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I . ABSTRACT 
I 

The eHe,t) a~id (3Ht 3He') reactions on 9B'e, 12C, 13C, 14c! 

[ (3He, t')reaction only], 14N and 15N have been investigated at 3He 

energies of 39.9, 49·8,39.6,44.8,44.6 and 39.8 MeV,respectively. 

Angular distributions were obtained for all prominent states up to 

excitations of·20 MeV. A micros(!opic analysis of these data has been 

carried out using a local two-body- interaction with an arbitrary spin

isospin exchange mixture. Spectroscopic factors were calculated using 

intermediate-coupling wave functions for p shell' states while simple 

j -j configurations were assumed for the levels which were populated by 

promoting a p nucleon to the s-d shell. A ¥u$.awainteraction with a 

range of ex ~l· = 1.2 F was found to give the best results. The strength 
. . 

of the effective nucleon-nucleon interaction required to fit these data 

is in'good agreement with recent (p,p'), (p,n) and (3He ,t) calculations 

on light nuclei. In particular, dominant L == 0 transitions ob served in 

the (3He ,t) re~ction gave values for the isospin V
ST 

= VOl and spin

lsospin V
ll 

dependent terms (converted to an effective nucleon-nucleon 

interaction atex-1 =1.0 F') of 20.6 and 16.5 MeV, respectively, while 

the strengths required to fit C3He;t) L == 2,3 transitions were generally 

enhanced. FOr inelastic transitions, the average strengths obtained for 

VOO ' assuming a Serber exchange mixture, varied from 47.2 to 67.3 MeV 

depending upon theL transfer involved. A comparison of the (3He ,t) and 

(3He ,3He ,) reactions populating anaJ,.og final states (where T
f 

= Ti + 1) 

is also presented. In general, these transitions were 

howeVer j it was possible to observe the lowest T == 3/2 

nuclei 9B - 9Be and 13N - 13Cand sever~l T = 1 levels 

weakly populatedj 

levels in the mirror 
. 12N 12C In - . 
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I , INTRODUCTION 

There has been a gro~ing interest recently in the applications of 

a microscopic description to the inelastic and charge-exchange scattering 

of variOusp~oje~tiles by nuclei ,1-14 . Utilizing the avaliable experi

mental data from the (p ,n) and (p ,p') reactions, several attempts have 

been made to.determine an effective nucleon-nucleon interaction in terms, 
. . 

of a simple 'local potential with an arbitrary spin-isospin exchange mix-: 

t '·6 -12 I" t '11 th 1 t· f d'd . t d· b . ure" n par ~cu ar, .. ep~pu a ~on ogroun an exc~e ~so ar~c 

analog states in the(p ,n) , reaction. provide a" dire'ct . measurement of the 

isospin V
ST 

= VOl, and spin-is,ospin" :V
ll 

. terms in the effective two-body 

'. interaction ~hile the levels which are strongly populated in inelastic 

scattering are generally sensitive to the spin independent .terms, So far , 

the' (p ,n) reaction has been reasonably successful in determining the '. 

strengths of i~ospin dependent terms;8,10-12 however, the inelastic transi

tions generally give values for" VOO' ~hich are enhanced due to collective 

or care polarization effects not accourited for by the ~ave functions of 

the init~aland fina'l st8:tes , 3,6-9 

One of the main purposes of this thesis wa,s to extend the concepts 

of a mic~oscopic descr:i.ption to an analysis of the (3He ,t) and (3He,3He ,) 

reactions on several Ip shell nuclei, particularly, 9Be , 12C, 13c, 14c, 
14N ~n'd 15N, These e:xperime~ts ~ere c~rried out at 3He energies of 40-50 

MeV and therefore the ~opulation of well kno~n levels up to an excitation 

energy of 15-20 MeV could be investigated simultaneously in both reactions. 

Some experimental .studies of the eHe,t)13-16 and (3He ,3He , )17 re

actions on light and medium ~eight nuclei have been reported previously. 

However, microscopic analyses of these data have been generally limited to 

'. an investigation of the ground isobaric analog transitions observed in the 

(3He ,t) reaction on several light nuclei, particularly, 170 , 
186, 

. 3··48" . 4 
27Al , 30

8i , 9K,ahd Tiat E = 18.;.25 MeV',13,1 
. 3He . .' 3 . 3 3 

In principle, an investigation of the (He,t) and ( He,He') re-

actions on Ip shell nuclei ras several advantages which make it attractive 

for a microscopic analysis ~< First of all, many of the levels ~hich are 

strongly populated in these reactions c,orrespond to transitions which 

mainly involve the prl1motiC1i:l of a single nucleon (Le" almost pure ~ingle-
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particle transitions).18 Secondly, the shapes and relative magnitudes of 

the angular distributions arising from single-particle transitions appear " 

to fall into groups which depend not only on the orbital angular momentum .... , 

'transfer but also on the specific shell-model trarisition involved.
18 

,This 

effect has been very useful in utilizing the (3He ,t) reaction ~s a spectro

scopic tool. 16 In particular, it was possible in these experiments to 

k . d 't' f 11 levels ob' se~re'd l.'n 14'0 below 8 ma e spl.n an parl. y ass~gnments or a .L v 

MeV. 18 ; 

Finally, 'intermediate-coupling wave functions are aV,ailable which 

have already been suc:!cessful in predicting many nuclear propertie~forlp 
19 . 

shell states. ,Although these wave functions are unable to predict the 

observed E2 transition rates without including an effective cparge for the 
·20 .' " ,'.. . ", 

neutron,thecollective enhancement required is much less than that for 

heavier nuclei. A.s a result, the ability of a, microscopic description to 

predict the shapes and relative magnitudes of the angular distributions, 

. for well-known p ~hell transitions should provide a sensitive test of the 
. , 

applicability of a simple local potential for the inelastic and charge-

exchange scattering of complex projectiles. Although the effective nucleori

nucleon interaction obtained for complex projectiles may be different· 

from that for nucleon projectiles, there is no strong evidence that it is 

greatly different. 

In the present analysis, DWBA. calculations have been performed 

using the microscopic description developed by Madsen. 5 Spectroscopic 
.' ,.". ~~ 

factors were calculated using the wave functions of Cohen and Kurath ' 

for p shell states while simple j-j configurations "fere assumed for the 

levels which were populated by promoting a p nucleon to the, s-d shell. 

The effective interaction was assumed. to be a 10cal:Yl!kawa potential with 
I 

an arbitrary spin~isospin exchange mixture. The strerigth of the effective' 

nucleon-nucleon interaction required to fit these data is discussed in 

detail and also compared with the results obtained from recent (p ,p I ), ' 

)6-12, 3 13 14 ' 
(p ,n and ( He, t) , 'calculations. 

Of additional interest in these experiments was the comparison of 

t.he (3He ,t) and (3He ,3He ,) reactions populating analog final states where 

Tf = Ti + 1. Assuming the charge independence of nuclear forces, the 

angular distributions for these transitions should be identical after phase-
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space and isospin-coupling corrections are made. In general, these transi.

tions 'Were 'Weakly populated; however, it was possible to observe the lowest 

T = 3/2 levels in mass 9 'and 13 and several T = 1 levels in mass 12. As 

a result, a correspondence 'Was established between seven excited T = 1 
. 12' 12 

levels in C and N. 
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II. THIDRY 

A. Introduction 

The inelastic or charge-exchange scattering of various projectiles ,) 

by nuclei can be described using either a collective or microscopic model. 

Both of these descriptions generally utilize the distorted-wave Born-
22 

approximation (DWBA) expression for the transition amplitude given by: . 

* 
T 'f X(-) (k R')('l' (g)/V(R' g)/'l'.(g»X~+)(k. R')dR' 

f -f.'- f .-'. 1 1 -1'-,.,.., (1) 

where fit is a vector between the center of mass of the projectile and 

the center of mass of the target and g describes all of the nuclear 

coordinates. The xi +) and X~ -) are distorted waves which describe 

the elastic scattering in the entrance and exit channels while the remain

ing factor represents the matrix element of the effective interaction 

taken over all nuclea:t: coordinates of the initial and final states. 

