã pulse

passes through and registers as an (Io-I) event.

rr.3"b. The Electronic Details

Fast sÍgnals from Lhe anodes of passing detectors I and 2 were

amplified in the experimental- area and transmitted to t.he elect.ronic

setup in t.he control roortro These pulses were fed through fast

discriminatorso An additional- discrininator was used for detector 2 Èo

obtain a short pulse for che pile-up gateo The negative outpuLs from the

discriminator chains for deteclors I and 2 were fed into a 4-fold logic

unit (coincidence-l), which operaËed in the two-foId colncidence mode.

The summed signal frorn the anodes of the phocornultipliers viewing

detector 3 v¡as amplifled ln the experinencal area and the same was done

for decector 4. After passing through the fast discriminaÊors, these

signals were fed into a fan-in unit. The output fro¡n the fan-in unit was

connected Lo the lo-veto input of the pile-up gate which produces an

rnhiblÈ pulse wherever a pulse was received from the fan-ln unit" The

pile-up gale rias also connected to inhibit. input. of the coincidencê-I"

Therefore, the outpuË from Èhe coincidence-l- was L23î, (i,e. Ëhe I
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pul-se) "

The linear signals from che dynodes of detectors 5 and ó were

preamplified and aroplified Ín the experimental area, Lhen fed into ¿he

single channel analyzers used as Íntegral discriminaLors' NegaLive

s ignal-s f rorn t.hese integral discriminators were f ed into a f an-in unit.

The output of this unit was (5+6) (i.e" an I pulse). The logic pulses

I234 and (5+6) now drive linear gates in t.he manner described in section

lI"3"a,

Posicive slgnals from Ëhe incegral discriminators for detectors 5

and 6 were delayed and sent to Ehe coincidence-2 unit " This uniL

produced an output when the Io signal was in coincidence wich the

signal from the detector 6 and in anticoincidence e¡ith t.he signal fron

detector 5. The output of this coincidence unit was sent to the EB

scalar. The unipolar output pulse from the detector 6 linear amplifier

was delayed and routed Lo the signal input of a nornally closed l-inear

gate which v¡as opened by the presence of the outpuE sÍgnal from the

coincidence-2 uniro The output of the linear gate was fed into an

analog-to-diglt.al convercer (ADC) which was interfaced co a VAX/V!1S

version V4.3 cornputer, the gated spectrum of detector 6 being sEored in a

IO24 channel nemory" The purpose of this circuitry \.Ias Lo help in

deEermi-rring cerÈai-n correcÈions discussed in Chapter III.

Accurate reaction cross secEion measuremenLs require PrecÍse Liming

of the cÍrcuit elements, eapecially the gaLeso In particular, the

normally closed gate opened by an Io pulse must remain open long enough
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for the assocÍated I pu1se, if any, to pass Ehrough" The normal-Ìy open

gate, when closed by the I pulse, must remain shut long enough ¡o block

Lhe Io pulse completely" To elininate errors caused by pile-up

ef f ects, an artif icial dead rime r.¡as i-nLroduced Ínto Lhe eleccronic

systen by means of a pile-up gate" This unit produces an inhibic pulse

whenever iE receives a pair of input pulses from detector 2 spaced less

Ehan t seconds aparL. The pile-up resolving Lime t was selected to be 6

UÊeco (The inhibit pulse remained as long as pairs v¡ere received wrthin

6 Usec; whenever two pulses were spaced less than 6 Usec aparfr Lhe

pile-up reject circuitry rejected both pulses, and hence no Io pulse

was produced.) An appropriate delay, 6 itsec' was introduced on the

coincidence-3 signal IFi-g" 4]"

II"4. TARGETS

Circular targets of Ni5B a.r¿ l¡i60 , | "26 cm in diameter ' !¡ere

used for t.he oR Eeasurements of nÍckel. These stabLe nickel Eargets

were 99 "79'Á enriched for Ni58 and gg.O7% for Ni60' For calcium

measure$enÈs a g0.BL"/ enriched C.4B a.tget 1.26 c¡n in diameter was

used " rh" c.4B Larget was handled r,¡ich exEra care r.o avoid oxygen

contarginationo For the C"48 t"rget instalnent, Ehe target block, which

contai-ns its own puupÍng sysÈem, $¡as removed from the OR apParatus and

transferred inro a glove box filled with 99"99952 purÍfied argon gas"

