
The 18o(p,'d) 151¡ Reaction at E =40.93 Mevp

and Associated Spectrum Analysis Techniques

Johnson R.
..

Dep altmen t
University
I,tinnipe g ,

Campbell
of Physics
of Manitoba
Mani t ob a

A thesis submitted to the Department of physics
of the University of Manitoba in partial fulfil_l_-
ment of, the requirements for the Degree of Master
of S cien ce



lB 15
THE 0(p") N REACTION AT Ep= 40.93 MeV

AND ASSOCIATED SPTCTRUþl A|''IALYSIS TECHNIQUTS

BY

JOHNSOII ROSS CAMPBELL

A tilrsis sL¡b¡riittc¡cl to thc Iìactrlty of' (ìracltratc Sttrdics t;l'

tfic Ljnivcrsit-v of'Mallitoba in partiai fulfillmcnt of the reclttiremetrts

of'1ll.' tlcgree of-

MASTER OF SCIENCE

o" I98l

Pe r.nrission has been grarttetl to the LIBiìAIìY Ot' THE UNIVITR-

Sll'\' t)1, l\'lANl'fOI}\ to lcnd or sell copics of tl-ris thesis, to

thc N,\ I'ION,AL LIBIì.AlìY OIr CANAI)A to microfilm tltis

thcsis rrncl to lcnd or se ll ()otr)ics ol the í'ilm, and UNIVERSITY

I\'1i( lìolrlLN{S to ¡rtrLrlislt an abstract of tliis thesis.

l-hi: uuillor rescrvcs otller ptrblicatiort rights, anrj neither tltc

llre:i:r nor cxtr'Ìlsivc ertrrrr:ts ii-onl it utay be printed or otltcr-

rvisc lrirrodtrccd r.vitItoLrt Llte author's writtelt permissiotr.



-r-

Abstract

1o 
P'*)f5nAngular distributions are presented for the -"o(l

reaction , leadinq to severar excited states of 15* , dt an

incident pïoton energy of 40'93 MeV ' Ttre data was taken

usingagastargetusingthehighresolutionfacilitiesof

the University of Manitoba Cyclotron ' The extracted cross

sectionswerecomparedwithc]-usterformfaclorcalculations

using the finite range DVIBA code DvüUCK5

A peak fitting method r êflPloying a peak model which

explicitlyaccountsforthephenomenaof.'binning''indigital

spectra is presented ' use is made of spline techniques to

create a continuous , "area true " model from peaks

taken from actual spectra ' The fitting routine employs a

Newton - Raphson iterative technique to solve the

non-linear fitting equations ' using the Poisson statistical

di s trib ution
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Introduction

Thesubjectmatterofthisthesisisdividedintotwo

rnajor categories . one is the problem of fittinq peaks in

nucl-ear spectra containing narro\"¡ peaì< distributions '

rvheretheeffectof.'binning''ofpeaksisimportant

The other is the extraction and 'subsequent Distorted Ilave

BornApproximation(DwtsA)analysisofseveraldifferentiaf
18 . 15

cross sections f or states popul-ated in the -o (p 'o') N

reaction at Eo= 40.9 3 I4eV

Thepeakfittinqmet}loddescribedinCtrapter2uti]-izes

a peak model- rvhich reÞI€sents the measured peaks'as histo-

qrams: These histograms are qenerated by integrating a

continuous" underlying"peak function over a channel

width.andtakinqtheva]-ueofthisintegrationtobethe

valueoftlrehistogramoverthechanne]-width.Sincethe

pointonthecontinuousfunctionatwhichtheintegration

begins is arbitrary r êl additional parameter ' termed

the"boundaryshift"parameterrmustbeintroducedto

accurate1y characLeríze the peak

Since a theoretical shape for the spectral peaks is

oftenunavailableorinaccurate'amethodofgeneratinq

anapproximationtothisshapefromanactualspectra].his-

togramwaSdeveloped.Usewasmadeofan''area-true,'

spline pofynomial interpolation to generate the under-

lying continuous function



2-

A computer code ró/as \..7ritten.to solvd t¡e set of non-

linear equations which must be solved to maximize the

Poisson probability of the fit of the model to the data'

Thecodeutilizedat{ewton-Raphsontechniqueinthesol-

ution of tire equations

In Chapter 3 DIIBA cafculations using the finite range

DI,{UCK5 code are carried out and compared with the mea-

sured cross sections . The states excited by the

18o(p,o¡15¡ pickup reaction are compared rvith those of the

12c(o,p1 15x transfer reaction

ThestudyofanuclearpickupoÏtransferreaction

inthecontextthatthereactionoccurSinasinglef

"direct" step , should make a statement concerning the

natureofthestructureofthenucfeusandthereaction

mechanismitseff.IntheconventionalformoftheDWBA

analysis the nucl-eons are assumed to be picked up out

of. sphericat shel-l- model levels characterized by def-

inate nodal- and angular momentum properties ( (N 
'L)

respçctively ) The particle - hole nature of the

nu.c]eusmaybeinvestigatedinthisconteXt.Forinstance

a state which is excited by the 18o(p,o)15N reaction , but
-t') 'l q

noÈ by the ttC(ç¡¿rp) t"N reaction , probably has a configur-

ation containing a hole in thel2c core of the residuaf 15*

state . Ïn the DI'ïBA cafculations , the transferred' cfus-

terofthreenucleonsisrepresentedasasingletriton

bound Èo a nucl-ear potential- wefl , while the incoming
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are represented bY the oPtical

Modef .
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Chapter One

Experimental Considerations

The experiment was performed usinq the high resolution

beam line of the university of Manitoba sector focused

cyclotron , ât an incident proton energy of 40.93 Mev using

the associated 56 cm. scattering chamber . Figure l--1

shows a ffoor plan of the laboratory

îhe design 1) of the high resolution apparatus is such

that the energy resolution , AE , of the beam on target is

given by A n /E=5X10 
4 

, r¡l¡rrt , where E is the incident energy

The expected beam energy resolution for this experiment is

therefore approximately 20kev FWHI{ . The beam intensity '

measured in the Faraday cup , \qas typically l-0 nA to 20 nA

The experimental set up of the target system was typi-
,\

ca1 of gas ceff experiments L) (see fis. L-2 ) ' For this

particufar set of experiments , a gas target system design-

edbyDr.R.Abeggwasused.ThetargetwasbuiltsoaSto

take up as l-ittl-e volume as possible in the tubes carrying

the gas to the cell-. The target material consisted of 99e"

(manufacturerts estimate ) f8O gas purchased from the Mon-

santo Research Corporation . fncorporated into the ce11 was

a National- semiconductor Lx3702A pressure transducer .

The pressure transducer yielded straight calibration

lines in the 0-15 PsI range with typical RMS deviations

ctors ctroni
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.ol- PSI . It was found that the pressure transducer gen-

eratedconsiderableheatifleftoncontinuously,requir-

ingthatitbepromptlyshutoffafterameasure.mentofthe

pressure . It was assumed that the gas within the cel-1 was

at room temperature , which was typically Ig-22 ð'egrees

Celsius throuqhout the experiment '

The tarqet gas \^ras contained in a 9as cell rvith

l/3 mil Kapton foil for the side window and beam entry

port.Thefoilwasattachedtotheceffwith''Versamid

140" epoxy resin and curing agent '

cas pressures of .2 ' 3 atm' lto were used ' This

choice was used to avoid excess strain on the epoxy bond

between the Kapton window and target cell ' and to avoid

excess broadening ef the peaks due to straggling ( the

estimated straggling contributions to the peak at '2 atm'

is 4OkeV FWHM , this wifl be discussed later )

Vtrhenfilledwithgas,theceflleakedgasataslow

rate.DuringthefirstexperimenÈthecellleaked-]-o%of

its gas over several days ' During the second experiment

the ce11 pressure decreased rapidly over a few Ïrours

After dismantlinq the cell , it was found that the rubber

trOrr rings used in the ce11 had crumbLed into powder ' This

waSprobablyduetotheoxidationoftherubber.''o,,rinsby

the oxygen within the cel-1 This problem had also been ob-

servedinotherexperimentsperformedatthislaboratory"

Four frttnL silcon surface barrier detectors \^Iere used
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to detect the alpha particl-es " This thickness allows the

detection of alpha p arti cl-es in the Eo =26-50 MeV range .

Triton particfes of energy bel-orv 191 MeV will be stopped

in lmm silicon , while those with an energy greater than

19 MeV wifl pass t¡rough the detector . The fBo(p,He') tu*

g.s. reaction has a Q-value of -14.104 MeV , which gives

, ôñ^,-^r'ae ôf â.,nroxì matelv I7 MeV ir, -1 
5r¡

He' laboratory €Dergies of approximately

The detector setup for the detection of alphr'a partie'

cles was simple . single detectols were connected to

oRTEC pre-amplifiers vihich in turn were connected to

ORTEC spectroscopic amplifiers ' The signals from the

spectroscopic amplifiers were transmitted to NorLhern

Scientific ADCrs , in conjunction with a clata accumulation

program MIRAD , Produced 2048 channel dlgital spectra

The enerqy per channef was pre-set Èo be approximately

22 kev using an e*24r alpha source mounted in front of

the detectors

A Faraday cup wAs used Lo measure the total- charge ,

and hence the total number of protons which passed through

the target cell. This allows an absolute normal-ization to

be assigned to the cross sections.

Two NaI detectors were mounted. outside the chamber in

order to monitor proton scattering from the target . The

ratio of the number of protons scattered into the detector

and totaL counts in the Faraday cup should be consÈant

throuqhout the exPeriment
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I-2 Extraction of Cross Sections

Tn. the calcul-ation of differential cross sections mea-

sured using a gas target cell, the geometrical aspects of

the target and detector system must be taken into account.

Atl_ of the geometrlcal properties ma]¡ be sul)sumed into

one parameter terrned the "G-fa.ctor'r (geometrical- factor)

The cross section in terms of the G-factor is defined by,

o (0 s ) = Ysin (Ð o) / (nlTG)

rvhere y=yield

1-1

li=number density of particles in target

n=total- number of incident projectifes

0 o=scàtterrncr angle

silvet"t"irr3) has published an extensive survey con-

cerning the calcul-ation of the G-factor in various 9eo-

metries . Tn the expeliment described in this thesis , ttvo

rectangular sfits were used to define the "active area"

within the target

Assuminq that the beam is a straight fine , silverstein

has developed an expansion giving the G-factor as a func-

. tion of the cross section and qeometrical parameters :

"=GOo(1+AO*A' 
do(00)/de0lo(e0) I-2

* Lra2o ( 0o) /d'Or/(o(00) )+. .. )

whe re
GOO= ab9./ (Roh)

Lo= r/' / "t .^' ro'q-r/ t,-2 ( a2+b' ) -t/ e9'2 l*2o
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L-=r/2 (L2 / (8"3) -u2l (4Roh) )

I
Lz=r/24(a2+nt) /n' etc"

where (see fiqure L-2)

crs=cos(00) rsin(00)

{'= length of backwardt sl-it

b=v¡i-dth of frontt slit

a=tvidth of back slit

h=back-front slit seParation

p =distance along the centerline of the sfit r-'o

f rom the ce f I center to the d'ete ctor

Onlythefirsttwotermsv/ereusedinthecalculation'

since the hiql-rer orcler corrections are smafl '

The peak area yields were extracted using a computer

program SPECTD which utitizes the fitting method outfined

in chapter 2 . APPendix I lists tables and graphs of

the cross sections for the states analyzed ' A program

JANUSIr^¡aSwrittenwhichiscapableoftakingaSinputthe

peak areas and geometrical variables ' and computing the

crosssectionsinbothlaboratoryandcenterofmassframes

As wellrit wil1- plot the center of mass data on a Calcomp

plotter. onl¡z the sÈati-sticaf ìerror is'qùoted'

ttn" slit furthest from the gas cerl- is denoted the "back-

\,¡ard||slit,whilethesfitclosesttothegaSce]-].isde-

noted the "front" slit.
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t-3 Slit Geomet¡: Resol-ution ancl Cal-ibration

Whenagascellisusedasacontainerforthetarget

nucfei , a pair ot slits must be used to define an "active

area,, ¡nrithin the target. A d.etector placed behind the

rear sfit at an angle 0o rvill detect reactions in which

particles emerge throuqh a range of angles 0o.,i.r<0'0*r*'

creating a range of- energies which rvil-l- be recorded in the

spectrum. Figure I-2, displays a schematic representation

of the slit - gas target s1's!em ( tire srit rvidths are nor-

mal1y much narrower , O-5-2. mm ) In the diagram r is the

radius of the gas cel-I r a and I¡ are the v¡idths of the back

and front slits ' respectivety I c is the separation be-

tween the slits , d is the distance between the back slit

and cell center ' and' 0o is the scatterinq angle along the

centerfinedefinedbytheslits.Allotherparametersin

the diagram can be defined in terms of these variabfes.