Until recently, the collective model was extensively used to de

scribe inelastic scattelfing since it was known that the states which are 

strongly excited by irielastic scattering are also strongly coupled to 

the grotj1ld state by the electromagnetic field. 23 This approach consisted 

of generalizing the optical model potential to include non-spherical 

shapes. The nu:clear matrix element, Eq. (1), was then replaced 1;ly the 

radial derivative of the optical potential which gave rise to the elastic 
24 

scattering. The resulting cross sections are proportional to the de-

formation parameters/3L for each multipole. Although the macroscopic 

description has been successfully applied to strongly excited states 

which can be characterized as collective in nature, the information which 

is obtained concerning nuclear structure, is limited and in general the 

mOdel is not applicable to weakly excited levels. 

Charge-exchange reactions have also been described in terms of an 

opticalpotentia.l model in which the groUnd isobaric analog (quasi-elastic) 
.. 1 

transition results from an isospin or symm~tr;y term in the optical po-
25-27 

tential. . By analogy, the radial derivative of this symmetry term 

gives rise to quasi-inelastic transitions.
27 

While the strength of the 

symmetry term required to fit the quasi-elastictransitioris is close to 

that found in an analYsis' of .-elastic. scatte~ing .data, 26 ,27 the cross se'ctions 
. . 1 t1 t . t· '. 11 d t· t d 27,28 . for quasl-lne as c ranS1 lons are genera y un eres'una e .. 
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If a microscopic description is used, the nuclear wave functions 
.j 

':II f,Eq. (1), are expressed in te:rms of the motions of the in-

dividual target and projectile nucleons while the effective intera~tion 

is represented by a sum of two-body interactions between the projectile 

and target nucleo:Us. In prinCiple, this model is capable of describing 

all inelastic and charge~exchange transitions and also offers a means for 

testing nuclear wave functions providing the effective interaction is 

known. i ! . 

For incident protons or neutrons at sufficiently high energies 

(::: 100 MeV) the impulse approximation is valid and.the effective inter

action can be replaced by the free nucleon-nucleon scattering amplitude .1,29 

However, at lower energies, multiple scattering becomes more important 

and in addition the nus::leon!..nucleon scattering is modified by the presence 

of other target nucleons; therefore, the effective interaction is expected 

to be very complex. For simplicity, the effective interaction is generally 

restricted to be real, local and only dependent upon the' distance between 

the projectile and target nucleons; however, an arbitrary spin':isospin ex

change mixture is included. Hopefully, a consistent set of parameters are 

obtainable·for the . effective :j..nteraction providing the nucleon wave functions 

~re well known. 

One final restriction usually imposed in a microscopic description 

'is to neglect the contributions from exchange processes in which the pro

jectile nucleon (nucleons) is captured while a.target nucleon (nucleons) 

is ejected; these effects 'Will be discussed further later. 
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B. The Microscopic Model 

1. General Discussion po. 
( , 

Several theoretical formalisms convenient for discussion and cal- '. 

culation have been reported recentl~ based on a microscopic description 

of the inelastic and charge-exchange scattering of various projectiles 

from nuclei. 3-5 The formalism developed by Madsen5 has been used in the 

present work to carry out a microscopic analysis of the eHe, t) and 

(3He ; 3He ,) reactions ,on lp shell nucieL 

The effective interaction, Eg. (1), can be expressed in terms of a 

sum of projectile-nucleon interactions 

where 

A 
= 'L:: 

i=l 
V(R',r.) 

--. ¥!I'Iol 
(2) 

is the space coordinate of the ith target nucleon and A is 

the mass of the target nucleus. If the wave functions for the projectile 

are assumed to be entirely s states (a reasonable approximation for all 

complex projectiles up too: particles), then the projectile wave functions 

can be factored into a part depending on space coordinates and a part de-

,pending on spin-isospin coordinates. As a result; the interaction, Eg. (2), 

can ,be expressed in terms of ,the effective nucleon-nucleon interaction 

where 

f(~ ,) 

¢;.' is the space coordinate of a nucleon in the projectile and 
p 

is the internal wave function of the projectile. The effective 

nucleon-nucleon interaction has the form 

vert '-r.) = [Voo + Vl' 0' cr 'cr,,' + 't" • ':C. (VOl + Vll cr 'cr.)) g(r' -r.), (4) , P -]., " ' '"'P -]. '"'P -]. , '"'P -]. 'l;l-]. 

where the strengths VST (for spin 

in MeV while the radial dependence 

Sand isospin T transfer) are expressed 

g( r' -r) is limited to functional -p -i ' 
forms,which yield analytic expressions for the,multipole expansion. In 

particular, the Gaussian 
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and the Yukawa 

g(r) = exp (-ar )/ar (5b ) 

are two suitable finite range forms. In. order to [compare the stren~ths: 

V ST .for potentials of, different ranges and. differ;ent strengths, Johnson i 

et a1.7 suggest using the volume integral of the potential 

AST = VST J g(r} dr (6) 

where AST = VST X (rr/f3) 3/2 
Gaussian 

AST = VST X (4rr/a3 ) Yukawa 

'In order to compute the effective projectile-nucleon interaCtion, 

Eq. (3), the internal wave functions of the 3H~ and triton. projectiles are 

normally aS$umed to be Gaussian. If the nucleon-nucleon interaction, Eq. 

(4), is also chosen to be a Gaussian, then the.resulting expression for 

V(E ' ,ri)' is a Gaussian with a longer range and lower depth but the same 

volume integral, Eq.·(1), as the nucleon-nucleon interaction. 5 

In the present analysj.s of the c3He,t) and c3He,3He ,) reactions, 

g(r) was chosen to be a Yukawa. As a result, the expression obtained for 

the effective projectile-nucleon. interaction, Eq. (3), is very complex. 
14 .' . ' . . . 

Wesolowski eta1. have shown, however, that for large values of 

(R'-r.) 'this complicated expression can be approximated by a Yukawa with 
..,.... -1 . -1" 

the same range a but normalized strengths' V
ST 

given by: 

(8 ) 

where "(is. proportional to the size parameter or average size pa,rameters 

for the Gaussiari -wave functions of the 3Heand/or t projectiles (i.e., "( = 
0.318 and 0.291 for the (3He ,t) and (3He ,3He ,) reactions, respective1y).5 
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-1 At a range of ex ::: 1.0 F the simple Yukawa and the exact expression are 

almost identical for IR' - r. I> 3F and only deviate strongly at dis-
- -:1.- 4 

tances less than two fermis (Le. ~O% at 2.0 F).l Since complex pro-

jectiles are strongly absorbed inside the nuclear surface, the simple 

Yukawa interaction is expected to be reasonably correct but not as accurate 

for light nuclei which have much smaller radii. 

calculations ~ere performed for the (3He ,t) and 
, ' 

In particular, when DWBA 

C3He,3He ,) reactions on 

Ip shell nuclei, the computed angular distributions were only insensitive 
i 

to lower radial cutoffs ~ 1.5 F. However, a comparison of the absolute 

strengthspbtained in these experiments with those obtained in an analysis 

of t4e (p ,p ,) and (p ,n) reactions should provide a test of the validity of 

this approximation. The expression for the differential cross section can 

be written as a coherent sum of single particle transition amplitudes 

F~1/2(kf) : 

dO" _ ( 2f.l. )2kf 1 L (2J+l) (2S+1) 
d[l- 4m2 'k

i 
(2J' +1) (2J

i 
+1) 

JSLM 

j j . . / 2 
D. . (JSLT) V F 1 2(k ) (2L+l) -1 2 

J I J 2 . ST . LM f 

where 

and '. 
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_ 4(2j +1)1/2 (2j +1)1/2 (P. lIy 112 ) 
,· .. 1 . . 2 2 L 1: 

" 

. . .' . I 

X ~i-Pf,Pr-Pi 'Ct.r,~ +S(JJi J r ;OTi Tr ;jlj2) 

X S' !SJ' ;CJr')~ ,Pi' ~ i P f (2Ti +1) -1!2(2T'n) -1/2 1lr ,0 ] . 