(The sun of Nr, OZ, C02, H20, etco tlâs less Ehan 5 ppm")

ImnedÍately after weighing the Larget, it was mounted on the Èarget

wheel" Then the target block vras removed from the glove box while rhe



27

e¡hole block v¡as flushed with argon gas and transferred back to ¿he OR

apparatuS. After conpletion of Lhe experimenL, the C"48 t"rget vras

weighed agaln in the glove box to determine any possible oxygen

conLaminationo An elecrronic balance was used Eo determine Lhe mass to

an accuracy of t0'l ng. The Ni58 a.r¿ Ni60 t"'gets were also weighed

before and after the experimenL. The areal density of each targeL vlas

deLermined from the ratio of iLs mass Lo iEs area. The overall

accuracies in determining the areal densiLies varied beLween 0"47" and

2.4"Á. The areal densities of the targe¡s are given in lTable I].

I I,5, EXPERI},I-ENTAL PROCEDURE

The experlment consisted of a series of target-in and Earget-out

û¡easuremenLs at each energy. A threshold was Set on detecLor 6, 6 ÞfeV

beLow the elastÍc peak, The master scalar was set to stop counting the
'l

Íncident protons Io when I0' Io events had been recorded" The beam

intensity was monicored so that the incÍdent beaû race did not exceed

tLl0 prorons per second, At each energy aE least t.hree runs of I07

o evenLs were taken for each targetô

During the experimenL, the incidenE ProLon energy was varied seven

Lines in Ehe energy range fron 23 to 48 !feV. The energy of the beam was

changed by alterÍng the magnetic field of Che bending magnet' A nuclear

magnetic resonance (NlfR) probe !¡as used Co Eeasure the ttragnetic field'

The calibratlon was detentrined by Ehe use of a modified range-energy

rechnique suggested by Bichsel [Ref. 49, 50]. The beam \,'¡as reduced in

energy by an accurately lapped sllicon degrader" The residual beam
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I raure t ]

Areal DensiLies of the Targets

Target Px + Apx ñx + 6¡¡

(m¡./cm2 ) (nucl-ei/cnz) ' 1020

Ni5B q0.53 t 0.21 \ .21 t 0.02

Ni60 39.48 t 0.111 3 "97 t 0.01

Ca*s 10.4ri x O .25 1 .31 t 0.03
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energy \,ras then rneasured by a Si surface-barrier decector" The 5"47 lleV

241
alpha line from Am'-'v¡as used along with a precision pulser to

calibrate Ehe silrcon derecÈor. The rhickness of silicon required co

sLop Lhis residual beam was determined frorn the range-energy tables tor

silicon of Bichsel [Ref.49, 50] and this was added Lo Lhe thickness of

the degrader, givlng the toLal anounl of siLl-con required to stop the

fu.ll energy of the incident beam. The range-energy tables were used

again to determine the incident Proton energy" Three energy points in

the range 23 t-o 48 lleV were measured to calÍbrare Lhe bending magneLo A

Èable of energy versus Nl"fR f requency was generated" By this method, the

beem energy was decermined Eo wÍthin I00 KeV. The beam energy spread

afLer col-lination !¡as abouÈ !I50 KeV.
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III" DATA ANALYSIS

III"I DATA REDUCTION

The acÈenuation of a beam of particles passing through matter is

given by

r - ro exp (-nxo) ( r2)

where I and I are the inÈensitles of che incident beam and attenuated
o

beam, respectively, n is the number of nuclei per unit volume in the

target, x ls the Èarget Lhickness, and O i6 Che attenuaÈion cross

sectiono If (nxO) 1s small compared Èo unlty, [Eq." 12] can be re-written

âS t

(I .I)
o

(tE nxI
o

( t3)