Aninspectionoffigure:-_2showsthatt]redistances

travelled b1r an emerqing particle throuqir the target medium

is dependent upon the angle 0o and its position of origin

r,¡ithin the active area.In traversing the Kapton window

and target gas , h¡oth the incÌdenL protons aud scat't:ered

particl-es lose energy. inlhat is ultimately recorded in the

spectrum is a reaction occurring throughout a small range

of proton energìes , the scattered particles subsequently

emerginqthrouglrarangeofanglesandene]ngies.From

figure l-2, it is seen that as the scattering angle
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within the active area is decreased, the pathlength of

the particle through the target is increased. since the

enetglz of the scattered particle increases with decreasing

anqfe(aresu].tofreactionkinematics),theparticlets

enerqy loss l,/i11 increase v¡ith increasing energy

The extreme limits of the "l<inematic" energy spread

occur at the endpoints of the.active angle range at 0*it

and e In or<1er to evaluate the energies of the par-
max

ticles emerginq from the Kapton window , the following

parameters must be determined: the anqlet Orir., and 0*-* '

the distances K and L, and tlr-e distances m and n. From

figure I-2 h¡e have :

1-3

where the smalJ- angle approximatiOn has been used " since

the slits are assumed to be narrow , and c>>a+b

Now ,

e - T-(TI-00-Y)=00+Y 1-4a)
max

and

0 =fi -(Y+rT -00)=go-Y l--4b)
ml- n

thus the aÌlgular sPread is ,

0 -0 =2^!= (a+b)/c 1-5
max ml- n

For the experiment which is the subject of this thesis

the angular spread ranged from approximately 1' - 2' deg-

rees . In the evafuation of m and n we have :

m=¡>sin (Y) /sín (0*r*) =p'sin (y) /sin(0+Y)

n=psin (Y) /sLn (0-., '^)=psin (Y) /sín (0+'¡¡

1-6a)

1-6b)and,

where p= d-ac/ (a+b)
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determined from the relations

=n2**'-rn' cos (o -Y) L-7

1- 8a)

I-9b)

ce 11,

which yields '
K=n.se5(0.-Y) t /n' "ot'(00-Y)-(n-r) 

(n+r)

similarlY,

L=mocos (rï-0o-Y) t 1-8b)

The negative

positive. Inserti

pressions Yields ,

and

root is ignored since K and L must be

nq the vafues of m and n into these ex-

K=flsin (Y) cot (0 o-Y) + l--9a)

Thus the

scattered at

ene rgies o

anqfes 0- ml-n

f parti cl-es

and 0 wi
max

-p.cot (00+Y) sin (Y)

traversing the gas

11 be :

E^ =E(0 )hJ ml-n.min reactrton
-K.(dn/dx) 9as

-^E 1- t-0 a)
KaP ton

and

=E(0 ) - Lt(dEldx)-' max: qas
reactl-on

is determined bY the

-aEKrpt o'

kinematics of the

1- 10b )E
max

actio
of Ìn

re 1-

*r" I

figur

). Ta

Vlhere E re
rea ct ion

Figu

[" -EI *."
slit con

n

terest

3 sI-rows the dependence of the difference

on tl¡,e scatterinq angle for a particular

ation ( the energies are those measured at the

.bfe 1-1 lists several of the variables useddetector
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Figure 1-3 Plot of Energy Ranqe admitted bY

slits vs LaboratorY angle for
the foltoving aet of exPeritrental
oonditlons .

Rèaction - 
18o (p,cL) l5N (q. s) at EP=40' 93 t'lev

a=.Ì65cm, b=-Icn, c=IO'52cm ' d=l-7'71cn
r=3.Icn , qas Pressure= .2 atm' (see Fj'9' 1-l
for identification of variables)

o

td

I (Iab) 10
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in the cafculation. The values for the energy loss of
16the particl-es in *"O gas were ob'tained from references 4 and

g , and are reproduced in fiS. I-4 a) . The ene!îgy foss

characteristics of Kapton were assumed to be simifar to

those of l"11z1ar t fig. 1-4b) shorvs a plot of the energy

loss characteristics of l,1ytrrl0). rn order to transform

the proton energy foss to alpha energy fosses r use has

been made of the approximate expret=iorr4) ,

(dE,/dx) r=4 (dErzdx)u /4 
l-l_l_

O¿P

The energy l-osses I^/ere calcufated using a computer

program RESoL which calcufated the energy losses of the.

proton and alptr-a parti cles using the f ormulae derived

previously . The program interpolated values of stopping

powers from a set of va]ues stored in the computer. The

L\ ?
density of- Kapton=i was taken to be =f.lI gm/cm'which

gives an energy l-oss of approximately l-3 keV in I/3 mil

Kapton ( see fiS l--4b) for 4I l4ev protons . The energy

loss of 41 tifev protons in fUO gas at NTP is approximately

l-9 keV/cm , which qives an energy loss of 1-l-1 keV r¿hen the

proton travels throuqh 3.1- cm of 0.2 aÈm. t6o gas

The total loss of the proton to the center of the gas

cel-l is typically 24 keV . The combined energy foss of

the alpha particfes through the Kapton and 3.1- cm of

.2 atm gas ranged from 298 kev at Ecr=41 Mev to 4l-0 keV at

E = 28 MeV . These vaùues were calculated using the program
CT
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Table 1-i. Various Slit ceometry paråneters
(6ee botton of page for description of variables)
Rear slit width=L6.5 cm. Front slit width=1.0 cn.
Sl.it sepalation=1O.52 cn. , distance fron cell cen¿er torear slit=L7.7cn, cell. radius =3.L cn.
r8o(p,c)15* 

9.". r En=40.93 uev

For each of the váriab1és , Row L corresponds to 0rin

Row 2 " Oru*

Row 3 " 0¡

^Ep(K)= 
Energy loss of proton in Kapton (¡{eV)

ôEn(gas)= Energy Ioss of ptoton in gas (Mev)

Epr= Proton energy involved in (p,o) reaction (üeV)

0 -.ScatÈering.angle ôÉ-alpha ( tab. , de9.)

Ec = Energy of alpha enitted in reaction (Hev)

AEa(gas)= Energy Loss of al,pha in 9as (l{eV)

^Eq(K) 
= Energy loss of atpha in Kapton (Mev)

Ec, = Energy of alpha at detecto! (.MeV)

Note: The superscripts denoting the valiables in the last rowrefer to tows I ånd 2 of Ecr.

0o l0 20 30 40 50 60 70 80 qo

AE (K) o- o.t 0.013 0.013 o.013 o. o13 o. o13 o. ol o.013 o.013

Ep (gas) 2

3

o 0 0
0.o18
0.0t4

0. o12
0.016
0.014

0.013
o.0r5
ô-Ò14

0.013
0. o15
ô- ol4

U

0
o

UIJ
0J.5
o14

0
0
o

ol3
015
o14

o.014
0.0t5
o. ol4

o
0
o

ot4
015
ot4

0.014
0.015
o-ol4

40 .907
40.899
40.903

40.905
40. 901
40- qô3

40
40
40

904
902
qo3

40.904
40.902
40-go3

4Q 9(J 4

40.902
40.903

40 .902
40.903

40 .902
40.903

40.902
40.903

40 .902
40-903

J

3
0 IO.7 22

lo-ooô
20 .'7 22 30

30
't 22
oôú

5

722
ooo

40
40

50.7 22
50- 000

60.722
60. 000

70.722
70. 000

80 '122
00080

90.'7 22
90. ù00

2
3

E
ù

4L
A7
4I

924
s't 2
899

4r.494
41.410
4r.456

40. ao3
40.6-ta
40-74L

39.7L3
39.791

)
38.558
38.6,18

3't . a6r
37 .266
37.3ú4

36. ù94
3 5. 890

34.686
34 .4A2
34.58;

J3 9
33 .090

I

Ano(gas) 2
3

I29
170

o
o

0.193
0.151
o- l7l

o.187
0.161
o.I7 4

o. t86
0. L6I
o.r77

0.188
o. 175
o.I8l

0.182
0.186

o 194
t89
t92

o
0

0
0
0

99
9't
98

0 20
0.205
0.205

^E- 
(K) 2t3 0. t58

0.158

o
0
o

t59
L60
159

0.
0.
ô

r62
r62

o.164
0.165
o.165

0.167
0.167
0. 167

o. L75
0.I75
0.175

I't'l
r't 7

0
0

0
0
0

79
79
79

0 83
0.183
o. t83I

2
3

E
ù

4 4 9
4L.5 85
47 -5'1r

4 r46
!00
125

4t
41

40
40
40

4s4
356
ao6

39.517
39.380
39.449

38.216
38.300

3 7. 096
36.909
37.003

35 524
62335

34
34

309
1,0 6
207

90
70t

1) 802

txro,+a!,t n 4r-567 4L.].23 40.405 39.449 38.299 37.003 35.623 34.207 32. AO2
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RESOL

ThepreviousconSiderationSwerederivedsolelyfrom

the kinematic properties and geometry of the slit and

target configuÈation . There exist two other maj or sources

ofpeakbroadeningwhicharestatisticalinnature.They

arise from tlre spread in the incident proton energy ' and

spreading inherent in the el-ectronics and data accumulation

equipment , and energy loss straggling of the particles

travelling throuqh the gas and Kapton ' The spread due

to the beam energy and electronics is assumed to be gauss-

ian in nature , with halfrvidths of approximately 2O keV

and 3 5 kev resÞe ctive 112 
r '7 ) '

The stragcJling distributions for the Èarget thickness

used in this experiment folfow a Landau distribution '

which has been discussed at length. in the literature5'6) '

The energy spread (r'l^lHM) of the alpha particfes for a

typical target thickness (O-2 atm' ) used in the experiment

described by this lhesis \^7as calcufated by the computer

code STRAGLB) , avail-able at the University of Manitoba

The FI^f HM ranged f rom 42 keV at Eo= 26 MeV to 39 ' 9 keV at

E =40 MeV . For the Kapton foil , the FVIHM was similar with
0

atypicatvalueof4IkeVFWHM.Assumingthedistributions

contributing to the energy spread from statistical pro-

cesses are approximately gaussian , tha FI'fHM arising from

these may be obtained by summing the individual FWHM| s



in quadrature . This yields

r-z . *2ub"a**'dete ctorU_

-20-

e fe ctroni cs

t
-" straggJ-ing

(gas)
s tragglin g
(K ap ton )

=/ zo2 + 352 + 4Q2 + 4I2 =7Okev

This is the best resolution that can be obtained with the

given conditions . when this is fofded rvith the kinematic

spread(.seefis.l-3)itisevidentthattheexpected

resofution rvill be much worse . 1n the actual- experiment

the best resolution obtained was roughly l-00 keV FIIHM

f-4 Energy Calibration of the Spectra using

known energy states

The excited states v7ere identified by calibration of

the spectra using the energies and channel centroids of the

known states present in the spectra. The energies wele

calcufated by taking the average values of the extreme

energies cafculated as discussed in the previous section

This average energy on11z differed by l- or 2 keV from that

carcurated at 00. A spectrum was taken with .074 atm. tuo

added to th-e 0.23 atm. tto in the gas target for calibra--

tion purposes . The cross sections for the 16o(prcr) f3N

18 . 15
reaction are greater than the '"o(Prü)-'N reaction ,

resul-ting in Iarge , well defined peaks corresponding to

known low-lying states of f3*. rt is important that the

calibration is carried out for two different angles .