In the above expressions the subscripts i and f label initial 

and final state's; primes indicate projectile coordinates and quantum 

num~er~; J,'t, S,andTdE!llotetotal, orbital, spin, and isospin transfer; 

the quanti.lmriumbe:r:s labeled P represent z compcmerttsof isospinJ and 
. ,', ~ 

11 ; jl an~ '£2,j2,represent the orbital and total apgular momenta of the 

target nucleon in its initial and final states. The radial form factors 

gL
j 
1 j2 (R 1 ),' ". ddt d· 1 'fu' '. 10 f th b d are epen en ,upon ra ~a, wave . nct~ons ut jl 0 e oun 

particle in its initial andfinal,state while the nuclear structure infor-
, . , 

mation is contained in the quantity D· .' where j',C and SI,C 1 repre
JlJ2 

sent target and projectile spectroscopic factors and isospin Clebsch-

Gordan coefficients, respectively. 

Aswasrilentioned previously, the levels which are strongly popu::

lated in the eHe,+.) and (3He,3He') reactions on lp shell nuclei corre'" 

SEond either to p shell hole states or levels which have the configuration 

s pA-5sors\/.,.5d. Slncesimplej-j configurations will be assumed for 

the levels which are formed by prozhotinga p nucleon to the s-d shell, 

only one single-particle transitionj 1-7. j2 contributes to the cross' section. 

If intermediate-coupling wave functions are used for p shell states, then 

several different single ,..particle transi t,ions (all with 11=12=1) contribute. 
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jlj2 
However, if the single-particle transition amplitudes F 1M are relatively 

insensitive to the binding energies of the target nucleon in its initial 

and final states, then it is only necessary to calculateF~j2 for the 

dominant single-particle transition predicted in the j-j limit. The vali

dity of this approximation will be discussed later (see Sec. VA-3). 

Since in the present analysis F~j2. was computed for only one 

single-particle transition jI-:-' j2,the expression for the differential 

cross section, Eq. (9), could be written as: 

where 

dcr \ 
dfl = L 

JSL 

, 

cr(j j L9)= (~.Jl \2kf\ .. IFjlj2(k ) (2L+l).-1/2 2 
1 2 47rt12 J k i L . LM f . 

. M . 

. and the nuclear structure factor G(JSLT) is given by: 

G(JELT) = 

2. Selection Rules 

(11) 

(12) 

. (13) 

The microscopic formalism which has been described in the previous 

section implies several restrictions on the various quantum numbers: 

• . f ( 
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Ii - s I :::1.:::.1 + s (14e) 

(14f) 

Ip! ,- P f' I < T < 1 
~ , 

while the conservation or parity gives 

It is ihteresting to compare the'restrictionsonthe isospin 

transfer ,T as they apply to the (3He ,t) and (3He ,3He ,) reactions. First 

of all, for a C3He,t) transition, T must be equal to one (14g) and 

therefore this reaction is only dependent upon the isospin VOl and spin-

. asospin Vll ,' terms in the effective interaction, Eq. (4) . Secondly, for 

a (3He ,3He ,) reaction where Ti = Tf = 0, T must be equal to zero (14f) 

and bnly the VOO and YIO terms contribute'to the,cross section, where

a s if Ti = Tf ' +0, then., T = 0, 1 and all four terms can contribute. 

Finally; if,Tf =Ti ± 1 then only the isospin-dependentterms are 

aliowed (14f) for both the'(3He,t) and C3He,3He ,) reactions. 

3. Target-Nucleus Spectroscopic Factors 

The target - nucleus spectroscop'ic factors 8(JJi J f ;TTi Tf ;jlj2) 

can be calculated ,from wave functiops in a coordinate representation using 

the following relationship: 

x L WiJiJ"Jj2;jlJf) WT(TiT"T~;tTf) 
J"T"y 

x F i(Ji (jlJ"), T(tT") ;y)F f(Jr (j2J "), Tf(~") ,y) , (16) 
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where A is the·number of particles included. in the wave function of the 

target nucleus and W
J

, W
T 

are standard Racah coefficients. The Cluantities 

Fiand Ff are coefficients of fractional parentage defined by the 

eCluations 

L 
JilT" j -y 

1 

F.(J.(jlJ"), T.(trll),-y) 7/J(J.M·(j l J"), T.P.(tr"),'Y) 
111 .11 ~ 1 

I 

forF
i 

and an analogous expression for Ff , where J" and T" are the spin 

and isobaric spin of the parent .state· and . -y represents all other Cluantuni 

numbers (if any) reCluired to characterize the parent state. 

4. A Critical Analysis of the Assumptions 0:[' a Simple M1.croscopic 
Description 

Several of· the simplifying assumptions and possible -inadeCluacies 

of a simpie micro~copic description deserve further col'nItlent. First of all, 

the mechanism is assumed to be direct so that contributions:;-from exchange 

and multiple excitation processes are neglected.· It is expectE!d -that 

multiple excitation should be relatively unimportant for levels which have 

simple shell-model configurations unless some selection rule or accidental 

cancellation of a nuclear matrix element inhibits the .direct process.
S 

However, a comparison of the c3He,3He ,) and (cx,a') cross sections for 

transitions restricted to be S := 1 indicates that while the contributions 

from multiple excitation maybe small they are not negligible for these 

transitions. (See Sec; VB-2). 

Exchange terms result both from anti symmetrization between pro

jectile and target nucleons and from exchange forces in the effective in-
.~....:------- ~ -_._--- - - .- - -

teraction; in. general the overlap integrals are complicated and difficult 

to compute, particularly for complex projectiles. The few calculations 

which have been reported for nucleon projectiles30 -33 indicate that the 

contributions from exchange integrals are small for L := 0 transitions ,3
1

,33 

though for higher L transfers these terms become more important31- 33 and 

in certain cases the direct -and exchange contributions can be of comparable 
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'.t 32 magnJ. ude. What the situation would be for the (3He ,3He ,) and C3He,t) 

reactions to be considered here is not known. It is evident that more 

theoretical analyses are nec'essary before the real importance of exchange 

effects is fully understood. 

Another important approximation concerns the use of a simple local 

interaction which does not vary with energy and also neglects spin-orbit 

and tensor forces which are known to contribute to the interaction betw,een 

free nucleons. 34 The validity of this $.ssUmption can only be determined 

by a comparison with' experiment; so far the ,evidence indicates that this 
, " ,..' 6-12 

approach can be reasonably successful. 
" ' 

Finally, one of the mOpt important criteria for the success of a 

microscopiC description is the availability of reliable shell':'model wave 

functions which accurately describe the properties of the initial and 

final states. In particlllar', if' the wave functions are unable to predict 

the observed el'ectromagnetic transition rates (E2 and E3 especially) then 

the effective interaction required to fit the corresponding inelastic 

s~atte~iIlgdata will be enhanced. Fortunately, accurate wave functions 

are' a~ailablef6r Ip shell states which have been successful in predicting .. 

several nuclear ,properties; including Mltransition rates and Gamow-Teller 

'beta decays.19Furthermore, the' effective charges required to predict the 
" . 

observ~d E2 tra~si tionrates only enhance theE2 matrix elements by factors 
20 

ofl.5-2.0. As a result, the contributions from collective or "core 

polarization" effects should be smaller fOr these transitions than those 

observed for heavier nuclei. 

Recently, Satchler proposed using a simple core polarization model 

in order to account for the inadequacies (Le., neglected configurations) 
, 8' 

in the nuclear wave functions. , 9 This treatment of core polarization 

effects is analogous to the use of an effective charge for electromagnetic 

transitions. As a result, the core-coupling parameters for this model can 

"be obtained from the effective charges required to predict the observed 

electromagnetic transition rates. In the present analysis of the c3He,t) 

, and (3He , 3He I) reactions the, contributions, fr()m core polarization effects 

have been neglected. The results Of thls approximation for Ip shell nuclei 

will be discussed further later. 
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III. EXPERThlENTAL PROCEDURES 

A. Cyclotron and External Beam Faciliti~s' 

These experiments were carried out using 40-50 MeV 3He beams from '{/ 

the Berkeley 881
' cyclotron in conjunction with, the external beam facilities 

shown in Fig. 1. Only a brief description of the experimental' equipment 

will be given in this report since detailed discussions have been presented 

elsewhere. 35 ,36 

The beam is focused and analyzed using a series of four quadrupole 

magnets, one bending magnet and an analyzing slit. Variable beam intensi

ties between .01 and 1.0 IJ.A were obtained with an energy resolutioriof 

~ .14%; typical beam spots were 80 mils wide by 110 mils high. Beam currents 

were measured using a Faraday cup and an integrating electrometer while " ' 

the energy of the beam wasdeter'mined using ,a series of remotely controlled 

foil wheels containing aluminum absorber's of various thicknesses. 