From thÍs point, Ehe uncorrected reaction cross secÈion was obtaÍned from

Ehe following formula:

1 r(ro-r)-(1o-1)l (r4)o,rn"nxt L - L,

v¡here (Io-I) and (io-i) are the number of aEtenuation evenÈs with

targeE-in and targeL-out, respectively" Io and io Èhe number of

lncident protons with target-in and target-out, respeccively, and nx is

the number of targeE nuclei n., .r2" The ÈoÈal reacLion cross secLlon

was obtained by applying a series of corrections to the uncorrected

reacËion cross section oun IRef" 32-341"
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II I" La. Elastic Correct ion

A proton eLasLically scaltered from the target at an angle greaLer

¿han the maximum acceptance angle subtended by the detector 5 and 6

Lelescope (45o) is not a reacLiono Yet it is treated l-rke one by the

logic. Thus Lhe experÍnentally measured cross section must be corrected

by subtracting the elastic differential cross section rntcgrated frorn

450 to I80o. To compute chis correction, all available eLastic

scattering data for each Èargec in the energy range under study were

coll-ected fron Lhe lÍterature IRef ' 3 r8,3I,35-4 I ] " The angular

distributions were inLegrated numerically and Lhe results plotted as a

funct.ion of energy. Points at the energies of the experiment were

obcained by a second-order polynomial fit to Ehe integrated results.

III.l.b. Large Angle Charged Particle Reaction Correction

The charged particles produced by nuclear reactions which are

scatLered into detector 6 between angles 80 and 45o (hence, missing

detector 5) r¿lth energies above its discriminaLor Level, wilich was set 6

IleV below the elastic peak, wiII be counÈed as non-attenuation, l,

events. A correcEion must be applied Èo the measured cross secLion for

these missi.ng event.s, This correction was obtained in a sinilar manner

to that for the elastic correctiono AlÌ avatlable inelasEic differen¿ial

cross sec¡j-on data for excited state energles up Lo 6 MeV for the targets

under study was collected from che llteraÈure IRef. 31,35-36,4L-44] and

lntegrated over the 8o-45o angular rangeo An interpolation was then

made and Êhe corresponding correction was added to the neasured cross
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s ect i-o n.

III. I.c. Srnall- AngIe Charged Particle Reaction Correction

AII charged particles encering deLeccor 5 wiEhin ¿he 0o-8o

angul-ar range and depositing energy above the noise level in Lhe detector

(about 0.4 IleV) wilI produce an I pulse (non-aEtenuaEion event)" These

reaction events are also missed, and a correctlon must be added to the

uncorrected reaction cross sectiono Since the solid angle subtended by

detecLor 5 at the targeL j-s snallr 0"077 sr, this correction is quite

small in general and it may be calculated in a way sÍmÍIar to the large

angle correctj-ono

rll.I"d. CorrecÈion Due To The Reactions In Deteccor 6

Protons v¡hich are elastically scattered into detector 6 whlle

missing detector 5 nay initiaCe nuclear reactions urith the detector 6 CsI

scintÍllaLor, producing false (lo-I) events" This correction must be

subtracted from the uncorrected reaction cross sectiorr" This correcEÍon

was obtained by using the appropriate known reaction probability for a

proton sropping in CsI [Ref. 45]" The number of protons enËering

d.erect.or 6 and rnissing deteccor 5 Ís counted during Ehe experiment and

Lhe associated cross sectlon Ís nultiplied by the reaction probability"
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DeLector 5 i-s a scintillator disc

p1pe" A proËon elastically scattered

I1I" I e. Correcti-on Of False Events Due To DeLector

scatLered in the lucite in such a vtay

enbedded in a flat lucice li-ght

from the target and subsequentl-y

that ic does not enter detector 6

gives a false attenuation event. A correctÍon musL be subtracted from

Èhe measured total- reacLj-on cross secLion" In general this correcEion

has been found Lo be 2 mb or less [Ref. 32-34)" In the present

experiment this correctÍon ranged from I to 2 mb,

III. I.f. Other Corrections

Two other possible correcti-ons, namely due to finiÈe beam size and

finite rarget Ehickness were found to be negligible IRef.32-34] conpared

Lo the overall experimental error" Thus Ehey were neglected in Èhe final

result,

Particles scatÈered from the target or reaction products betv¡een the

angles I73o and l80o impinge on the second annular deEector and this

give a condition of an invalid lncÍdenË beam particleo This effect has

been evaluaLed and uainly due to Èhe sroall solid angle present a

negligible correcÈiono
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LTT"2" NON-REI-ATIVISTIC OPTICAI },IODEL ANALYSIS