The rate of change of alpha energy with respect to angle
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Table 1-3 rdentification of some tu,, states in
the spectra (from the 23.43 spectrarsee Table-}-3i.
Energies are given in units of MeV

Bracketed quantities refer to nearby states taken
f rom the l-i te rature
The relativistic formufa for the Q-vafue is given ¡y4)

))2\
e=Mt+tf2-M3- (vtr' +vl+vi+zMzEr- 2E 3(ul-*M2) +2P 

l_P 3.o= ( U) )'

where r

M.= proton mass (938.304 MeV)

*;= target (18o ) mass (l-6 766.289 MeV)

Mr=alPha mass (3127-4L3 Mev)

El= total Proton enerq]¡
E3=total alpira energY

P1= proton momentum

P 3= alPh a lnomentun ''

!, = laboratory s cattering angle of alpale parti cle

E reactionE o E (t'fev)
ex uau.bf.

L636.96
15 46 .09
1556.39
L483 .27

r457.24
I42r .44

I400. 02
1392-44
1365.61
r348.56

L285.82

r27 9. 02
1193.41
1186.07

36. 49
34.445
34.677
33.032

32 .446
31.641

31.159
30.989
30. 385
30.001

28.59

28.437
26.sLO
26.345

36 .912
34.881
35. r11
33.48

32.900
32.IO4

3I.628
3L .46
30.864
30.486

29. O95

28.945
27 . O5r
26.889

-l-.29L
-3.597
-3.337
-5.183

-5 " 839
-() .7 37

-7 .27 3

-7.463
-8.133
-8.558

-10.119

-IO.287
-L2. 403
-t2:584

5.266
tr tr?1

1.312
9. 15I

9. 814
LO .7 12

Lr.2 48
11.438
12.r08
12.533

r4.09 4

r4.262
!-6.378
16-559

(s .27 0 4)
(1.567)
( 7.30])
(9.r52 ,
9.1ss)

(e.82e)
(10.693

LO .7 02
(11.23s)
(rr.43B)
(12.oes)
(12.522

L2 .559
(l-4.09 ,
r4.1 )

(L4.24)
(16.3e)
(16.s76)

)

f

)
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(dE/d0) depends on the particular reaction taking place î

it may be termed the "signature " of the reaction " Thus

if a particufar state , assumed to be the result of a

particul-ar reaction , yields the same excitation energy

at two different angles , it is fairly certain that its

identity v¡as not mis taken

The centroids of these peaks were calculated and a

least-square straight fine of the form E=mx*b was fitted

to these points , giving the measured spectrum energy as

as function of the spectrum channel number. The difference

between the energy values cal-cul-ated from the line and

those used for the fit averaged about 8 kev or about

. o3 % of the actuaf energy . T ab l-e I-2 shows the re su lts

of the caLibration . Table 1-3 shows the energy'values of

the unknown peaks in the spectra as well as their

associated excitaÈion energ:ies. These \^¡ere calcuLated by

adding the energy losses in the gas and foil to the spec-

trum energies and subsequently calculating:the Q-values

foi the reactions using relativistic kinematics. Several

peaks from nuclei other than tto are present , most

f6 ir -Lf_- 17^
notably the -"O states , and a small contribution from - O.

Although the calibrated spectra yielded many identifiabLe

sÈates, their angular distributions \^/ere not alf extrac-

table due to poor statistics and resolution in spectra of

higher angles . Figure 1-5 shows a comparison of the 16o

18 16
enriched spectrum rvr^th a normaf O spectrum , the O

peaks are evident in the diagram
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C-Lrapter Two-Spe.ctrum An a fvs is

The data accumul-ated in digital multichanne] analyzeYs

consists of histograms representing the number of efectronic

pulses ( generated by the energy loss of particfes in detec-

tors ) , accumulated in specific voltaqe ranges determined

bythe}{CA.lhespectra,whenconsicleredascontinuous

functions of energy r maY be described by ihe equation:

l"rt(E-E.) + B(E) 2-r
l_

rvherethe'C.arepeak'areas,f.arenormatizedpeal<func-I

tions., B(E) is a bacJ<ground function, and the ui are the

positions (relative to some clefinite point of the peal< func-

tion)ofthevariouspeaks.Lettheboun<]ariesoftheclran-

nefnbedenoterfby(n_1)ArandAr.Fultlrernore,fettlr.e

position of peak i be expressed as all integral muftiple of

AE, plus a smal-t quantity ti ' Thus E'=m'AE * ti ' m an in-

teger.Thenthequantitymeasuredinchannelnofthehisto-

gram will be c{iven J¡Y,

nAn
I

H = ll (c.f(E-m,An-e.))dE 2-2
n ll- r - I l-

)
(n-1) AE

The histoqram Peak

tion of the E. relative
L

probl-ems of analYsis of

exÞeriment fal-l- into tv¡o

shape is determined bY the l-oca-

to thr channef boundaries. The

spectra of the type measured in this

categories:
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Defininq an appropriate model containing

adjustable varial:les pertinent to the

data measured

Finding the set of adjustabl-e variabl-es such

that the probability of measuring the data

set with respect to the model function is

maxi mi ze d

The remainder of this chapter will- be concerned

with the probl-e¡ns outlined in a) and b) .

2-I The Peak Mode]

The underllzinq peaÌ< function which deÈermines thre

shape of the peaks in the spectra is a superposition of

various probabiJ-íty distributions considered in Chapter I

The distribution arisinq from purel-y kinematic and geo-

metric aspects of the measurement is strongly affected by

the particuLar angle at which the spectra is measured

As a resul-t of this , each spectrum has its own distinc-

tive peah shape . Due to the difficulty in defining a mo-

de1 for the " theoretical- " peak shape I a model- can

be generated using an actual histogram peak taken from

individual spectra, using an area-true quintic spline

interpolation developed by spath 11).

An interpolating spl-ine function s(x) to a set of

n points (x, ry ) k=lrn , is a set of n-1 polynomials- x'-¡
of order 2m+f. , sO(x) , defined on the intervals

(*1.,*1.*f ) , k=1r... rn-1 , such that the function passes

a)

b)



¿hrough the points (x'.rY- )
^k

entiable at tilese Points

interpolation are naturaf

ty (ais,zaxi) *=*_= ( disTaxi)
- -'1

The conditions stated

necessarY to cal-cul-ate the
11)

nomial-s of order 2m.+l-

convince the reader :

-2-1-

and is always 2m times differ-

A commonly used form of sPline

splines , which have the ProPer-

=Q , (i=m*1r...r2m)
x=x

n
suppty the 2 (m+f) {n-1) equations

coe f f i cie,nts of the n- f Pof Y-

. The conditions are l-isted to

k=I,n-f

k=1rn-f

i=1r2m-k=I rn-2

These functions

mize the quantitY :

I u** ls ( x) /d*** r

For cubic sPlines this

mizes the " strain energY rr

11)by Spath L1t 
" rvhose book

spline techniques. The maj

in this section fies in the

(n-1) conditions 2-3a)

(n-1) conditions 2-3b)

2m(n-2) conditions 2- 3c)

i=m* l,2m 2m conditions 2-3d)

dx 2-4

{ aas r/ax
1

=(d*s

t)
*=*1

,r-1 /axi ) -0
n

2 [rt+ I) (n-1) Total-

have the proPerty that theY minr-

I"
*1

prope rty aPProximate lY rnini-

of a curve. The Proof is given

gives an extensive surveY of

or area of interest in sPlines

fact that quintic sPlines may
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be used to ilenerate an area true interpolation to a histo-

gram. The term "area true " has the meaning that the in-

tegralofthefunctionoveraparticularchannelinter-

vaf is eoua] to the vafue recorded in the channef '

The inte::polatinq function ' af'order five ' to the

points (xO,Yr.) ma\¡ be written as :

E c*l = rr. t*) =Ak'u*"o "4*"r--'3*oo '2*uk'*Fl* 
2-5

where 2= (x-x*) and *],{* ( *k*l- ' For the situation at

hand 0 acz {} , since the channel v¡idth is one I f the

r¡oints (xn rY*) t'¡hich the spline function is to inter-

polate are derinecl bY:

Yr-=o

and. yk+ l_=Yi.+Ax*Ho=Y,-+u¡

rvhere Hk= histoqram value

Then the difference ,

El.* t ( *n* 
r_) - fo ( xo) =Y¡

is the area of the histoqram in the

+IIk-yk=Hk 2-7

intervaf (*k,*k+1) 
.

2-6 a)

2-6b)

The polynomiaf Et"l represents the area ef the histogram

in the interval- (xt,x) xt-(x(xr.r ' The actual peak shape will

thus be the derivative of this polynomial '

'= / d*= 5A.-24+ 4Br- z 
3+ 3c'- z2 +2D,- "+Ek 

2- Bot]., K r." ,""k- --i:

a fourth degree potynomial ' Figure 2-L a) displays the

general form the fifth order spline takes for a particular

peak , Figure 2-i- l':) displays the undertying peak function

formed from the derivative . The spline coefficieDts were

calculated fro¡n an input histoc{ram using a Fortran program
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Figure 2-I
SplÍne Interpolation used
to generate histogram
di s t rib uti on

Cumulative
di s tribu tion

Peak distribution

Channe 1
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QUïNTP qiven by spath in his booitll) ' The cal

perf ormed on the PDP-l-5 f aci l-ities existing i

tron Laboratory . Al-1 other peak histosrams m

the spectra may be qenerated by insertion of

parameter when integratinq the interpolation

the histogram v¡i f I have the vaf ues :

i 
rl* r*

H.(e .) = lartxl = t(*r*l_+e)-f(x.+e)r-r)
r¡ !C
^. 

r e r Àt

= (or-*f-A. ) e"+ (Bi+1-Bi)Ê

* (aint-Ci) r 3* {o. *r-n. ) e 
2

-31-

2-9

+ (Ei+t-Ei) e + (r.*r-rr)

with Fi*1-Fi= f i*l(*i*r-)-f i(*i) =4.+Bi*ci*Di+Ei ,

where use has been made of the relations stated in the

previous section . Figure 2-2 shows a set of histograms

generated from an underlyinq peak function for values

of e =.Or.f ,.2,..-,-9 , f-or a very narrow peak distri-

bution and a very wide peak distribution (note the strong

variation in the narrow distribution ). Vlhen the method

described is aoptied to a peak taken directly from a

spectrum, the spline interpolation can generate approx-

imations to the rleasured histograms within the spectrum and

thus be used in a statistical fitting procedure . The

fact that II. (e) is differentiable with respect to the
t

parameter e allows its use as a fitting parameter in the

system or. sirnul-taneous equations that must be sofved in

order to maximize the probability that the model describes

the measured data

cufation \,ras

n the Cyclo-

easured in

the rr ¿ !'

r explicitllz
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2-2 Sol-ution of Peak Fitting Equations

In nuclear scattering experiments , what is often

measured is the prol:ability p that a specific event will-

occur in n trials (ie. ' n protons passing through the

target resulting in pn alpita particles being scattered

into a sofid angle ) Generalty n is very large while p

is verv smafl . Under these limiting conditions (lim p+0)

the statistical distribution qoverning a.particular chan-

ne1 measurement is given by the Poisson distribution :

P

which qives

be me asured

rf -v(lJrY): Y" e ',/N!