Particles were detected using tW9 independently moveable counter 

telescopes located an, an angJ,.e of 10 deg. above and below the median plane. 

The solid angle subtended by these detectors was defined using rectangular 

tantalum collimators .085 11 wide by .200 11 high located ",=,1911 from the center 

of the scattering cb,amber~Whenga s targets were used,' an additional set 

of collimators .085" wide were placed 411 froll!the center of the ,scattering 

chamber. The angular resolution of this system can be measured by obtain-, 

ing the width of the peak observed in the p(3lie;3He )p r'eaction. This re

action has such a high cross section 'that iiwas observed in the 3He 

spectra from all solid targets. Typical values (FWHM) of 0.32 arid 0.85 

degrees were obtained depending upon whether a solid: or gas target was' 

used in a given experiment. 'The larger value obtained for gas targets is 

due primarily to fiul tiple scattering in the entrance and exit windows. 
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B. Detectors and Electronics 

The t'Wo counter telescopes mentioned previously each consisted of 

an 8.5 or II. 8 mil phosphorus-diffused silicoh ~detector, a 120 mil lithium

drifted silicon E detector and a 20 mil Ii thium'-drifted silicon E . de-
37 . . reJ ' 

tectorj the last 'Was used to eliminate the energy signals from long range 

particles which passed through the firstt'Wo detectors. In some experi

ments it was necessary to rotate the E detectors to an angle of 30 deg. 

in order to stop the high energy tritons. 

A block diagram of the electronics is sho'Wn in Fig. 2. Energy 

signals' from the 6E, E, and ErE~j detectors 'Were connected to fast-rise, 

charge-sensitive preamplifiers 'Which then fed linear amplifiers 'With delay

line shaping net'Works. 37 The energy signals from the 6E andE amplifiers 

'Which satisfied the necessary slow-coincidence requirements 'Were sent to a 

Goulding;..Landis ,particle identifier ~ 38 This identifier utilize;:; the 

empirical range-energy relationshipR = €lEI. 73 producing an output signal 

'Which is proportional tOT/a, 'Where T is the thickness of 6E detector 

and a is a coritant'Which depends upon the particle type ~ A typical 

particle identifier spectrUm observed in these experiments is shown in 

Fig. 3. 

T'Wo four channel routers 'Were used to set gates around the triton, 

3He and ex peaks,and. also the deuteron-triton valley. (This last regiori 

'Was monitored in order to record any possible leak~through, of tritons. In 

general this leak-through only amounted to ~1-2%j ho'Wever, in the 

13C(3He ,t)13N reaction .a malfunction in the particle identifier system 

resulted in a leak':-through of ~5% for high-energy ground state triton:s.)· 

In this manner four energy spectra 'Were recorded simultaneously from each 

system using a nuclear data 4096-channel pulse height analyzer and a PDP-5 

computer (used in conjunction 'With an eight-channel pulse ~ultiplexer and 

a40%-channelanalogue-to-digital converter) both operating in a 4 x 1024 

channel mode. ,TYPical'energy resolutions (FWHM) for tritons and 3He 

particles 'Were 150 or 190 keY and 175 or 210 keY, respectively, depending 

upon 'Whether a solid or.gas target 'Was used in the experiment. 

/"" 

f", 
, I 
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A 120 niilli thium-drifted silicon detector located in the median 

plane at an angle, of 27.5 degwas used to monitor the beam energy and 

also to detect any changes in the composit~on of the target. This was 

of particular importance when 13C in the form of methane was used as a 

target. 

C • . Targets 

L Gas Targets 

A 7.66 cm diameter gas cell with a window of Havar foil .00025 cm 

thick39 was used to contain isotopically pure (> 98%) 15N, 14N, and 93% 

pure l~C' in the form of methane. Gas pressures on the order of 25 to 30 

cm Hg wereusedj arid a mercury displacement pump was available for the re

covery of rare ga: Ses. , 

2. Solid Targets·" 

.- i4 . 
A '. C target was obtaineq. from Brookhaven National laboratory; it 

was prepared by depositing 14C onto a 2 mg/cm2 gold backing. This target . -,~ . ~. ~ 
contained large amounts of CandO and the exact C target thickriess 

was unknown. In order to obtain absolute cross sections, the 14c c3He,ex)13c 
and13c(ex,3Hel4C reactions were carried out at 44.8 and 64.5 MeV, re

spectively; Since the momentum of the incoming 3He (outgoing ex) particle 

from the (3He ,ex) reaction is the same as the momentum of the outgoing 3He 

.. (incoming ex) particle from the (ex" 3He ) reaction, time reversal invariance 

implies a detailed balance between these two nuclear reactions. As a 

result, the ground state differentia:l cross sections should satisfy the 
·40 

equation 

(~~). 3 
ex., He 

:= 1.645 (~) 3 
ex, He· 

(18) 



where and 

respectively. 
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k~e are the momenta of the a and 3He particles, 

The angular distributions which were obtained from these 

two reactions are shown in Fig. 4.' Since the' cross section for the 

. .. 
'i 

(a,3He ) reaction was accurately measured it was possible to determine the \..lJ 

cross ~ection for the (3He~a) reaction to ± 15%. 
12 Ctargets were prepared from a "Dag" solution consisting of col-

loidal graphite in alcohol and acetone. The details of this experimental 
. . ' . 41 

procedure are well known and have been reported elsewhere. 

, A solid adenine (C5H5N5) target, which was used in the 14NeHe,it )140 

and 14N(3He,3He,)14N reactions, was made by evaporating ~l.l mg/cm2 of 

adenine onto a 150 J.lgm/cm
2

carbon backing. No detectable decomposition of 
. . 

the target was observed over a period of 48 hr at beam iritensitiesof 0.1 

to 0.4 riA. 

A self-supporting 9Be target 650 fJ.gm/cm
2 

thick was also obtained 
',. . 12. .' 

by evaporation'. This target was found to contain small amounts. of C and 
160 . . ·t· unpurJ. J.es. 

. .. 
h 
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Fig. 4. Angular distributions from the 14c(3He ,a)13c(g.s.) and 13C(a,3He )14C 
(~.s.) reactions at E3H =44.8 and Fa = 64.5 MeV, respectively. The 
(~e,a) distribution e has been normalized to the measured (a,3He) 
distribution; the latter was multiplied by the factor 1.645 required 
'fora detailed balance between ,these two reactions. 
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IV. EXPERIMENTAL RESULTS AND DISCUSSION 

The (3He,t) and (3He ,3He ')'reactions "Were investigated for several 

Ip shell nuclei-in particular, 12C, 13C,14cr eHe,t) reaction only], 14N 

and 15N, at 3He ener'gies of 49.8, 39.6, 44.8,' 44~6 and 39.8 MeV, respec

tively. TyPical energy spectra are shown in Figs. 5-11. 

A summary of the levels ~bservedin, these experiments and a c.om~ 
parison "With previous dat~ 42-62 is presented in Tables I-VI; the J?esult,s 

"Will be discussed individually later. Excitation energies "Were determined 

using the peak channels and energies of "Well kno"Wn levels. The analysis 

"Was carried out both "With the computer program IDRNA63 and by hand~ 
In general, angular distributions bet"Ween 15 and 80 degrees in the 

center of mass "Were obtained for all prominent levels and are preserited 

in Figs. 12-23. All absolute cross sections are accurate to± 10% "With 

the exception of the 14C(3He ,t)14N reaction where the absolute cross 

sections are accurate to ± 15~ due, to an uncertainty in the 14C target 

thickness (see Sec. III-C). In all cases lines have been dra"Wn through 

the experimental points to guide the eye. 