III"2.a" Nuc Iear Transparency Calculations

The fol-Iowing procedure v¡hich is sj¡ilar to that of De Vries and

peng [Ref, I6] was applied Èo our experimental- reaction cross section

results along erich al-I the publÍshed dat.a for Ë.he nuclei of this

experiment below I00 lleV [Ref' 45]" First, the radius Parameter ro vlas

determined for each nucleus by solving [Eq" l] for ro after setting T=0

and using all experÍmental- values of o* for that nucl-eus" The largest

r value was arbitrarily taken to be Ëhe fixed value for r^ for Etrat-O O

particular nucleus" Next, using the fixed ro value and keeping T=0 in

IEq" l], geometrical O* values vlere calculated at each experlmental

energy. These reactlon cross sectlon va.Lues correspond to a totally

absorbing or bLack nucleus and are called oo(bl). Finally, [Eq. 1] was
t(

solved for T, using experimenEal O* values and previously determined

r values" AII these resulËs wlll be presenLed in Chapter IV for each
o

nucleus under sLudy.
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III.2"b" The Optical- Model- Analysis wiÈh Global- Parameters

tseccheLii and Greenlees' opÈimum proton-nucleus standard optlcal

mode.l- parameters, so called global parameters, in further parameterized

form in terms of A, Z, N, and E are aa follows [Ref" 4]:

v = 51r - 0.12E + 0.r{ l+) + 24 (f) r"u t
A,,

W_ _ = 0.228 - 2.7 l4eY, (on zero, whichever is greater) ,vo

Wsf = 11.8 - o,zSE. t2 (Y) ¡lev, (or ze?o, whichever is greater),

a, = 0.51 + o.Z (Y) rm , (ts)

where E is the incidenÈ proton energy and V"o=6"2 I'leVr to=l'17 fm,

ao=0.75 fm, r.=I.32 fn, a"o=Ì"0I fm, and a"o=0.75fm. The

dynanical parameEers, nameJ-y Ëhe real poËent.ial V, Èhe imaginary surface

and volume potentials W", .*d Wrro respectively, and the imaginary

dÍffusivity ai v¡ere cal-culated for each target nucleus for the energy

range under study. By usÍng a modified version of the program SEEK,

these parameters erere applied to Èhe standard Schrödinger based

phenomenology. Reactlon cross sectlons were calculared. These resulEs

will be presented in Chapcer IV"

III"3. RELATIVISTIC OPTICAL I'ÍODEL ANALYSIS

Nuclear opticaJ- model studies using the Dirac equation containing

Iarge cancel-ling Lorentz scalar and Lorentz four-vector pocentÍals, have

shown its superiorlty Ëo t.he standard Schrödinger equatÍon based

phenomenoJ-ogy. In thls work, nlckel lsotopes (Ni58, Ni60¡ w.ru



studied

ln

P-Ni 
58,

used in

at loner energies than previously

the application of Dirac phenomenology

p-Ni60 elastic scattering, the complex

the foLLowing (SV) nodel form:

s=vr(i)*illc(i)
SS S-S

v=vr(i)+it¿R(i)vv v-v

ç¡here the form-factors are two-Paralneter Fermi functions

-tII + exp (r-ri)/.i] ^, with i=v, s" The model consists of twelve

adjusÈabJ.e parameters, the same as ln the s[andard non-relativistic

Schrõdinger phenomenology. These twelve parameters were varied, using

Lhe chisquare (X'¡ rlrritizatlon method, to obtain the besÈ fit to

Ni58 a.,d ¡¡i60 ¿rtferential cross seclion and analyzing power data

foúnd in the liceraÈure [Ref. 3, 8, 35-4]., 461. The analysis began wich

a fit to the data at 65 l'IeV. This was accomplished by allowing the

indlvlduaJ- potential strengths V.,r, W.r, V" and W", as wel-l- as Lhe

gecrmetrical parameLers, to vary until the best f 1c v¡as achieved. (The

nodel paraDeters arere varied one at a Lime untll Xt *^" minimized for

each individual paral¡eÈer search.) The solid lines in IFrg" 5"a] and

[Fig" 5.b] show the flÈ obtained for Ni58 and Ni60 tr 65 ]leV" The 65

ì{eV potential parameLers \,rere then used as the starting point for

analysis at the other energies" Reasonabte fits Lo rhe data at each

energy were obtatned by changing Èhe strengths of the PotenLials and

varying the shape factors as littLe as possible from that obtained at 65

MeV. Then, by using the potential paramelers thaL were obtained fron the

considere¿ [Ret " l9-31 ] .

to the analysis of

potenLials have been

30

( r6)



fits for each

completed for

energy, the reaction

Ni58 and Ni6o.

cross section predicÈlons v¡ere

31



32

Þ{
@

c\{

É
t+.1

olc
"d[€

3.0

1,5

1,0

0,0

0,0
O

@
o
Ë

-1.5

^oo
60.80

( degrees ¡

0.5
(Þ

4

-"5
oo e (deg6r%es) 80

Inie. 5."]
Best flt differential eross sectlons and analyzlng powers

for p+¡138 aL 65 tæv uslng the reLaLivistlc opttcal model.



33

$4
m

$d

É
t+1\-/ 

1

olc
"ú[€

3. l, r,,l ¡ r r l l,r,, r l r r rlr,,,l r l rr 1,,,r,t,,1I

E¡

BI
Eæø

r
.J tttttttr l¡r¡r

20

1.0

0.5

0.0

.5

0.0
o

@
o
Fl

-1 I'
0

lll I I I I I I I I ll 
I I I I I I I I 

I

ooo (¿.e6r%es) 80

CD

4

20 40 ,o 60 \e (degrees)
Ipis.5.b]

BesE fit dlfferentlal cross sectlons and anaJ.yzing powens
for p+Nl60 at,65 MeV using tne relatlvlstic optlcal. model.

80



34

IV. RESULTS AND DISCUSSIONS

IV"IO NICKEL-58

The final p+tti58 Lota.ì- reactlon cross sectlon values are shown in

the last column of ITable 2], along r¿lt.h the associated uncerÈainties.

The table also contalns the uncorrected reaction cross section as wel-I as

the different correction terms. The main contri-burion to Lhe correction

of the uncorrecÈed reactlon croa6 secÈÍon was from Èhe elastic

correction, which was abouL l5Z of o,rr, "t 
the Lower energies and

decreased with increasing energy. The total reaction cross secLi.on

values are ptotted as a function of incoroing proton energy fo, Nr58 in

[Fig. 6]. The O* va.Lues vary srDoothly with energy and decrease with

increaslng energy, A comparison of the experimenÈal proton total cross

section for Ni58 has been made with the other experiuent.al- values

available from Èhe l-iterature [Ref , 7, 8] at 60,49,40,30 and 28 ]leV"

Alchough, in general-, reaction cross section resulLs from the present

work average about 2% higher than chose from the literature, within the

liniÈs of the experlüenLal uncertainties there exists reasonable

agreenenÈ.