the probabilitY

2- IO

t''I t'¡i 11

The

described

that an

e xpe cte d

integer vafue

value is Y

ofnandp

when the averaqe

value Y is 'i denti f ied as the product

previous ly . The probabi Iity that an ordered set of ciran-

nel-s is measured. (ie. a peak distribution ) will be the

product ef the individuaf channel probabilities '
rr -vP=II Y.'*i e-'i,zN.l

. l- l-o
I

The aim of peak fitting analysis is to find a set of

coefficients describinq the mean value Y which maximizes

this probability . To this end a meaningful modef which

contains parameters describinq the peak areas and back'

ground function existinq in the spectrum must be ascribed

toYAregioncontainigamultiplet(overlapping

peaks ) may be described bY :

2_LT



- 35-

Y =Ic.Il(x,x.te.)+B(x) 2-L2
x; I ) J

_t rh
where e.= area of the j--- Peak

)

H(x,x. re-) = histogram peal< vaIue described
ll

prevl-ously , rvith extreme left chan-

ne l- boundarY * j

s (x) = baciiground f unction

The maximization of the probabilitlz P is equivalent

to maxmi zLnq tire loc{ari1-hm of P ' Since the J-ogarithm is

a sum over the channefs of the region being fit it is much

moreconvenienttouSethisformulation,thusthefunc-

tion to be rnaximi zed is given bY :

ït=tn(p) = I(t{xln(Yx) -Y*-fr(Nx l)) 2-L3
x

For any f itting parameter rr ßrr it is necessary that

the equation :

âl'lrzðß : I (Nx,/Yx-l) ðY *iè3 =O 2-I4

be satisfied If there are n paralTleters describinq the

modelY,LhenthereexisÈnequationsoftlristypethat

must be satisfied simuftaneously. The model chosen for

this particular analYsis was :

2 3.
Y -Ic-.,1I (x, x-ì ,e . ) +bAt* (Azx+43x"+enx") 2-15

x j) J r

The potynomial background function lor-*(i-1) v¡as
I

generated using the follov¡ing procedure :

a) A larqe range of the spectrum (1000 channels)

was subdivided into ordered groups of ten

channels each



c) A monotonically decreasing sequence (witir

respect to the y va1ue ) was chosen from the

set Picked from step b)

d) A least-squares cubic polynomiaf was fit

- tþrough the sequence cflosen in c) and used

for the backqround function

An example of- such a fit is shown in Fiqure 2-3. This

algorithm underestimates the backqround . To correct this t

the pararneter b in equation 2-15 is included in the con-

stant portion of the po11'nomi al- background ' The in cl-usion

of only one adjustable païameter b in the constant portion

of the k¡ackqround assumes that the x-dependant portion of

the background fit is good enough to be used "as is"

gince points are chosen over a large range of the spectrum

the estimate of the curvature shoul-d be satisfactory and

a l-ocal adjustment of the constant portion of the background

shoul-d be a1l- that is required

b) The point (x,y)

y-valued Point

\,ras chosen

g the mode I

-36-

.orr.sponding to the l-ov¡est

in each ten channel segment

previousl-v

are arrive

w/àc. = I(N
JÃ

vt /ðb I (N'x

/àe .= c .I Ali (' 1 lx

sl-n

bed

ons

-a

=a

=äw

U

descri

equati

ct.-7

9rn+ I
gm+ 

1+ j

for a muttiptet containing m Peaks

,the fotlowing set of simultaneous

dat:

/Y -I)H(x,x.,e*):O 2-I6a)X.XJJ
/y - f) A- =0 2-l-6b)

X'XI

*,*je.) / âe. (u */t*-1):0 2-16c)
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I,,Ihere the fitting parameters are contained in a 2m*I dim-

ensional vector <c!tC2,...tC*rbrelre 2t...te^> r where ti

corresponds to the member of the multiplet having peak area

C. . The equations stated above are non-linear and therefore
l_

require an iterative procedure for their solution. A com-

l-2\
monly used procedure is the Newton-Raphson Method

which invofves a first order Taylor expansion of the equa-

tions 2-16 . The iterative formufa for this method is:

<ß>- i+ l-

J is the

respecL to the

= <ß>i -(J t .nt).ßr=<ß>i

Jacobian of the set of function= gitaken with

coefficient= ßi , and is qiven bY :

2- I7

2_ TBrJ-

This iterative procedure has the advantage that it

converges rapidly to a solution if the initial estimate

<g-> . is close to the actual- value <ß> ' The draw-
0

back of this method is that for estimates of <ß> which are

far from the actual- value the iterations may diverge . This

should. not be a major difficulty for this particular

problem, since a feast- squares fit, where the shift

parameter e is ireld constant, is linear in its equabions

ào-,/âc--I' I

ðor** r/ðc:-

. àq-/ðe-I' m

âor** t/àt*
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and thus readily and rapidly soivabfe . The least

squares values shoul-d be reasonably close to the vafue

<ß> to be used as an initial estimate. It is fortunate

that the Jacobian matrix J is symmetric , making comp-

utation of the inverse Jacobian simpler than the non-

symmetric case . The terms of J will be denoted by :

", j= ðSr/ðßi v¡here <ß>=.ar,. - - ,C* ,b,e I' . ' ' em> , thus ,

J. ,=à2w /ðc. âc.,
7,f' I J

=-IN /y 2n(*,x.,e.)tt(xr:<-,re-,) j,j'=f ,m 2-I9a)
xx'xl)JJ

J. -=ð2i,r/àc.?,bIrm*-L I - )
-Atåt{*/"*"H(x,*j,tj) j=l,m 2-r9b)

"j , l- ð'w /à"j ðr j , 
2-Lec)

6 ( j , j,) {åAH (x ,* j,. r) /àej (N*/vx-1) } 
l;$i;1i.t

- c.,ått*/"1 ðH(x txit te.,) /âEj,H(x,x. rer)'
j=f'm

Jm+ I ,g,=ð'vt /òbðe . 2-r9d)

= -c . e- Itl /v 2 
ân ( x,x. te .) /ðe . l=m+ 2 ,2m+I-j--lx x' x i' J I j=!_m_ _l-

".!,û, 
=àLw/âe .ðer, 2-r9e)

=ô (j,j') cjËã2H (x,xj ,¿j) /ô2e ' (Nx/Yx-1)
)

aj"j,txNx/Y*'âII 1x,xj ,e.) /ãe .âg(x,xj,,ej,) /àe j,

II, l,' : m+ 2 ,2m+ I
3 = t_m_1
j ' = 0-m-1

v¡here ô (i, j) is a Kronecker def ta f unction
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2.-3 aPPlication of the $ethod

A Fortran proqram using the fitting method described

was written f or use on the PDP- 15 f aci l-ities at the cyclo-

tron Laboratory. A least square fit lvith Ê =0 rdas used as

an initial estimate for the peak areas and background

coefficient. In order to accurately determine the position

of the rnultiplet a reqion of 5 to 10 channe ls above and

below the positions calculated from the calibration \^ias

scanned , and. a l-east square calculation performed on

each. position. The position v¡hich yielded maximum peak

area v¡ith no negative peaks in the multiplet tvas chosen

as the position at which to start an iterative calculation'

The code was tested on doubl-ets using known val-ues of

parameters inserted in a test spectrum.llominaf val-ues

of 5OOO and lOOO counts v/ere used for the left and' right

peak areas respectively . Respective shift parameters of

.4 and .'1 were used f or the left and right peaks ' The

areas are nominaf since real- numbers are rounded off

to create an integer array - This probably explains the

fact that the sum of the extracted areas is about 14

counts hiqh . Figure 2-4 shows the results of the test-

The proqram fail-ed to conveïge for peak separations of

3 channefs or less . This is probably due to the inabif-

ity of the fitting procedure to distinguish two strong-

1y overl_apping peaks . Horvever the program fit the doub-

lets of peak separatÍon greater than 3 channel-s quite weff'



90
0

80
0

70
0

60
0

50
0

C
ou

nt
s 

pe
r

C
ha

nn
e 

I 40
0

30
0

20
0

,1
0 

0

F
i g

ur
e

2-
4 

T
es

t 
D

ou
bL

et
s 

on
 r

rh
ic

h 
pr

og
ra

rn
 w

ag
 t

es
te

d 
.

T
he

 i
np

ut
 

pe
ak

s 
ha

d 
no

m
in

al
 

ar
ea

s 
of

 
5O

O
O

an
d 

10
00

 c
ou

nt
s 

w
it.

h 
sh

ift
 

pa
ra

rn
et

er
s 

of
.4

 
an

d 
.7

 
re

sp
ec

tiv
el

y 
"

C
ha

nn
el

 S
ep

ar
at

,io
n 

1

ie
su

lt,
s 

of
C

al
cu

la
tÍo

n
A

re
a 

an
d 

l,e
ft,

 
pe

ák
 

N
o 

F
it

S
hi

ft 
. 

R
tg

ht
 

P
ea

k 
rr

3

l.l
o 

F
it

lr

5 49
98

, 
.4

1
10

15
, 

.7
2

7 50
08

 ,
10

06
 ,

I 50
L0

, 
.A

o
10

04
, 

. 
70

40
6

7I

I È ts I



- 42-

Fiqure 2-5 Fit of a Triplet to Rai'/ Data
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Figure 2-6 À Srnoothed Peak Distribution
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Figure 2-5 shov¡s fits extracted from an actual spectrum

for a triplet

one of the probl-ems encountered with a spectrum which

has counts with very poor statistics is that it does

not contain a peak which does not have gross fluctuations

for use as a fittinq function. In order to affeviate

this problem a cubic spline smoothing process described

by spttrrff) carr be applied to peaks with gross fluc-

tuaÈions . It is possible usinq the proglam FLATC gùven

by Spath to calcul-ate a set of points ( xO ,VU) such that

the value of th.e third derivative of the spline at *k is

proportionaf to the difference between the actual data

point,k and yo at *kr ie. , P¡(tk-Yk)=rk where tk is

the third derivative and POis the proportionality constant

This procedure vTas only applied in order to define a

model peak function and \{as not applied to the actuaf data.

Figure 2-6 shows the application of this method to a peak.

2-4 Conclusion

A fitting method which attempts to describe rigour-

ously the model- and statistical- distributions present in

nuclear spectra has been outlined . It,5 applicability to

spectra containing narrov¡'histogram-Iiker peak distrib-

utions with smooth background is apparent . The short-

cominqs of the method lie mainly in the time consuming

sol-ution of the set of nonlinear equations ,which often

cail to converge to a proper solution.
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Chapter 3 - DI,^IBA Analysis of Cross Sections

The term " direct transfer reaction " refers to a pro-

cess in which a transfer of nucleons occur between the in-

cident projectil-e and target nucfeus . such a reaction is

assumed to occur in one step over a short period of time

-))(- 10-o'sec.) , hence the term direct reaction. The sym-

bolic notation for reactious is ,

A + a + B + b or A(a'b)B

where a and b are the incident and exitinq projectiles re-

spectivetlt , and A and B are the target and residual nucl-eus

respectively

The meciranisms describing the reaction can be classi-

fied under four seperate processes l-6) 
:

i-) Direct pick-up - The incident projectife a

t'picks-up " a nucleon cluster x from the tarqet A to form

a+x=b r leaving the residual- nucleus B

2) ts\nock-out - The incident projectiLe a "knocks-

out " the particle b frorn A and is captured into the target

nucleus to forrn B

3) Heavy particle pick-up - The projectile "cap-

tures " the l¡ulk portion of A to form B , leaving a light

particle b

4) Heavy particte Kllock-out - The incident pro-

jectile knocl<s B out of A and combines with nucfeons left

over from A to form b
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Kinematic consiclerations have been used 16) to argue

that heavy particle pickup and knock-out processes have

maximum cross sections at backrvard angles . Since the data

measured in this experiment are at angles l-ess than 90 de-

grees , these mechanisms are not expected to contribute

appreciably to a description of the data presented in this

Èhesis

The purpose of this anal-ysis is to corlpare the measur-

ed cross sections for (p,o) reactions from the tto ground

state to various states of 15,1 r¿ith Distorted !fave Born

Approximation (DI,IBA) calculations usíng a cluster model for

the transferred group of nucl-eons. These cafculations are

carried out using the conputeï code DWUcK5 f 3), a DliBA

code capable of performing a ful-l- finite range cafculation

of differential cross sections for transfer reactions

The derivation and formalism of the Dl¡lBA theory has been

treated extensivelv r4'15'l-6). A statenent of some of the

ideas and resufts of the theory fol-l-ows
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3-f Direct Ieactions and DtfBA Theory