'A. The 12c c3He,t)12N 'a~d 12ceHe,3He , )12C Reactions 

The energy spectra shown in Figs. 5 and 6 for the 12C(3He ,t)12N 

and 12C(3He 3He ,) 12C 't· ','d' t'that' l'T 11'· 1" 'b , ' reac l.ons l.n l.ca e severa ',== eve scan'· e 

readily observed in 12C "Which have a corresponding analog state in 12N. 

Assuming the charge independence of nuclear forces, the angular distri

butions for (3He ,t) and (3He ,3He ,) reactions populating analog final 

states (Tf == Ti ± 1) should be identical after phase-epace andisbspin

coupling corrections are made. Utilizing the known information concerning 

the spins and parities of T== 1 levels in
12

C, it "Was possible to make 

several assignments in 12N. These results "Will be discussed in detail in 

Sec. VI. 



en 
1: 
:l o 

U 

-23-

Excitation (MeV) 0 
500r-------~~~~~~~------~~¥---~------~-..-~----, 

400 

300 

12C ,( 3He ,t) 12N 

E3 = 49.8 MeV 
He 

8L =44.9 deg 

IX) 
o o 

0.96,2+ 

1.20,(2-1 

g.5.,lt 

0~-=20~0~~---L--~~3~0~0~----~------~~~--~~~~5~00 
Channel XBL683.2200 

12 3 . 12 3 
Fig. 5. Energy spectrum of the C(He,t) N reaction at a He energy 

of 49.8 MeV • 



<II -e 
::> 
0 

U 

-24-

1000 
~ 12e (3 He , 3 He' l'2e. ;! 0> 0<'1 

~ III 0<'1 <D N 15.11,1+ <D 
~ 

0 
0<'1 Es =49.8 MeV R 14.0E!,4+

0 
N 

T=I ,,; He 12.71, 1+ .:; !? <t 0 8 = 31.5 deg !? g.5.;0+ -L 

800 '\.. 
4.43,'2+ 

9.64, 
3-

600 
7.65,0+ 

"C, 
lie (s He, t lOIN 160 

16 0 g.5. 

400 
8L = 31.5 deg 6.131 

lie 
4.24 g.5. 4.79 

1+ 
"c I '" 200 T 'Y,o .. 4.32 

. '. ~ 2.43 lie 

~ 
2.00 

600 700 

Channel 
XBl683 - 2202 

. ". 123 12 123312 
F~g.5. Energy spectra of the e( He,t) Nand Cf He, He') e re-

actions at a scattering angle of 31.5 deg. The 2N spectrum has 
been adjusted,. to ,align the T = 1 analog states populated in both 
reactions. The peaks corresponding to the 0.0, 2.00, 4.32, and 
4.79 MeV levels of lIe represent an ex contamination in the ~e 
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Table I. 

12C(3HeJt)1~ 

(Present Work) 
Energy 

J7f (MeV ± keV) 

0 1+ 

0.96 ± 20 2+b 

1.20 ± 30 (2- )b 

Not observed 

Not observed 

2.43 ± 40c 

3·10 ± 30 

3·50 ± 40c 

4.24 ± 50d 

5·27 ± 40 

aSee Ref. 42 and 43. 
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12 
Energy levels observed in N 

(Previous Data)a 
Energy. .7f 

··.(MeV ± keV) J 

0 1+ 

0·969 ± 7 

1.198 ± 9 

1.65 ± 80 

(2.0 ± 1(0) 

2·35 ± 80 

3;15 ± 80 

3·55 ± 80 

Dominanta 

Shell-Model 
Configuration 

'. 7, 
(p 3/2)3/,2 P 1/2 

(p 3/2)~;2 pl/2 

p 7s 

. 8 b 
P 

8 b 
p 

b Assignments made in present work. 
c Angular distributions were not obtained for these levels. 

ff~"" ~road level or group of levels. , 
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Table II. Energy levels observed in the 12C(3He ,3He ,)12C reaction. 

Energy 
(MeV ± keV)a 

0.0 

4.43 

7.65 

9.64 

10.84c 

11.83
c 

12·71 

14.08 

15·11 

16.11 

,16·57 

d (17.26) , 

(17.77)d 

. c 
IB.40.± 60 

. c 
IB.81. 
. . d 

(19·2) , 

19.58 ± 60
f 

0+;0 

0+;0 

3-;0 

1-;0. 

. 2-jO 

1+;0 

4+;0 

1+;1 

2+;1 

0+;1 

'.2+;1 

1-,2-;1 

Dominant
b 

Shell-Model 
Configurations 

. 8 6 2 
(p 3/2 )0 + (p 3/2 )0 (p 1/2)0 

(p 3/2)~/2P 1/2 

'p8 + p6(s,d) 

, 7d p . 

p7(s;d) 

p7(sjd) 

(p 3/2)~/2 P 1/2. 
8 . 

'p 

(p' 3/2)~/2 P 1/2 

(p 3/2)~/2 P 1/2 

'p 7 s 

p 7s ' 

.B 
p 

B 
p 

aEnergy levels without error bars were well known previously (see Hefs .43-46) . 
b 

See Hefs. 19, 43-49. 

c Angular distributions were not obtained for these levels. 

~ese levels were not observed in the (3He ?He ' ) reaction~ 
eTentative assignments made in present work. 
f 
Broad level or ,grbup of levels. 



Table, III. Energy levels observed in 13C and 13N. 

13C 13N 

13C(3He , 3He , )13C 
Previous Data a 

13C(3He , t;)13N 
Previous Dataa (Present Work) (Present Work) 

Energy, Energy Energy 
(MeV ± keV) (MeV ± keV) J7r (MeV ± keV) 

0.0 0.0 1/2- 0.0 

3.09 3.086 ± 3 1/2+ 2·37 

3.68 3· 681± 3 3/2-
3.53 ± 30 

3.85 3.852 ± 3 5/2+ 
6.87 6.866 ± 7 5/2+ 6.38 

r 7.490 ± 15 7/2+ 7.17, 
7.55 ± 30 <' 

7.550± 15 5/2- 7.39 

8.86 ± 30 8.86 ± 20 1/2- 8.92 ± 40 

9.50 ± 30ll 9.503 ± 15 (3/2- ) c 

C 11.078 ± 20 (1/2- ) 10. 78± 40
b 

11.84 ± 30 11.80 ± 30 3/2- 11.85 ± 40 

15.11 b 15.113 ± 5 3/2-, T=3/2 15·07 

15.98 ± 50
b 

aSeeRefs. 35, 44, 1'5, 49-52. 

bAngular distributions were not obtained for these levels. 

cThese levels were weakly ,populated (see Fig. 7). 

'C .. 

Energy 
(MeV ± keV) J7r 

0.0 1/2-

2.366 ± 2 1/2+ 

{ 3.510 ± 2 3/2-

3.547 ± 6 5/2+ 

6.382 5/2+ 

7.166 ± 8 7/2+ 

7.385 ± 8 5/2-

8.90 ±40 1/2-

9.48 3/2-

10.80 ± 30 1/2-

11.87 ± 30 3/2-

15.068 ± 8 3/2-, T=3/2 

15.96 ± 50 

Dominanta 

She11 .. Model 
Configuration 

8 
(p 3/2)0 P 1/2 

8 
(p 3/2)0 s 1/2 

7 2 
(p 3/2 )3/2 (p 1/2)0 

(p 3/2)~ d 5/2 

8 I 
\.N p s f\) 

p8 d 
I 

7 ,2 
(p 3/2 )3/2 (p 1/2)1 

7 2 
(p 3/2)3/2 (p 1/2\ 

p9 

7 2 
(p 3/2 )3/2 (p 1/2)1 

7 2 
(p 3/2)3/2 (p 1/2)0 

;. 
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J~ 
Table IV. 14 Energy levels observed in N. 