The resulLs of Ehe nuclear transparency calculations are presented

in [Tabte 3]" The values corresponding to a b.lack nucl-eus are listed

under oR(bI) tn lTable 3] and plotted in [Fig.7] along with the

O*(Exl) resultso The increasing dj-fference beÈween O*(ExP) and

O-(bl) values viÈh increasing energy is attributed to an lncrease (fron
t(

zero) of the nuclear Èransparency T which is lrsted in the last cofumn of
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Iraur":l

Nuclear Transparency Cal-culations for NisB

'o

( fm)

Energy

(Mev)

op (Exp)

( fn')

o^(bt )

(fm2)

T

(f)

1 .53 60.8

47 .9

49 .5

ll5. 1

ll0. 1

39 .8

34.9

30. 1

30.0

28 .50
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94.7x3.2
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95 .5t3 .rt
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101 .1 13.0

1 03 .8r3.2

1 0B .8t2 .9

1 09 .8t2 .9

92 .7 ¡2 .7

5\.7x3.3
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111{

112

110
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69

32
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19
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12
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[Table 3]" The maxlmum transparency, on the order of.327", occurs for the

highest lncident proLon energy, 60"8 ÞleV, whlle mlnimum transparency is

obtained at 22,7 l{reY. The transparency depends on the choice of radius

parameter roo A different ro value wouLd yield a different set of

Éransparency values. According to thls model, with this choice of ror

l¡i-58 ts almost completely absorbing around 20 or 25 !feV, and then

becomes increasingly transparenL to lncoming proÈons at energies above 25

ÞleV"

The results of the Schrödlnger equation based oPtical model

calculations with gIobal paraneters for p-Ni58 el-astÍc data are shown

ln ITab]-e 4]. Ttre theoretical total cross secflon, OR(theo) ' values

are listed in the table together wiLh Èhe global Parameterao The

experimencal total reaction cross sectlon, o*(Exl), and o*(theo)

values are plott.ed as a funcÈion of lncldent Proton energy in [Fig.8].

Although there is reasonabJ-y good agreenenÈ between exPerinental and

theoretical- reactlon cross sectlon values aÈ energies lower than 45 l'lev,

within the lirnlts of the error barsr lt was observed that the o*(Exl)

results were 4"1 anò 77" higher Èhan optical uodel reacEion croas sectlon

predicLÍons at 45 and 48 ÞfeV' respectively"

A comparison of the experimenLal proton tota-ì- reacfion cross section

for t¡i58 has been made wtt.h the theoreÈical values obrained i-n the

Dirac equation based relativistic nodel analysis. The PotenÈial

paraneÈers of rhe model are .Iisted ln lTable 5] along with the reaction

crosa section predictions for Nj-58. Although the real scalar and

vecLor potentlal strengths decrease sllght1y with increasing energy,
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whlle the fuoaglnary potenÈial strengths and shape factors remain

approximacely the same, a strong 6ystematic dependence of the potential

paraneEerÊ on vårylng energy is not observed' AfÈer each parameter

2
search, X- values were obtalned and llsted la lTable 5]. l'Jith these

sets of paraDeterar rea6onable flts to the different.ial cross section

data were obÈained aL 6mall scatterlng angleso The discrepancy betûJeen

calculated and experirnental differential cross secLions at. large angles

(larger tnan 95o) ls largeJ.y due to Lhe lack of spin observables ln

this low energy range and for Èhis partlcular nucleus; ln other studies,

t.his dlscrepancy was explained as a characteristic of the optlcal model

calculations whlch do not lnclude expliclt exchange interactlons

[Ref. 28]. ln further sLudies, inclusion of a coroplex l-dependent

Þlajorana exchange potentlal in the opLlcal- modeL removed mosL of this

large angle discrepancy [Ref. 47, 48]. A sanple fir obtained from

relativisÈic optlcal nodel analysis at 35 MeV is presented ln [Fig" 9] "

The Ëotal reacLion cross aection predictions are plotted as a funcLion of

proÈon energy along wlth the experlmenÈal reactlon cross secLion values

in [Flg" I0] " Although there ls remarkable agreemenÈ between them, one

rnust cousider that lt ls possible another set of Parameters may provide

equally good agreement" The relaÈivistlc apProach provides a testing

ground for various relativistlc structure calculatÍons; however, at low

energles, the unambiguous speciflcation of the ParalDeter setr and hence,

the veriflcation of the predictlons, is lirnited by the lack of spin data.
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IV"2" NICKNL-60