The starting point of reaction theory is concerned with

a meaningful- interpretation of the transition matrix

Thetransitionmatrixistheoperatorwhichconnectsthe

initial- and final states of a system undergoing a reaction'

Formally the transition matrix may be defined by 16) '

3- I

In this formalism, the potential V wt¡-ich describes

the interactions in the system is sepaïated into two parts:

V=U+ti. It is assumed that scatüening solutions to the pot-

entiaf U are known , they are d'enoted by X* and X in

equation 3-1 ' The slzmbol 0 in equation 3-l- represents a

ate , wtrile Gi is a Green function defined

_ 16)by:

+-,3-2
"i = 1/ (n-H o-ll ti e )

where H in eqn. 3_2 is the kinetic energ:¡ operator . Each of

thetermsinthesummationoverninequation3-]-repre-
L6 '26) - The DWBA theorY

sents successive scattering processes

assumes that only o11 e interaction tal:es place (ie n=0) '

ïn the conventionat form of the DI^IRA theory it is

assumed that the potential U of equation 3-l- describes

the elastic scattering of the projectile a from Lhe target

16)nucleus A These potential-s may be determined by fits

of the parameters of , fox instance ' the Optical Model to

r-. =.Olulx*, + r <x lwrtclwrl" lx*t*fi I | ¡/\ 
n=O
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ex!Ðerimental angular distributions

tion the transition matrix efement

rb.=.xiôoo"lvaA-uaA l*l oa Õot

. Using this assump-

l-6)
be comes :

3- 3

where Xt represent the distorted wave functions calcufated

from optical potentials and , 0., Þy, Õo and 0" are eigen-

functions of the internal- Hamiltonian operator for particles

a, b, A and B respectively ' The potential UaA is the

elastic scatterl.ng optical potential- while Vuo is the

potentia]-whichdescribesthecompleteinteracÈionofthe

particle and nucleus - The first term of eqn'3--l- dis-

appears since the initial- and final states are not con-

nected by the Potential U

Forapick-upreactionwhereacertainnumberofnuc-

leons- are picked up out of A , the interaction potential

may be rvritten :

V=V-+VaA aB ax

where v -and v describe the interaction of particfe a
ats ax

with particles B and x respectively , thus :

to.=tXi Öb o"lv

It is usuallY assume

inelastic effect ot u." i

process . Furthermore it

the nucleons contained in

This leads to the aPProxi

processès of the Projecti

approximation is conside

d in the DWBA formalism that the

s smafl relative to the elastic

is assumed that the ProPortion of

A that are removed in x is smalf

mation taht tÏ:,e elastic scattering

le on A or B are equivafent ' This

red vatid for heavY nucl-ei al-

.** (v.e-u-a) 
I

!vó0"a 'a A 3-4
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though it becomes questionable .for light nuclei, where the

proportion of nucfeons taken out of x is greatett6)'

using this approximation the matrix element becomes :

ro.=.Xl öoÕ" I u"* I xl ôa @ot 3-s

vJhen expanded over the z projections of the total ang-

u]ar momenta of A and B and the spins of a and b , the

T-matrix element becomesf4'I5'16)'
I - / - -*.Á ¿

r,. _: r f añ,. luñ" x (Rb,Rb) 3-6
ba m, *,.l 

u*o 
.l 
u*t x^;,*o

'*""*u ü=o*å lu.*lt"o*o Ú=.*åtx*tËu,Ë.1
mt'mt

The matrix efement <ü- ,, Ú - lv---lü- , Us m- 'J"Me '"b*b ' ax' JA A a a

in equation 3-6 may be expanded over the orbital- angular

momentumrspin and total angular momentum that are trans-

ferred during the reacti:on.The expression may then be

wri tten :

"""*" '=olo 
I ur* | ü"otoo ü= 

-*å
. s--il- 

t

x(:1)b-b'_".=.*.'o,-*u|Slm.-m;><JAMAJ,MA-MB|""*">
LrStJ

(L,m,s,fta-*ol,r,MB-M¡> A(E) rItË-,É,^l 3-7A i,i.r LsJa Þ

The function" ALSJ and tla" are cafled the spectroscopic

strength factor and spe ctros copi c form factor re spe ctive ly.

The strength factor contains information concerning the
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aI and

s cribes

s and

b

s cho-

be

3- 8a)

d

cti on s

SS

3- Bb)

-m- *m )trr a

3-9

strength of the reaction and the overlap of the initi

final- nucfear states . The form f actor tir" (É-,Ëb) de

the interactions of the incident and exiting particl-e

will thus describe any measurements made of particles

Both of these functions depend upon the modef which i

sen to describe the nucfeus

The differential cross secti-on of a reaction may

directly refated to the T matrix by the summation
) ) o. r lrl'/rrto+r)/(2sr+1)ð,a / dQ= UaUb/ Qrl- ) - kr/

mm_a-b
MoM"

where l.l .íUO are the reduced masses of the incident an

outgoing particfes , and the sum is over the Jr'Proje

MArMB l*- ,mb. f he expression f or the dif f erential- cro

section in this formulation may be written :

2)
ð,o /dQ= Uaub/ (2TTin')'kb/k u (rJB+l-) / (2JA+l-) / (2sa+1)

r I r o"r" ßr"J*'*u.'*bl 2

Jrfrr*ar*b LrS

where ßr"j*'Fa',frb is the'reduced amplitude :

oLrItt,*_ r*busJ d

. (2J+l-)-l(i)-L I <s-,*1,-mils,*'-*;;'(Lrrì',s,*å-*å1",*
mlm I a a

m,t 
ê

l)

.-*tIl-JrmJ-a+rééJ(-1) "b '"b 
I lX (Eb,Rb) tTr" (Ro,R") X . (k.,Rr) dRadRb
r J *å*¡ *å*.

where m'=MB-MA-mr +mt
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3-2 Selection Rufes

The conservation

to various sefection

the residual nucfeus

of angular momentum and parity l-eads

rules in the popul-ation of states of

via a direct reactiotfT). For a (prcr)

reaction these are:
rJrl.\=\-L=f -î =T -+Î ^+T , 3-1oa)

d' p nl- n¿ pr-
rr r A r I 3-I0b)S=S -S -s _+s ^+scI, p nl n¿ P-L
JJJJIJT'å3=î*ã=3r-ji:l'r*J' z*j pr_ 3- 1oc)

rr i I r 3-10d)T=Tcr-tn=* f -Ti

r¡lhere prc[ri and r. ref.er to the proton , alpha and initial

and finaf nuclear states respectively . The symbols L,s rJ

and T represent the transferred orbital, spin , total an-

gular momenta , and isospin respectively ' the lower case

symbols such ." i-. âDd Ë^. refer to the orbital and spin-nl- PJ

angular momentum quantum numl:ers of the individuaf nucleons

residing in their initial nuclear state

The folforving rules appfy to a (pro) reaction :

lÉl= t/2 3-1la)

lãl: 1/) 3-1Ib)
f ' | '/ -

líl= lîl tr/2 3-1r-c)

The parity of tfre initial and final states of the

nucleus is assumed to be given bY :

li[, = (-f)L 3-L2

ThisaSsumptionisva]-idonlyiftherelativeangular

momenta of the nucleons involved in the transfer is assumed

to be zero
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The se lection rul-es 3- f I and 3-1"2 unique ly spe ci fy the
TT

vafues for the L and S transfer for a given J" transíer

This allorvs the removal of the surn over L and S in equati on

3-8 , Yielding :

rlo,.-l'r lcL'*'*tl2
J --" m ,Rb

d6/ð.Q= u- vb/2(2r4))2 ko/"u

ryhere the vaf ue *b=O ,s u=I/2

inserted f or a (P, cr) reaction

, and (2Jts+1)=(2J+l-)

. This reduction in

parameters

Form Factor

3- 13

have been

compli-

section

the summa-

o) f 5l¡ Reaction

values

cation

for a

tion

allorvs the shape of the differential cross

particular J transfer to be calculated via

.L'fl'ñ-ove r tiÌe lrSJ d

1us ter and the 1S^,U\3- 3 The

The cluster forrn factor assumes that the nucleons

transferredinthereactionformatritonclusterv¡hichis
)1\

bound in a woods-saxon potential- t". This cluster is treat-

edasasinq}eparticlervithquantumnumbersl{,L,SandJ,

where r,i is the radiar quantum number for a particre state

describedb-vtlres]relImode]-.Adiscussionçfhorvthistype

ofcalculationcanbeimplementedmaybefoundinreference

1B

Energy conservation requires that the ll and L

of the triton satisfY:

2lJ+L= 2 (nn l+trr2*tpl-) 
+ 1r-rl-* 1nZ* fpt

rvhere the subscripted val-ues denote the nuclear she

3- 14

I1 mode I
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orbitals of the transferred nucleons ' This condition re-

strictsthepossibfestatesoftheresidualnucleuSreached

by the (Pro) reaction

The tto, J[=o+ ground state is believed to consist

- l-I *^.-¡ -, "
of a closed 5o core plus two neutrons in a (l-d5 /2)' ,

->)
(2sI/2J¿ or (:-d3/2)¿ plus a smafl core excited (sd) - part-

icle configur.tior,l9) . According to equation 3-L4 there

is an upper fimit to the val-ue of J rvhich Ëhe 15*, residual

nucl-ei can possess f olf owing a (P rcr) pick up reaction

Setting N=0 , and appi-ying equation 3-I4 ' the maximum value

L can take on is L=6, yielding states of L3/2+ or r¡/z-

totalangularmomentaand'parity.T}resestateswoufdarise

from a pick uP of two s-d neutrons plus an s-d proton

from the 1tn nuc]eus

3-4 Di\fBA cal-cufations using DI{i,CK5

Dl^]BA cal-cul-at-i-ons were performed using optical poten-

tiafs to describe the incident proton r,/avefunctions X^ and

outgoinq al-pha wavefunctions xb . The form of the poten-

tiafs requirecl by the Dl^lUCf.5 codes is of th'e form:

v=v"*v' f (xo, -o ) *illvf (tr.r r tirr) *ivrdf (x. 
' a. ) /dxt

+v I/r df (x ,a ) /dx i"Ë 3-l-5
S S' S S

where x and a are the "radius" and diffuseness" parameters

of the optical modef. The function f(x,a) is given byt

_1f (x, a) = (1+exp ( (x-x ,) /a,) )
AI

3-l-6
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3-4 a) Proton PotenLiafs

There is plentiful information concerning optical

parameters for proton elastic scatterinq from tto at the

energy at which this experiment was performed . Table 3-1

tists the various potentiafs found in the literature. The

potential p521) is an enérgy dependant fit rvhich used data

through the proton energy range of this experiment I40-9

MeV) . Potential P1 to P4 lacked data between 29.8 and 66.5

MeV . On this basis P5 is Preferable

3-4b) Alpha Potentials

The -paucity of approPriate elastic scatterins poten-

tials for the 151¡(cl,cr)f5t¡ reaction made it necessary to

cal-cul-ate an optical potentiat using the parameter se arch
?q\ l5 15

computer code SEEK o''. Cross section data for *"Ìr(o,rc)*-Il

at E = 40.5 ¡,IeV was obtained from the La\'rrence Berkely Lab-
22)oraEorv . An elasLic scattering potential r'¡ith a tveff

depth of approximately 279 MeV v¡as calculated for this
1f \ o

data previously by llozniak et af . "' , f or use in (o, -Be¡

studies . Reaf well depths of aoproximately 50 Mev per nuc-

_ 24)leon are expected for elastic scattering of composite

particl_es . On Lhis basis a depth of approximately 2OO MeV

would be desirable for an alpha potentiaf

TabIe 3-2 l-ist two potentials cafculated usino the

SEEK code . The potential Al- has a rvel-f depth of approxi-

mately l8O MeV which corresponds well with 2OO MeV " The

potential- A2 is much deeper and compares rvith potential- A3
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rigure 3-1 Elastic Scattering cross sections
calculated from potential Al- for
'tr. lq*-N (d,o) --Ì¡ scattering at E^ = 40.5 MeV
(sol-id line represents the Ëalcufation
the points are the data )10000