,).I 
, Present Work 

14N(3He , 3He ,}14N 14c(3He , t}14N Previous Datab 
Dominant b 

Energya Energya Energy 
J"Ti, T 

Shell-Model 
(MeV ± keV) (MeV ± keV) (MeV) Configurations 

0.0 '0.0 0.0 1+,0 (p 1/2}2 

2.31 2.31 2·311 0+,1 (p 1/2}2 

3·95 3·95 ' 3.945 1+,0 (p3/2, p 1/2}-1 

4.91 4.91c 4.910 0-,0 (p 1/2, 5 1/2) 

5.·le 5.10 5.104 2-,0 (p 1/2, d 5/2) 

5 ~ -3'9 5.69 5.685 1-,0 (p 1/2, 51/2) 

5.33 5.83 5.832 3-,0 (p 1/2, d 5/2) 

6.21c 6.21c 6.21 1+,0 (5 1/2}2 

6.44C 6.44c 6.44 3+,0 (5 1/2, d 5/2) 

,7.03 7.03 7.029 2+,0 (p 3/2, p 1/2}-1 

8.0 ± 50c , r 7.97 ±40c 

l. 
7·97 2-,0 (p 1/2, d 3/2) 

i_ 8.060 1-,1 (p 1/2, 5 1/2) 

o ~ ± 50c 1- 8.50 ± 40 [ 8.489 4-,0 (p 3/2}"1(p 1/2}2(d 5/2) v • ., 

I. 8.617 0+,1 '(s 1/2}2 

r 8.71 0-,1 (p 1/2, e 1/2) 
I 

8.906 3-,1 (p 1/2, d 5/2) 

8.963 5+,0 (d 5/2}2 

d 8.979 2+,0 (5 1/2, d 5/2) 

9.129 2-,0 
1 2 (p 3/2)- (p 1/2) (5; d) 

9.17 2+,1 (p 3/2, p 1/2}-1+(s, d) 

d 9.388 2-,0 

9.508 2-,1 (p 1/2, d 5/2) 

9.702 1+,0 

10.096 (lot) ,0 

f\ 10.213 1+,(0) (e, d) 

I 10.43 10.431 
'1 

d} 

I 
2+,1 (p 3/2, p,l/2)- +(5, 

'w' 10.55 (1-), 

L 10.85 (4+),0 (d 3/2, d 5/2}+(p 1/2, f 7/2) 
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Table rI. Continued. 

Present Work 

14N(3He, 3He , )14N 14c(3He , t)14N Previous 

Energy a Energya Energy 
(MeV ± keV) (MeV ± keV) (MeV) 

11.06 

11.22 ± 40e 

[ 11.23 

11.299 

12.41 

12.49 ± 40c 12.52 

12.61 

l 
12.69 

12.77 ± 40e 

[ 12.80 
12.83 ± 50

c 

12.83 

13·70 ± 40 13.72 

~nergy le~els without error bars were well known previously. 

bSee Refs. 18,44, 45, 49, 51, 53-56. 

cAngular distributions were not obtained for these levels. 

Data
b 

JTI,T 

1:,",0 

(3-),1 

2-,0 

4-,0 

(2+,1)f 

3+, 

3-, 

4+, 

4-,0 

1+,1 

Dominantb 

Shell-!·b6el 
Configurati·~!".s 

(p 3/2, P 1/2)-1 

dSeveral unresolved levels were populated in these regions (compare Figs. 8, 10). 

eStrong levels were also observed in the 14N(a, a,)14N reaction62 at 11.3 and 12.9 MeV. 
f . 
Tentative assignment (See Ref. 49). 
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~. 

14N(3He ,t)140 
(Present Work) 

Energy 
(MeV ± keV) 

0 

5·17 ± 40 

5·91 ± 40c 

6.28 ± 30 

6.60 ± 30 

6.79 ± 30· 

7·78 ± 30 

8.74 ±·60c 

9.74 ± 30 

10.89 ±50 

11.24±50 

" 11. 97 c ,d 

12.84 .± 50c 

13·01 ± 50c 

14.15 ±40 

14.64 .± 60c 

17.40±60 
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Table V. Energy levels observed in 140 . 

.7f b 
J 

0+ 

(1- ) 

(0+) 

(3-) 

2+ 

(2- ) 

Values from 
Lauritsen et aLa 

Energy 
(MeV ± keV) J7f 

o 0+ 

5.91 ± 12 

6·30 ± 30 

6.59 ± 12 

2+.",7·5 

(2+) "'9.3" 

.1 

Dominant 
Shell-Model

b Configuration 

. "2 
I (p 1/2) 

(p 1/2,s 1/2) 

(s 1/2)2 

(p 1/2,d 5/2) 

(p 3/2 ,p 1/2)-1+(s,d) 

(p 1/2,d 5/2) 

(p 3/2 ,p 1/2)-1+(s,d) 

aSee Ref. 45. 
b .. 

Assignments made in present work (see also Ref. 18). 

CAngular distributions were not obtained for these levels. 

dSevera:l levels are populated in this region. 
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Table VI. Energy levels observed in 15N and 150 • 

15N('He, 'He' )15N Previ ous Data a 
15N('He, t)150 

(Present Work) b (Pr.esent Work) 
Energy Energy ·Energy 

(MeV ±.keV) (MeV ± keV) J7f (MeV ± keV) 

0.0 0.0 1/2- 0.0 

5.28 ± ,0 [ 5.27 5/2+ 5.24 !;·'O 

5.30 1/2+ 

6.,2 6.,2 3/2- 6.18 

7.15 7 .. 15 5/2+ 6.84 ±40 

'T ·3.J 7.30 3/2+ 

-:-. ~0 7.56 7/2+ 7.28 

:'. ;.1 8.31 1/2+, (3/2+) 7·55 

8.57 8.57 3/2+ 8.28 

I 9.05 1/2+, (3/2+) 

9.17 ± 30 9.16 3/2(-),(5/2) 8.94 ± 40 

9.22 3/2,(1/2) 

9.79 ± 40 [ 9.76 5/2- 9.47 ± 50 

9.83 7/2(-) 