The measured total reactlon cro6s sectlon and associat.ed correcLions

are presented in [Tabte 6] " The varlation t¡ith Proton energy of the

proton total reaction cross section for l¡i60 is shown in [Fig" II], and

again a smooth variation with energy vras observed. A comparison of the

p+llf60 total reacÈion cross section has been made with Lhe other

experiÐenLal results obtalned from Che literature [Ref" 6-8] at 14, 28,

40, 68 l'leV" There exists considerable agreement within the limits of the

uncertalnties "

The results of Ehe nuclear Èransparency calculations are listed in

[Table 7], and oR(bf) and o*(Exp) values are PIoEted as a functlon of

incoming proton energy 1n [Flg' t2]. The maximum Èransparency, on Lhe

order of 33%, occurs at 60.8 l'IeV, while minimum transparency is obtained

at 22.75 ÌleV" According to this Bodel with ro=I.55 fm, Ni60 i"

almost cornpletely absorbing around 20 to 25 ìfeV, and then becomes

increaslngly transparent to incoming proLons at energies high r than 25

l"feV "

The results of the non-relativisLic opEical model analysis with

global parameters for Ni60 ... shov¡n Ín ITable 8] " The total reacÈÍon

cross section of Nt60 is also pJ-otted in [Fig. 13] along rvith the

predicttons derived from Lhe non-relaLivisÈic opticaf model with global

parâmetera" Reasonably good agreemenE r.ras observed except at energies

higher chan 45 !leV. In addicion, it was observed thaÈ the experÍmental

reaction cross section at 30 ì'leV was 7"/" lower than the predicred vâlüe"
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Ir"ure zl
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Total reaction cross 6ection values obtained from the relativistic

optical model- analysis are listed ln ITable 9] together wlth the

potencj-al parFmeÈerso Chlsquare values and experinental reacLion cross

section values at each energy are presented ln [Table 9] as well"

Experimencal reaccion cross secÈions for l¡i60 have been plotCed in

IFlg. 14] aJ-ong with the total reactlon cross section predictions

extracted fron the Dlrac equati-on based model. The agreemenl is quite

remarkable" A sample fit. to the differential cross section at 35 ÞleV is

presented in IFig. 15]" ALthough the large angle discrepancy was again

observed at angles larger than approxirnately about 90o, in several

other relacivistic nodel analyses in the low energy range [Ref.29, 3I],

remarkabl-e agreernent was obtained vtiLh large angle daÈa, while

non-relaLivis¿ic analyses require an additional Èerm in the optical model

which depends on the orbital angular momenÈum to obCain such agreement'

IV.3. CALCIIN,1-48

To¿aL reaction cross secÈion vaLues foa C.48 are Presented in

ITable I0] along wirh the assoclaled corrections. Again, the main

con[ribution Èo the correction of the uncorrected reacÈion cross secÈion

was from the elasLic correction. IFÍg" 16] shows the varj-aLÍon of Õ*

with energy. The smooth decrease of O* with j-ncreasing Proton energy'

with no dips and enhancements, wa8 observed over Lhe energy range under

s Ludy "
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Transparency calculations l¡rere coulpleted fo, C"48; with Lhe choice

of radius paraneter, ro= 1.56 fm, the maxj-mum transparency, on the

order of 21"452, occurred at 48 MeV incident proton energy, while minimum

transparency was observed at 23.0 |feV" The results are Presented in

[Table lI]. o*(Exn) and o*(bl) values are plotted as a function of

incoroing proton energy ln IFig" 17]" The increasing difference between

o*(Exl) and o*(bl) values aÈ energies, above approximately, 35 IfeV rs

at.trlbuted to an fncrease (from zero) of the nuclear transparency T"