1000

100
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rvhich r.¡as cafculated blz I,lozniak et al- using a different

computer cocle (cÐl,lOA) The quafity of the fit f.or the

285 MeV lvefl- \vas somer'¡hat superio:: to that 6r the l-80 MeV

v¿elI .llorvever, âs noted the 180 I4eV wefl- is preferabl-e on

physical grounds . Figure 3-1 displays a plot of the exper-

imental cross sections and the differential cross sections

cafculated f::on A1

3-4 c ) Bound State Parameters

The finite rancte computer code DVIUCK5 calculates r-forn

factors for Lhe triton cluster bound in the nucfeuS , and

the incident proton bound to the triton. The potential used

to describe the interact-i-on is of the I{oods-saxon form

The code must be supÞl-ied v¡ith values of the radius ' di f -

fuseness r âfld spin-orbit depths for the respective bound

states . It al_so requii:es that the binding energies of the

bound particles be supplieå. Tire code then calcul-ates a

potential r.¿elf depth r¿hich matches tire binding enerqy of the

triton or proton bound to the nucleus or the triton resPect-

ivefv

Val-ues of l-. 4S8 f m. f or the radius and - ]- 44 f m- f or the

diffuseness of the p+t system r'/ere used 35). No spin-orbit

potential for the p+t system was empfoyed 35). The triton

bound state parameters vlere obtained by varying the Tadius

and diffuseness until- the calcufated c::oss sections from

DI,{UC}<5 resernh¡l-ecl the data extractecl for the I/2 ground
lç

state of *-t¡ 
" These parameters hrel:e kept fixed in subse-
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quent calcul-ations of other cross sections ' Values

which ga\¡e good agreement were l'24 fm ' for the radius

ando.4TfmforthediffuseneSs.ThesevalueSwerewithin
36\

the range of parameters used by Maples'"/ in a study of

(p,cr) reactions on liqht nuclei ' Maples used values rang-

ing between l-.03 fm- to I.6 fm' for the bound state triton

radius and o.20 fm. to 0.87 fm. for the bound state diffuse-
3s)

ness . A spin-orbit depth of 8 MeV was emp-Loyed

3-5 States Accessible via a Pick-u Process

The assumption that a transfer reactiofi proceeds via

a simple one step process induces a high degree of select-

ivityintheexpectedstatestowhichtheresidualnucleus

is excited . The transferred nucLeons aIe assufned to be

transferredd.irectlytotheprotonfromtheirshellstates

in the target nucleus. The remaining nucleons within the

residual nucfeus are assumed not to be disturbed from the

sheffswhichtheyfil]-edinthetargetnucleuS"Further-

more , in the simple triton cluster transfer modef it is

assumedthatthecorrelationamongthethreetransferred

nucfeons can be well represented as a sinqfe triton "part-

icle ,, existinq in an appropriate potential welt ( woods-

Saxon for this case )

]-B L^ ^^^,1 af â ñrê-The --O g.s. is bel-ieved to be composed of a pre

dominantly 2p-0h configuration wiLh respect to tuo *ia^

neurrons spread over the ( ..ð,s /2)2 , (2sL/2)2 and (rd3/2)z

sherfs r êfld more complicated 4p-2h core excited statesl9'37)
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The 2p-0h configuration for the ground state will aflow

access to Op-lhrIp-2h, and 2p-3h states in f5ru. The core-

excited ground states may lead to J-p-2ln,2P-3h,3p-4h and

4p-5h states

In contrast to a pickup reaction , the states access-

ible via stripping reactions can be considerably different

Here r DUcleons are deposited onto the target nucleus by

the projectile . Assuming that these reactions occur as a

one step, direct process , the stripped nucl-eons can pop-

ul-ate shell- model- leve ls above those of the target nucl-eus ,

which must remain intact if the reaction occurrs in one

step . By compar.ing the resufts of stripping reactions

15to N [rets. 28 '29,30 ,34,39) with a pick up reaction to

the same final state , some informatiÖn concerning the

structure of the nucl-eus may be gained

Tabfes 3-4 and 3-5 l-ist the various quantum numbers

corresponding to the single particle she1l orbitafs and

transfer,recl triton clusters , resÌ)ectively. Table 3-6

lists the nature of the residual states when a 2N+L triton

cfuster is removed

3-6 Cluster Form FacLor Calculations compared

rvith Experirnentaf results

In view of the simplification of the triton single

particfe cluster model for the pickup (prO)reaction pro-

cess r âD agreement between a DI,JBA calculation us ing this

model and experimental data would suggest that there exists
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TabLe 3-4 Ouantum llumber Contributions of
Shell I¡ucLeons to transferred Cluster

lable 3-5 Quantum ltrumbers of transferred Cluster

Table 3-6 FinaI State Characteristics arising
from (ll ,L) tr.ansfer

^ 16røith respect to *"O core.

Nucleon Orbit n I ÌIumber of euant.a
(=2n+ 1)

Ip3 /2
IÞr/2
rds/2
2sl/2
Ið.3 / 2

0
ù
o
L
o

1
I
2
o
ô

I
l"
)
2
2

No. from 2s-Id ShelI l,l o. f rom }p, .She 1.1
3

-I(Zn-+1.)=2rJ+L
i=l r ¡

3
2
L
0

o
L
2
3

6
5
4
3

?Àr!1 Possible (¡t,L) Cor¡binations P arity Particle-Ho1e l¡ature
of finaL state *

6
5
4
3

(3,0), (2,2), (I, 4), (o,6,
(2,r1, (1,3),¡0,5¡
(2,O),(!,2¡,ç9,4¡
(1,1), (0,3)

+

+

Ip-2h
(op-lh) or (2p-3h)
(].p-2h) or (3p-4h)
(2p-3h) or (4p-5h)
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a strong correlation that the three nucleons are well- rep-"

resented as a triton cluster within the target nucleus'

Anagreementv¿ouldalsostateSomethingaboutthestruc-

ture of the residual nucleus , since the nucleons in the

triton are transferred out of specific Jevel-s in the target

nucleus , leaving the residual nucleus in a definate state.

The following pages present some fu11 finite range

DI^IBA cal-cul-ations using DWUCK5 , for several states of the

18o(p,o)15N reactions at incident proton energy 40'9 Mev'

The calculations represent the reduced amplitudes, as such

they say nothing about the absolute normalization of the

calculation. Only the shape of the cross section is re-

flected in the calcul-ations . Figure 3-2 shot'¡s a spectrum

with the ananlyzed Ëtates ' The error bars of the cross sec-

tionaldatareffectonllzthestatisticafspread'calculated

from the Peak area

}trote:Inthedatapresentedthosepointswithdarkened

circular centers represent data from the second experiment t

those without are from the first experiment
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3/2- 6,32 Hev

13*,t/z

13*,2/z- 3.51 Mev

l/2 9.s. 

-

s¡zl s.2'1 trev
l/2' 5.299 Mev

oo
co

oo
N

oo(o

o

il
,o
ó

o

7/2+ 7.57 te

3/2- 9.152 l'tev
5/2 9.155 Mev

1/2 9.829 Hev-

ooN

oa

g/2+_ ro.7 Hev
3/2 10.693 I'ieV-

I1.235 HeV
L/2+ 11.44 Mev-

s/2+ 12-522 Me

9 /2 12 . 569 I'te

14,09 Mev
3/2+ 14.I0 MeV
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JÏI L/2 Ground s tqte

This si_ate is believed to be precloninantly - PL hole.

The state has been o1>served in various strippino reactions
rq - 28) -to "ltr (ref . 28t29r30,31-r34,38 ) Fa1k et al- --'found

that it rvas neccesarl¡ to assume a 2p-3h component in order

to exprain tjreir l:esults of u "c(crrn)15¡1 reaction.

As notecl previous ly , tlte bou¡rd state parameters used

in the Di'lBA cal-culations were adjusted to aqree with the

cross sections for this state . Figure 3-3 displalzs the

calcufations and extracted data . The shape of the cafculated

distribution (lJ=2) appears to aqree \47e1-l with the extracted

data T1-re calcul-ation for tl=1 is also shov¡n The DIIBA

distribution fal-l-s more rapidly in val-ue than the exper-

imental vafues , this problem rvas also noted by Maple" t6l

The good agreement implies that the three nucleons

transferreid fro¡n the ItO grounrl staüe aIe wel-l- represented

as a single particle triton cluster
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These states are believed to be composed of lp-2h and

)a ?¿\
3p-4h confíquration= -- ''=t . These states , rvhich are not

resolved in this experiment or other experiments on strip-

ping Teaction, tt'tn) , are strongly excited in the

12c (a rp) 15N reaction as well as the pick-up experirnent

d.iscussed here. FiçJures 3-4 a) and 3-4 b) show cluster

transfer cal-culations for the 5/2+, (N=1,2) , and the

+
A/2* (l{=1,2,3) states. Also shorvn (rig- 3-4 c) is a

linear combination of the 5/2+, (:r=1¡ plus the L/2+(ÌI:2)

states. The broken line is the linear suPerposition,

rvhich was found by matchinq the sum of the two theoretical

calcufations to experimental data at trvo arbitrary an9les'

Th-e superposition appear's to match the shape of the data

rveIl , belorv 58 degrees , falling off rapidly at larger

angle s .
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rlI 3 /2 , 6.32 Mev state

This state is believed to consist predominantly of

â p-,^ hofe . It is only weakly excited by stripping
J/¿ 

12 lrr
reactions l-eadinq from t"C to "N ( ref . 28,29) implying

1)
that the dominant configuration of the -oC target has

f ill-e U Pr/, levels . This state is stronglY excited by

10 lr
the f 8o (p rcr) 

J5I'i reaction. The cluster transfer calculations

donotreproducetheshapeofthemeasureddistributions

satisfactorily (fiq- 3-5 a) ' An attempt was made to recon-

ci]etheshapeoft]riscalcu]ationwiththatoftheexper-

iment , still yiel-ding poor resufts (piq' 3-5 b ) ' This

was carried out by making small adjustments to the triton

bound state radius and diffuseness '
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il '7 /2+ i .57 Mev stateJ=,,

a) l5
This state is excited in both the -'c(a'p) t-li and

I8o(pro)15n reactions. rt is believed to have a dominant

2B). The shape of the ll=2 clustet l-tansfer1p-2h nature

cal-culation bears a resenblance to the extracted data

(Fig. 3-6 ) , afthougl-r the pathological clrop in magnitude

is present
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JJI = 3/2 , g.L52 t'!eV and 9.l-55 MeV (5¡z+) states

The paritl' of the 9.155 MeV state is unknown' Shell

moder calcufations 28) sugc¡est that it has positive parity
TT

The J" = 3/2 state is believed to have a d'ominant 2p-3h
¡¡r \

confiquration, r¡hiIe the J = 5/2'" state has large

3p-4h components.. Figures 3-7 a) and b) show the cluster

transfer calcufations for the two states . Fiqure 3-7 a)

shows a linear combination of the tr,vo (broken l-ine ) for
-L-

the 5/2- , lJ=1 and 3/2-,tl=2 curves . The shape of this

curve resembles the data at fower anqles , however, âL

higher angles the curve exhibits a sharp drop
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9-829 MeV State