10.03 ± 40 [ 9.93 1/2+,3/2+ 9.63 ±40 

10.07 3/2+ 

10.45 3/2,5/2 ,7/2 10.,0 ± 1>0 

10.54 5/2 10.49 ±40 

10.71 ± 40 [. 10.70 3/2+ 10·97 ± 50 

10.80 3/2 

11.34 ± 40 d 11.21 ± 60 

11.92 ±40 11.69 ± 40 

12·52 ±40 12.34 ± 40 

14.12 ±40 13.78 ±40 

15~1l :: 40 

':===-=:-~: . .i~·t~l~ ~..;ithout' error bars were ~ell kDown previously. 

~~~e r.efs. 57, 59-61. 

Previous Data a 

b Energy 
(MeV ± keV) J7f 

0.0 1/2-

[ 5.24 5/2( +) 

5.19 1/2+ 

6 .. 18 3/2(-) 

[ 6.86 5/ 2+ 

6.79 3/2+ 

7.28 7/2(+) 

7.55 1/2+ 

8.28 3/2+ 

I 
8.75 1/2> 

8.98 3/2-

8.92 3/2(+) 

[ 9.485 5/2-

9.49 ±40 3/2+ 

[ 9.61 3/2-

9.67 (7/2,9/2 )-

10.28 

10.46 

[ 10.94 ? 3/2 

11.02 

d 

"'Se';eral 1"'1e1s have .been reported above 11 MeV in both 15N and 150 (see Ref'S. ·44, 45). 

Dominant 
Shell-Model 

Configuration C 

P 1/2-
1 

• 

2 
(p 1/2)0 d 5/~, 

(p 1. 12.)2 s 1/2 , ·0 
_ .-1 

I- :,,'.::. 

(p 1/2);: d5'; 

(p 1/2){ s 1(:. 

(p 1/2)~ d 5/2 

( 'c)2 ··]Ic 
pl!~ls.!" 

, 
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0.5 
12C (3 He . t ) 12N 

o. 

-. 0.1 
~ 

en 
0.05 ........ 

.0. ' 

E -
0.11 q 

.:0 

........ 
b 0.5 

"0 

0.1 

0.05 

0.01 

Fig. 12. Angular distributions 
. no error bars are shown the 
have been drawn through the 

E = 3
He 

49.8 MeV 

g.s .. 1+ 

0.96,2+ 
I 

/3.10 

i 
4.24 

e (deg) c.m. 
X BL6B3-2179 

12 3 12 from the C( He,t) N reaction. When 
statistical errors are < 710. Curves 
experimental points to guide the eye. 



500.0 

100.0 

50.0 

'- 10.0 
en· , 
.0 

E 

q 
"'0 , 
b 

"'0 

5.0 

1.0 

0.5 

0.1 

0.05 

0.01 
20 

-38-

12C ( 3He , 3 He' )12
C , E3 = 49.8 MeV 

He . 

IQO·~ ~~~~~~~~~~ 

g.s.,O+ 

7.65,0+ 15.11 t 1+ 

0.05 

0.01 
40 60 80 20 40 60 80 

e ( deg ) c.m. 
XBL683-2180 

Fig. l3~ Angular distributions from the l2C(3He,3He'l2c reaction. The 
curves have no theoretical significance. 
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E3 = 39.6 MeV 
He 

/.0 r-T-r-..,---,r-r--.-....----r--r---.--.,..--,--.-....--. 

I 0.5 
I' 

0.5 

-~ 
(f) 

....... 

..0 

E -
-~ 
-0 
....... 
b 

-0 

0./ 

0.05 

/.0 

0.5 

O~/ 

0.05 

0./ 

0.05 

g.s.-·-" 2, 

2.37, ~ + 

6. 38, ~ + 

0./ 

0.05 

0./ 

,0.05 

0.1 

0.05 

0./ 

0.05 

7.39 ~-, 2 

'" I 
8.92 , "2-

3 /5.07, 2 

T= ~ 

o : 0 I L--I..----L-....l....-L.....1.-L-...I..-L...l.---L--L-.L.l.--L.J 0 .0 / L-...L----'-....I...-L-L-L-....L-L...J...-ll..L..J.-+----LJ 

40 60 80 40 60 I 80 

. 8c.rn . (deg) 
XBl683-Z177 

Fig. 14. Angular distributions from the 13C(3He ,t)13N reaction. The 
curves have no theoretical significance. 
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E3 = 39.6 MeV 
He 

.~ .(~+)l 
3·~q-l 
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}l'ig. 15. Angular distributions from the l3C(3He,3He I )13C reaction. The 
curves have no theoretical significance. 
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, 14C (3 He , t ) 14N , E3 =44.S MeV 
He 

g.s., I + 

. 5.10 , 2-

. ". .,. . . 

1.0 

0.5 

0.1 

0.1 

0.5 

1 

20 

, f1c. m. (deg) 

5.S3, 3-

! 

, 10.43, 2 + / .. 

13.72,1+ 

40 60 so 

XBL683 w 2116 

Fig. 16. Anguiar distributions from the 14c (3He ,t)14N reaction. 
curves have no theoretical significance. 
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14N (3He. t,) 140 

'E 3
He 

~ 44.6 MeV 

0.05' 

0,1 

0.01 

0.1 

0.05 

10 20 30 40 50 60 70 80 

8c.m. (d~g) 

MUB-129S1 

Fig. 17 . Angular distributions from the 14N'(3He ,t)14o reaction. 
Points obtained from the gas target data are shown as tri
angles, while the solid adenine target data are indicated by 
circles. The curves have no theoretical significance. 
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J hi! 17.40 
! 

'i Fit J 
: i J . , 

t t I 

20 40 60 80 
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XBL683·217& 

Fig. 18. Angular distributions from the l4N(3He ,t)140 reaction. Points 
obtained fro:n the gas target data are shown as triangles,while the 
solid adenine target data are indicated by circles. 
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0.5 
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Fig. 19. Angular distributions from the l4N(3He,3He,)14N reaction. 
, The curves have no theoretical significance. 
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15N (3 He , t) 150 
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Fig. 20. Angular distributions from the- l5N(3HeJt)150 reaction. The 
. curves have no theoret{cal significance. 
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15 N (3 He , t )150 . 

E3 = 39.8 MeV 
He· . . 
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j t-)· 

80 
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Fig. 21. Angular distributions from the l5NeHe,t)150 reaction. The 
curves have no theoretical significance. 
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E3 = 39.8 MeV 
He. 

. Fig. 22. Angular distributions from the l5N(3He,3He,)15N reaction. The 
curves have no theoretical significance. 
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Fig. 23. Angular distributions from the l5N(3He,3He,)15Nreaction. The 
c~ves have no theoretical significance. 
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A majority of the strongly populated levels 6bserved ,in these re

actions have negative parity and correspond to known p-shellhole states 

(see Ta:ble III). Some of these states, for example the 3/2 - level observed 

in 13N and 13C at 11.85 and 11.84 MeV, res~ectivelY, were only identified 

recently in single_49- 51 and two_35 nucleon pick-up reactions. The well 
; , 13 13 
known'3/2-, T == 3/2 levels in' Nand C are also observed in these re-

actions and will be discussed in Sec. VI. 

,The energy levels populated'in t~ell+CeHe,t)14N reaction are shown 
, ' 

in Table, IV. All of the well-known p-shellhole states are observed in 

this reaction including the 13.72-MeVl+, T== 1 state which was first ob

servediri the 15N(3He,a:y14N reaction. 51. In addition, several T == 0 and 

T == I states are .observedwb.:Lch involVe the promotion of a p nucleon to 

the s-d shell. 

D. 
14 3 14 '" , . 

The N( He,t) O,Reactlon 

In the 14NeHe,t)140 reaction several new levels were observed in 
14 o up to an excitation energy of 18 MeV. By' comparing the angular distri-

butions observed in this reaction with well'::known single-particle'transi

tions in the 15N(3He(,t)150 and 14c(3He ,t)14N reactions, it was possible to 

make spin and parity assignments of (l-)~ (0+),(3-), 2+, (2-) and 2+ for 
14 ' 

the levels observed in O.at 5.17, 5.91, 6.28, 6.60, 6.79and 7.78 MeV, 

respectively (compare Table V). A detailed report on this experiment ha s 

been publi~hed elsewhere
18 

and will not be discussed further here . 
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Several T = 0 levels are strongly populated in this reaction up to 

an excitation energy of 13 MeV; the results are summarized in Table IV. 

The angular distributions observed in this reaction: (see Fig. 19) provide 

good example s of typicalpl!2-" sl/2 (L = 1)., pl!2--) d5/2 (L = 3), and 

p3/2--)pl/2 (L = 2) transitions. The pair of levels at 11.22 and 12.77 MeV 

have angular distributions; which resemble L = 3 transitions and probably 

,result from p3/2--)d3/2,d5/2 single-particle transitions. 

, ' , 

A comparison of the mirror levels populated in the 15N(3He ,tl50 

and 15N(3He,3He')15N reactions is given in Table VI. All known levels 

of 15N and 150 were observed'up to an excitation of 10 MeV. In the 

15N(3He,t)l50 reaction.a strongtrarisition to the 6.18 MeV level is ob-
, I, ' ' 

served while a very smail population of the (3!2)- level at 8.98 'MeV is 

seen (see Fig. Ii) ~ , This is in good agreement with the information obtained 
16 (3 ,')15 ('; "')' 16 (' ') 15 ( , " 6') from the' '0 He,o: 0 see Ref.; 59, andOp,d ',0 see Ref. ,0 re-

aCtions which confirmed that th~ 6.18 MeV level contains most, of the 

p3/2-1 strength. Further supporting ~videnceis obtained from the 

15N(3He,3He' )15N reaction where the mirror level at 6.33 MeV :i,s also 

strongiy populated and h~s a characteristicL =2 angular distribution, 

whereas the weaker level observed at 9.17 MeV does not have a well-defined 