A non-relaÈivistie optical modeJ- anaJ-ysis with global parameters was

performed for this nucleus. The global potential parameÈers and totaL

reactlon cross sectlon prediccio*", gloR(theo)' are presented in

ITable t2] along with the experimental total reacLion cross secLion,

o*(Exl), values, O*(Exp) and tto*,theo) values are plotted as a

function of proÈon energy in [Fig. IB], A comparison v¡as also roade with

the reactlon cross section values, oPo*{theo), obtained frocn the

non-relativlsÈic optical model analysis for p-Ca B el-astrc scattering

IRef" 3I] in IFig" 19]. The increasing difference between o*(Exl) and

8lo*{th"o.) values wich decreasing energy, uP Lo 207. at 23 }leV, is

attrlbuted to the closed-shell effects of the doubly-ttgi" C"48

nuc.Leus. Although, the oOO*(theo) predictions have higher values

than the o*(ExR) results, Èhe standard non-relativÍstic optical nodel-

gives sllghtly better agreement than the opLica.I model with global

Paramete rs a
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Iraure tt]

Nucl-ear Transparency Calcul-ations for Ca*8

'o

( fm)

Energy
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The toÈal reaction cross section fot C.48 are plotted ln IFig. 20]

along r"¡irh ¿he rel,acivtstic opLical modeL predictions obtained from

IRef" 3I] for p+Ca48 e.Iastlc scaEtering" The agreement between the

experimental and predicted reaction cross secEions was quite remarkable"

PoLen[ial parameters are aJ-so presented j-n ITable 13].
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Iv,40 SU}ÍMARY

In this experiment, total reacÈion cross sectlons have been measured

for the nucl-ei Ni58, Ni60 a¡d C"4B b.t"een 23 and 48 !lev' The

accuracy of the measured cross sections was between I and 3% for ¡¡i58

and Ni60 and 2 to 5% for c"48" The uncertaÍnties associaLed with the

uncorrected cross sections are due Lo sLatistical f-ì.uctuations in Lhe

uteasurenenCs of the reaction rates with Lhe target in and out"

Reproducibility of the data was checked by naking Lhree or more

measurements for each targeÈ at each energy.

The general feature of Èhe reaction cross sections is a smooth

decrease with increasing incident Proton energy" The opEical- model

predictions of Õ*, with global Paraneters, obtained using ¿he nodified

version of program SEEK fo. Ui5B, Ni60 are in good agreemenc wirh the

measured values in the energy range under study, but are up to 2O7" higher

Lhan the experinental reaction cross sections fo, C.48" The error in

rhe calculated reaction cross secLion using Èhe optical model with global

parameÈers 1s estinaLed to be !LO"/".

The nuclear t.ransparency results were cafculated using the radius

parameters ro=J.,53, I.55 fm for ui58 and Ni60, respectively, and

r =1"56 frn fo. C"48" The ruinimum ÈrànsParency T r¡as observed at
o

about 20 to 25 MeV for each nucleus.
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[Flg" 2t] displays the reaction cross sections divided Uy e2/3 tna

plotted versus t.he neutron number for Lhe nuclei from Si28 to

,o68 
"[ 

Ref " 45] Eoge¡her !¡ith t.he present Deasurepents' at 24"8" 34.8

and 44"8 ÈleV. on the average, there is a slight decrease in o*e-Z/l

as a funcLion of lncreasing neutron number for 24,8 and 34"8 HeV lncident

protons. ln additlon, there is a dlp rn o*e-2/3 at N=28, and the

value fo, C"40 (doubly maglc nucleus N=Z=20) is lov¡er than for nearby

nuclei" Flnally, 1E is observed that for the isoEopic sequences for Ca,

Fe and Ni, there is an increase rn o*a-2/3 "" N increases, with the

exception of the doubly magic C"48"

Reaction cross secLion predictions were extracÈed fron Èhe Dirac

equat.ion based optical model analyses for ni-58, Ni60 "nd Ct48 i"

the energy range under study, Calculated and experimental o* results

are in very good agreement for each target nucleus' The relatlvistic

approach, in particularr gave a better representation than

non-relatrvistÍc approaches for Cu48 ,"".tion cross section

predict ions o

IFigs. 22, 23, 24] sgmmarize all the calculared and measured

reaction cross secLion val-ues for Ni58, Ni60 .nd C^48 in Lhe energy

range under study.
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