This state is excited bY

and i s moclerate 1Y excited in

stripping reactions to l5*

the ]8o(p,cr) f 5t¡ reaction

philips et ur32) hu.rr. assigned a negative parity to this

state Figures 3-B a) and b) show cl-uster transfer caL-

culations f or the '7 /2+ and 7 /2 states
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This doublet is observed in strippinq experiments

to f5* (ref 28 ) rt was assumed in these studies that the

g/2+ state (riq. 3-9 a) v¡as being excited ' The cluster

transfer calcufations for the g/2+ state (nig. 3-9 a)

appears to f oll-oru the trend of the data , whi 1e the 3 /2

state (nig. 3-9 b) does not

10.693
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J. > 3/2 , 1f .235 -4eY--ry-ats

iT

This state , along rvith the J = I/2+ II'44 MeV

72 .15
state is not reported in the --c(cr,p) *-N stripping

28t34) -L^+ .i+ t -õ halo ¡¡nfìarrral-'sEuores / , implying that it has hole configurations

in the ("-p) ", core . Fiqures:3-10 a) to i) , show

TT

cluster transf er calcul-ations f or J" = 3/2! , 5 /2+,7 /2+ '

9/2t and lL/2!.
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J[= r/2+ tr. 44 l!ev,=:s-!e!e-

This state is not reported in the 12c (o,p) f 5t¡ stripp-

28 a/\
ing studies--''=' , but is relatively strong in the

r8o (p ro¡ 
15tl pick-up reaction. This wouf d appear to imply

that this state contains hole configurations in the (=p)

12 I2^,- ,15-'c core , which would not be excited in a C(srP) -N reac-

tion. The cl-uster transfer calcufations (fig. 3-11) cio not

appear to reproduce the satient features of the extracted

daÈa
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12.522 MeV and l=9/2 12.569 MeV States

This doublet is strongly excited in the 18o(p,o¡ f5t't

reaction but is relativery weak in the 1'a(o,p)f5tt reac-
28.34\ ?¿\

tionav ' ¿-t . Shell model- cafculations- '' predict a Ìp-2h

g/2+ state of 15* near it2.55 Ì4ev . Shown in figures 3-I2

a and b , are cluster transfer calculations for the 5/2+ ,

12.522 MeV state . There is apparently a strong L-depend-

ance in the g/2 states , since the L=4 (g/2+ ) and L=5

(9/2-) states are very different. A stronq L-dependance

was not in general observed in the 12c (cl ,p) 15il reaction
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L4. 09 Mer¡ and .l[= 3 / 2+ 14. 10 Mev s tate s

Novaluesofangu]-armomentaot.parityhavebeen

assigned to the 14. O9 I,f eV state . This doublet was not

observed ln the a2c(orp¡15tJ reaction , but r'üas observed in

12 '7 15 29)
the t"c('Li-,a) N reactron u. and is strongJ-y excited in

18 . l-5the -"o(pra)*"N picllup reaction . Figure 3-13 strows a

calculation for the 3/2+ state
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3-7 Conclus ion

The simple model that a (p rcv) reaction occurs as a

transfer of a triton from the target nucleus to a proton

appears to l¡e of sorle value in the des cription of the

18o (p,ü¡ f 5t{ reaction at En=40' 9 Mev ' I^Iith the set of opt-

ical- and bound state parameters chosen , there is excel-lent
TT-

agreement in shpae with-- the J"= I/2 qround state ' other

data,whenconsideredasasumoftwostatesyieldsan

agreeabfeshapeatfort^¡ardangles,rvhichbreaksdownat

large angles.

Tlvo of the most objectionable assumptions of the theory

arethattheelasticscatteringpotentialsaretheSame

for both the targe'u and residual nuclei (. see eqn. 3-4

and 3-5 ) , and that the transferred group exists as a

single particle r rePresented by a triton ' bound to a

tr^Ioods- Saxon potentiaf wefl . The first assumption may

be valid f or heavy nucl-ei , however in the present case '

whe re tÏre trans f erred triton represents I7% of the total-

mass of the target nucfeus , this assumption becomes sus-'

pect.Th-esecondassumptionignorestherelativemotion

of the transferred nucfeons , this relative motion is

cldaft with in the semi-microscopic and microscopic theories

of the form frrtor39) . The cross sections exhibited a

pathologicalvariationwithrespecttoboundstatevalues

of radius and diffuseness. This is particufarly discon-

certing , since it would be desirabfe to find one set of

parameters describing the reaction to a1l- states of 1u*.



- IO2-

It is also assumed in the calcufations that the nuc-

lei may be represented by the spherical shell modef . tto

is considered to be deformed ng) 
, which may have some

effect on the cafcul-ation

It iË apparent that more degrees of complication

must be introduced into the calculation before any con-

crete concl-usions can be made concerning the nature of the

reaction and the structure of the t5* nucleus may be made.
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Appendix

Theappendixcontainsthetabu]-atedcrossSectionsfor
the two experiments which r¡Iere performed ' Tables whose

filenamesbeginwith,,oX,.werefromthefirstexperiment'
those beginning with "Ol-" are from the second experiment

The error quoted is based solely upon the error in the

peak area (ie the square root of said area) '1
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1L nLrU t ¿
43, I
4-:'t r 1
4ô + I
lL¡ r l
rF 4
JJ 1i:

btbniìiLHb,
¿o I ¡
33. 0
39.3
lðrU
lit/
l6rr'|
30,?
õõ .a¿.: r Iõá n11 t 7

¿t. /{ñ Ê1È¡rJ

TIIFFEF:EiJTIAL TRI]SS-SECTIUNS FOFi FILE. OT7i7
EXIITËiTItlN ENERGY 7,5ó8û0 l,lEV

UALUES TN ì'iICROFAÊI.I5

ERR0Ê { Êì'i)
1.ó
L rLl
1-¡

I +J
lr'J
t rJ{oLtu
lrU
l¡l
1r4
J.lI r¿
0,8
0,ó

SïGi'{Éì(il'l)
nL 'lÀu t /
3û ,0
Itr '1JJ I È
T.l ,td! l1
L6 ,4.to Lratq
19,0
1ô r I
4õ É
lI + *J
4A ñ
L¿ I ¿

^r 
ñ

¿J I /

11,91'r
/ aù

THETA ( LAE )

IUr{
1órrl
îri. ¿

lU r 4
30,4
30,4
40,4
40,4
45.4
50.4
50,4
ó0.4
80.4

SIËHA ( LAB )
34.0
38.0
44.3
4t. Ba¡, ']¿v I Å^- ñ
LL I Iññ ñ
À¿ t /
4ñ A17.'i
nL -7
LQ 

' 
/

41 ñ
Lt I tõì ñLl t 7

1Jr4
7,6

THETA ( Ci-i)
llrb
18,å,:}.I. n

33,1
34, ?
J{ti
AE õ¡tJ r ¿
^Ê ?+-l a,1
50 .8
5ó, i
Ê¡ h

'JO r ¿
óó, 9Þ?ou¡ la
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TIIFFTFENTiAL CROSS-SECTTONS FÛÑ FILE OX91ó
EXIITATiON ENERGY L 155'i'l HEU

VALUES JN i',1ICÑÛFAFNS
È

EFlt:tR ( Cl'1iõÊ
¿tJ

L7.]7

lrft
¿l¿

?.0
lrr*
1,ó
-trf,
Q ''7f l - -.

0,ó

THETA(CH) SIGi'fA([I'Í)
11.5 51,?
14"9 49.Û
lB.3 44'0
??, B ?8,8
4t 

^ '!L L¿c,r ¿ ¿s r u
t9.5 ?3,4
34.0 17,3
37;4 :1,3
40,7 14.1
45;1 11 .9
49.4 5,6
8t.5 7,4g7,l ?,3

îHETA(LAF) 5TËi'.IåiLAF)
10,1 66.4
1.i,1 6?,6
1ó.1 5¿-0
!û. ? 3ó.5

?' F
lJti j'J.'J

?ó,? ?9.3
Ã õa È

JUrl ¿I r*J

33.2 ?ó. i
3ó.? L7,?
40.1 14'4
43.1 6,7¡ôÉii+L ¿+"'
80.1 ?,4

ERt:0Fr( [ä )
'1 ¿

¿+¿
't1¿t¿
I+i
irL,
I rc
{fIrJ{Êi rJ
1,9
1r1
0,7
0,ó
0,ó
0,ó
t,7
ù,5
LJt-l
0,5

THETA ( Ci,f ) 5i GHA ( [I'iJ
11-g 7L3
1S'ó 45'?
tl. I 3? ' 1¡ t^ rjjrl ¿ivr-l
4ñ ô aL I
¿ 7 I E ¿0 t ¡
34.3 ?4 '734.3 ?5. ó
40,9 i'q.¿
45.3 L9,â
45.4 17,0
50,9 l0 - 1

5ó.3 4,8
-Eìit6rj ,Jtl

6L7 ó.3
.11

6/ t I ! t t
7?,4 ó,j
a- t L tX
/ / +Ct ul /
82,8 5.5
B7'|. 1'ó

TIIFFEFiENTIAL CROSS-SEITIONS FOFi FILE Û1?17
EXC I TAT I ON ENERGY 9 . 155Ûc' IiEI/

UALUES ii'I i'lICRÛBAFN5

THETÈ ( LAF ) SIGHA ( LrìE )

1Cr,4 91.:
¡ Eñ a

1ðr{ Lror.t
?û.4 40,¡20.4 51'!
?ó.4 3! ' ó30.4 30 ' 730,4 31 .8
3ó.4 33.7
40.4 t3.8
40,4 I0.5
45,4 1?,050.4 5'ó
50,4 & '7:i5.4 7.3

Lît-

ÉU + { t¿ + /
ó5.4 ó.?.--
r'U+4 / t'J
7r,4 5'9
80.4 1 .6
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IIFFERENTiAL CROSS-SECTITNS FOR FiLE 0X983
EXCITATiON ENEftGY 9.82900 I'lEV

UALUES TN HIIRTFAFìNS

TRFiOR ( [H )

irL
Ir¿i
¿rl
¿rJ
1,3
l'.O
I IU
IrL,{.}I t¿

t*5

THETA(THi SIGi'íA(C¡'í)
11,5 33-3
r4,9 3ó.418.3 34.3??.s :5'4
?6,? L7,L
?9 ,6 Ií ,7
34.0 12,037,4 10.?
50.6 9,0
82. 6 7.?

THETA(LAF) SiGI'fA(LAB)
10,1 45,3
13.1 4ó.ó
1é, - I 43 , I
!0,? 3?,2
33.2 31.5
3,1 .3 19 ,7
30.! 14.9
33.? 13.4
45,1 10.7
7i,I 2,3

TIIFFEFIENTIAL CROSS-SECTICINS FtIft FILE t|1B?3
EXCITATTüN ENERüY 

'. 
ÐI9ùO I'IEV

t,ALUES iN IiiCRNFARNS

tFiFlirFt i cl'ii
l'1Lt !,}1
L' L
1l
4Êlr*l
¿FIrJ.l ,1
r t¿
I¡i
irl
UrY
0,5
0,J
Llr.j

THETA(ü'i) SIül'iA(cì'l)
11,8 33,1
18.ó 39,7
?3, 1 ?7 ,3
23.1 31.Ë
?9,ç 14,9
34,3 11 . Û
34,3 ió,3
45.4 18,0
5ó,3 9,4
67,? 3'ó
7?,4 3. ?
82,? 1,1
ññ 

^ 
7 Iotr I v J r ¡

THETA i LAE ) 5IËHA ( LAF )

10.4 41.1
1ó.4 50,ó
3Ci * 4 34 ..4
?a ,4 40 , ?
3ó,4 1Ê,ó
30,4 13.7
3û,4 3Û.54t,4 31,Ê50,4 11 ,060,4 4'0
ó5,4 3.6
1Ê ¡ I 't/¿,1 al¿60.4 3,2
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ITIFFERENTiAL CRtSs-5EcTiÛì:li tq[^FiLE tX1û7-'' ' -ËxIitnTiÓH ENER6Y 10 ' 70000 ]rEV

THETA ( LA
l3*1
lf,r l
úUrl
-13,3
4J r I
4ô r jeÈ a
J-l I ¿

UALUES IN }lTCROT{ARI.I5

F) SIGI,fA(LAB)
45 .3
ó¿trYoll lL

I ¡é
o.}ua¿

aa 1I¿tÉ
{4 EI¿..J

VALUES TN I'fICËTFAR¡I5

THETA ( CH )

14.9
Iðr'l
J4 r I
37 ,4
¡ñ EïõrJ
51, Ë

6L ,6

SlGHÊ(Cþt)
7q 7JJ I J
-'-7 :¿/ I t'-'1 -l

T TT
ó.3
ó,8

10,3
10,Ë

ERRÜR ( [¡'í)
1.4
IrÞ
t?t aü
0'B
0,7
inr l¿
Ir'l

TTTFFtRENTIAL IR055-EEçTIÛÌJç tql^FILE tr1107"'" -Ë-xIiiìiTlnü-rilEnt'i 10,700ü0 I'rEU

TF:RüF:{ Ëh )
IrI
irL,
t'¡t r{
1'1
lr¡l
0.8
1,1
0,7
Uri

THETA(Ü'1) SIL-ìäËitCi'Ì)"'-ii;t 4o'L
ie,z 37'3
iç. ç 10,2
-Ì4;4 13'9
4:.9 11,3
4i. Í 10. ó
56 . 4 14'?
ãi.ç 1û.5
11 ,a 1,4

THETA ( LAF ) ST LìHA ( LAB )- i0.4 51.ó
lÀ,+ 47'7
i¿. q 11. Fão;4 17 ,?-
4o,q 13.7
40,4 1! ' I50'4 t7,4
ÉE ,r 11-1
J-l ¡ I7o,q 1.5
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IITFFEFiEI'{TTAL CROSS-SEDTTTINS FOR FTLE 0X112
ËXCITATlON ENEftGY 11.23500 IIEV

VALUES IN I'tICROE ARi.{5

ERRtlR i C¡i )

t,7{r1r-l
lrU
lr3

..jrL,
1,1
lró
0,8
lrL,
^o

THETÉI(0fl) SIGiiA(ClÍ)
14,9 Ê,1i8.3 17,3
33,9 L7 -3
?6,3 !1'8
?9,6 ?7,L

J {- 4
J4r1 !/.¿
37 ,5 14 .0
40.8 9. 1

51,9 4,ó
71,3 7,&
ñi ñ 0 ,t
a'i. Õ 9l r

SIGHA(LAF)
10.4.).] ni¿ a ¿
a, -z
¿¿ t J

Lt I A
J{ r I
lIrS
L7 ,3
11,3FFJrJ

otr,UIJññ

IHE. IH(LHð/
IJrI
1ó*1
1^')¿v I É
'!7 n¿J i ¿
aL 1¿g t ¿

:¡? ¡l
LrJ + ¿
1L n
JLI 

' 
¿

4b + L

ó5. !
tF I
/J.J

EÉRtìR ( Cfl)
l.)lr¿
iÊ1¿ a¿
1lIrÇ
tru
t7

IrI
0,7
0'3

THETIå ( [i'1) SIGi'iA ( tl'i)
L8,7 14,3
?3.3 !1'0
:9 .9 L7 ,4
34.4 1?,1
34,4 19,7
41,1 10.7
45.5 7,8
83,0 ?.0

THETA ( LAT{)
16,4
,itl r 4
?6 ,4
30.4
3C,- 4
3ó,4
40.4rÉ A!.J+4

TI I FFENEÌ,¡T I AL Cft CISS-9ECT i N}ì5
EXI I TåT ITN Ei,IERGT 1i .

VALUES I N i'íI CRTIFAÉNS

SIGt.1A(LAB)
lo ?ta I J
a!- 1
"1 I OA¿ t /r)-t 0ÀÇ a g

?4'ó
l-\rJ

ñE'r.'J
lrI

FIIFr FILE T111]
:35t0 i'fELr



ERFr0Fi( il'i)
r")lr¿
L,?
?,7
1,î
a.)¿t¿
.ìf
¿l:l
IrU
lr4
1,1
0,7
0.5

THETA(LAF) SiGi'fA(LAF) THETA(CI'I) SIGì'14{Ci'i)
13*i ll.E 11,? ?6'3
iã; i ii;i 18,3 ?e '1io.? 3b;9 3?,9 3o'5
iJ - 3 45,4 ?ó.3 35 ' 81t,1 3i ,4 ??, ¿ ?4 '93c,;i 50, ç 34. i ?4,7
3J;t iÍ.q J7,5 lo,a
iÀ -: 14,3 40,8 I 1 .5
4¿,1 9.9 51,9 8,3
¿5,i J,6 7?,4 3,?
1i,1 i,3 8?'8 '3,2

-l-]-2-

TIIFFEFIENTIAL IRt]$S_SECTIOi'iS FTft FILE 0X114
EXCITATION ENERGY 11 .43800 I'IEU

UALUES iN iliËROFARNS

IIIFFEFIENTlAL CRIISS-SECTiIINS FNF: FILE 01114
EXCITATIOIi ENTRËY 11.43ÊÙO I'IEV

UALUES IN HICROBAÉNS

ERROR ( CI'ii
Lç/
1'Á
lrl
lrõ
{FIrJ
iEL+J
Ur7
0,8
0.3
0,i

SIGÌ'lil { Cl'f )
aL .,
¿g I ¿
3B ,4-ñ 

^l7 r I
it,4
õ! ñ
¿u I g

19'8
11.3

añI tÖ
1.ó
4a
!t/

THTTA ( LAII )
ló'4
30'4
¿¡tt1
JU r jl
SUrT
3ó.4
4U r ¿i

50.4
ìÊ AJ.t+1
80,4

SiIìHA(LAFI)
1't LJJ I U

48.9
37 ,1AE Ê¿J r *l-t-t L

:4.4
13.7

7t¿
Lr7
!+/

TiIETA ( Ël't )
{ñ I

n.ln¿J I ¿
JU+U
J¡i r 4
34,4
41,1ÁÊ Ê¡.lJ + *J
¿T È
JCt r *l

UJ I ¿
ôñ 4
Ì1O | ¿
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TIIFFEftTNTIAL CÉT5S-SECTTCIH5 FüR FTLE TIXl?5
EXC ITAT I UN ENERGY 12. 5350C' iíEV

E FìHUf\ { Ln /
1L
-E¿rJ
4t4
a1
=È
¡rL,
¿rO

lril1:
¿1il
lÕ

lr.:
1+lJ

THETÊ(Cl'i) SIG¡ifì(C¡'í)
11 . ó 108, 1

15'0 10ó'3
?2,? 81 .:
!ó,3 74,?
34. ? 54,3
37 ,6 47, 1

40.î 45,!
45.3 33,&
48,7 ?9, Q

50, I 34,8
61.8 19,1
7?,3 9'9
rì ñ q 7/ / to JrJ

THETÊ ( LAB ) SIGI{A ( LAF )

10.1 140'1
13,1 t37,4
?0, I 104,0
!3,3 94,5
J0. î ó8. ?
33,: 58,7
3ó.t 55.8. 40,1 41.1
43, I 35, 1

45,1 41.8
55,? 2:'1
¿,5.2 11.0

ãEA
lutí ¿tl

UALUES IN IIICftÛFARNS

VALUES IN H]CROFARNS

IIiFFERENTIAL IROSS-SECTIONS FgE FILE 011Î5
rxcirnri0N ENtR6Y 1?.535Ü0 I'fEU

Fr,Êtñt! / õL \Enßuñ\Llr/
. J,ü'1 -l

JtLr

"1 1
:?
JILì

irOt?
tlJ
.,.1
¿t ¿

rag
l^I r*
Ir{
là!I r¿
lrL,
û,ó
LJr¿
UrJ

THETA(Ci'i) SIËi1A(CIi)
11.? 100,7
18.7 1Û!,4
:3,3 107.1
30.0 73,3
34,5 ó0.:l
34,5 ó3,8
41,3 40,7
4Í. É' 4C', Û
EJ 4 -11 ì,
JI.I J/ ll
Êi a :'! 1
JO I ./ É¿ I ¿

¡ -E ñ
ô1+ I ¿J I Ë'

67,4 I7,V
7?,7 10,2
78,û 1.3
ññ A I Ë
Òt1.¿t llu

5IËHA(LAB)
lJUr-:i
13i.8
lJ/rI

on'7
T L+ I
tE I
lJ,O
ËUrU
50 ,2
{ð r tr

45,()
,-lë r I
4ñ ñ
Lt I I

-jL,rJ
11,4
1.4
1.9

THETA ( LAT( )
10.4
1ó'4
?n.¿
!ó-4
åUr4
30,4
'tL 

^JÐ I I

40.4
45,4
5û,4
FE 

'JJ.'t
óUr/i
OJrt
70,4
Ë0.4



Lt\t\Ul'i \ L.n l
7,7
-Lr7-2!

¿rL'
1-l
lrÊ
l¡¿J

-LrJ

THETÉì(Cií) SIGÌ'ÍÊ(C¡í)rr,t ó1,0i5.C' 64,7
!3.0 55.7?&,4 5Ê,934.3 át,2
1t-,t- 46,9
45,5 39,0
48, É 35,0
5? , 1 41 .5
Ê I Ë ¡È ÕJö r J 'l-l r ¿

/!+/ ITII
ñt õ ta 4
Õ-1 r ¿ ¿I r ¿

THETA ( LAB ) SIGHA ( LAF )

10,1 79,i13.i 84,1
20,1 7L,7
lf,. ? 73 ,5
30, ! 77 ,3
33,2 58,8
40, I 48,0
43. 1 4?,6
4é,!. 50,û50.1 53. ó
tq. .'t "1l 'IgJ+¿ Àt tJ75,1 :3.7

_ TL4-

TiIFFERENTiAL CFiOSË-SEITIOIIË FTR FILE OXi41
EXTITATiON ENERGY 14.09óOO ¡'{EU

VALUES iN ¡'fICRI]FAFNS

TIiFFEFENTTAL CÉtI5S-SEIT]Û}.IS Fc|F: FILE 01141
EXCITATION EI.]ERGY 14. Û9óüO HEV

UALUES TN I'{ICFiOT.AFINS

ERR0FI ( H,1)
lrJ

?¿1

¿rC'

¿t¿
Jt ¿

ltt'
Ltl
a'1

Irr'[
I tL'
ti'7

IHL lH t Ln I :1 ILlnf-r \ Ln J
a 4 ñ ñr ñI I r 7 rJJ t 7
lo o I-, F,
rutu aJt¿.t-l -I Fn A¿tj+J rJ7rL,
¿dal J/ +J
3û. i 54, ?
34, É óû,7
34. ¿ 59, g
41 .3 4J.4
45, e 55,1¡E ñ TE õ1J r tl 5-¡ I Li

51.3 51, I
52.4 37,rJ
É.L ct ?f, ..}
J! + U JU r !
L L U i ì '-ì
JUl' gl¿

ó:, ? 34,5
!.-7 !. a !- 1u/ I u iu t /
I ¿+ I IQt¿
78,? 11,?
81,4 17,0

5I LlnH { Lfìtl J
441 h.1LÀrU

dl+Y
-F hì'Jt7
1L'l/ ui,
&9,?
1L L/Lrtu
75 ,4
53.9
L1 L9t tv
Jg t ¿
ó4. I
^^ 

E¡J', r J

^E 
t

a! a ù
E< 4
"JI r i
{U r 1

JL, ¡ -¡
rñ Itu t t
1?.9
lo i¡UI T

I t-ll I f.t ( Lfì¡r /
i0-4
1ô+4
lUr9
., ll ¿

¿u t a
iL) r 4
JU r ¿{

Jór4
4Ur{
4C, ' 445,4
46.4
E¡. A.JVr.t
50,4EF ÁJ*J r'l
i¡U r 4
Le. ÁUJ.I

/V +1
aÈ A
J.Jt'1
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