angular distribution. The strong transition observed, in 15N at 9.79 MeV 

does have an L = 2 angular distribution (see Fig. 23) and corresponds to 

, the population of, the 5/2- and 7/2- levels at 9.76 and 9.83 MeV,_ 

respectively. ' 

A majority of the remaining levels which are observed in these 

reaCtions correspond to positiv;eparity states which are populated by 

promoting a p nucleon to the s-d shell. The spins of the low-lying posi

tive parity states below 8.7 MeV can be explained by simple j -j configu

rations57 ,61 (see Table VI); the validity of this model will be discussed 

further later. 
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v. A MICROSCOPIC DESCRIPTION OF THE' (3He ,t) AND (3He ,3He l) REACTIONS 

The success of a microscopic description of' inelastic: and charge

exchange scattering depends to a large extent upon the availability of 

nuclear wave functions which adeCluately describe the system. Among the 

levels which are populated in these (3He ,t) and (3He ,3He l) reactions, 

those which correspond to p shell states have been the sul?ject of many 

experimental and theoretical investigations. Several intermediate-' 
. . I 

coupling shell-model calculations have b~en performed64 which were ~uccess-
ful in predicting many nuc:lear properties in addition to excitation 

energies. The recent effective-interactioq calculations of Cohen and 

Kurath, 19 for example, were able to predictmagIletic dipole moments, 

. Gamow -Teller 'beta decays and Ml gamma transition rates .. 

The wave functions obtained from these calculations (denoted CK) 

were used to calculate nuclear structure factors G(JSLT) for the (3He ,t) 

and (3:ae ,3He 'l) reactions. The ability i of the microscopic model to predict 

the shapes and relative magn~tudes of the angular distributions for these 

transitions should provide a reliable tei;lt of the reaction mechanism and 
. . . . , 

the applicability of a central, two-body interaction. In addition, the 
'. I 

mea surem~nt of eHe; t) and ( 3He , 3He I) data allows us to obtain strengths 

for all .four terms in the effective interaction simultaneously in the same 

series of experiments. 

In order to carry out a microscopic analysis for other single

particle transitions, simpl~ j -j' configurations were assumed for the ' 

levels' which were populated by promoting a p 1/2 nucleon to the s 1/2 or 

d 5/2 shelL Shell-model calculations indicate that this is a reasonably 
. 456 61 . good approximation for the levels in A := 1 and A := 15 nuclei. For 

comparison, p shell transitions1were also analyzed usirigsiinple j-j wave 

functions. 

The theoretical calculations described in this wor~ were carried 

out using a slightly modified version of the program DRC which has been 

described elsewhere. 65 This program calcuiates the Cluantitycr(jlj2L8) 

1,hich 1,as de·fined in.E.g. (12). Before a meaningful comparison Vii th experi

lllPnt eould be made,it Vias necessary to investigate the effects of various 

parameters and approximations on the shapes and relative magnitudes of the 
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predicted angular distributions. In particular, optical model parameters, 

nuclear structure factors, binding energies and bound-state wave functions, .. 

range effects,and nonlocal potentials will now be discussed;'l.n detal.l. 

A. Theoietl.cal Calculations 

1. Optical Model Parameters 

The optical model parameters used in generatingtpe distorted 

waves were obtained by fittini6 the 3He scattering data which was measured 
, 

simultaneously in these experiments. Optical model parameters for tritons, 

were assumed to be the same as those for, 3He ,pa'rticles. The general form 

of the optical potential used was 

wpere 

x == (r_rAl / 3)/a 
o 

, 

, ' 

f -1 ' 
iW (l+ex ) o , , , 

X f == (r-r A
l

/ 3) /b , 
" "g 
f 

(19) 

and Uc is the Coulomb potenti~l between a light particle of point-charge 

and a uniformly charged sphere. 

The parameters obtained in Ithis analysis are summarized in Table VII; 
, ,,12' 

typical fits are shown in ~ig. 24. With the exception of C (the diffi-

culty in fitting elastic scattering data from this nucleus is well 

known53,67 -69 and will be 'di~c~ssed i~t~r) the sets' of parameters obtained 

for each nucleus are almost identica,l and resemble the 3He potentials for 

scattering,fromheavier nuc.:!-ei. 70 

Unfortunately, when these parameters were used in theoretical cal-, 

cultions they were unable, to give reasonable fits for the (3He ,t) pl/2, 

P3/2~ pl/2 dominant L = 0 transitions. In particular, the DWBA predictions 

were unable to reproduce the strong minima obse~ed near e, ;;; 35-45 , ' c.m. 
degrees for dominant L = 0 transition with small negative Q values. 

.' 
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Table VII ... Optical model potentials. 

Energy V r a Wo r b r 
0 0 g c 

Potential, Channel (MeV) (MeV) (F) (F) (MeV) (F) (F) (F) 

Aa 15N+3He 39·8 160.0 1.23 ·595 12.44 1.80 .858 1.3 

B
a 'i4N+3He 44.6 160.0 1.29 ·565 11.37 1. 78 .811 1.3 

ca 14C~He ·44.8 160.0 1.31 .569" 12.58 1.82 ·795 1.3 

D
a 13C+3He 39·6 160.0 1.31 ·565 14.86 1.73 .826 1.3 

xa Average set 160~0 1.29 .574' 12.82 1.78 .822 1.3 

E 12C+3He 49.8 160.0 1.40 ·572 20·31 1. 70 ' .537 1.3 
b 12C~He 12.58c I 

49·8 160.0 1.39 .542 1.96 ·571 1.3 
\Jl F \JJ 

I 

M 14N-t(Xd 40.5 195·0 1.28 .. 654 . 21.00 1.28 ' .654 1.3 

VIe 12C+p 46.3 41.5 1.143 .643 9·7 1.143 .643 1.2 

13. In order to fit the reaction data these potentials were modified by setting r~ = 0·93 roo 

bThis potential set way used in calculating the theoretical angular distributions for transitions leading 
to states in 12C and 2N. . 

Cw was fixed at 12.58 MeV. 
~o62 , ata obtained by Harvey et al. 

eOptical potential set obtained from Ref. 67. 
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12C + 3He 

49.8 MeV 

14N + 3 He 

44.6 MeV 

14C + 3He 
44.8 MeV 

14N +a 
40.5 MeV 

80 

ac. rn. (deg) 

120 

X8L6~'-2190 

Fib· '24. Typical optical model fits obtained for the elastic scattering 
of )He and ex particles from Ip shell nuclei using the parameters 
given in Table VII. 



'. 

-5)-

Identical resu;Lts were obtained for-several parameter sets in the 

same family ~ith,real ~ell depths ~hich va~ied from 160 to 200 MeV. 

Further investig~tion sho~ed, h~ever, that the predicted shape of these 

L ::: o transitions ~asvery sensitive to small changes in the real radius, 
, , 

and good fits could be obtained if this parameter ~as decreased by .-vTfo. 
The 3He (t) optical m~del parameterssh~n in Tab,le VII, modified by setting 

r' == 0.93 r , ~ere used in calculating the 'theoretical angular distributions 
,0 0 ! 

:for all trahsi tions observed in the A :::: 13-15 nuclei. FUrthermore,' since 

'the energy depende~ce of the optical potentfals fo~ 3He particles is known 
70 ' " ' " 

tO,be ~eak,' these parameter~ ~ere assumed to be the same independent of 

'theexeitation energy of the final stC!-te. In Fig. 25 the theoretical angular 

di~tributions sho~n forseyeral shell-modelt~ansitions illustrate that 

a'small decrease in ro does not strongly affect the magnitude of these 

transitions (i. e. J the integrated, cross sections differ by < 10%) and -With 

thee'xceptionof thepl/2~pl/2,L == 0 and pl/2~d5/2, L == 1 (S == '1) 
I . . , 

trkns'itions~ it has v~ry little effect on the predicted shapes of these 

angular distributions. However ; the deep minimum ~hich is no~ predicted 
I, 14 (3 )14' ( , )' _ 

for the C He,t N· 2.31 MeV, 0+, L= 0 transition'at e = 35 deg is , ,', c .m. 
in good agreement ~ith the experimental data (compare Figs. 16 and 25). 

Very fe~ examples of pure or dominant pl/2~ d5/2, L = 1 (S == 1) 

transitions ~ere observed in these data. In general these states ~ere 

either ~eakly populated Or poorly resolved and therefore the quality of 
" , 

the fits for'these transitions ~as not used as a criterion in determining 

optical model parameters (poor fits ~ere obtained using either the modified 
\ 

or unmodified optical potentials; these results ~ill be discussed later 

in Sec. VB). 

312 67 a.He scattering from C.Difficulties in fitting elastic proton 

,and 3He69 scattering data for 12C have been reported else~here. In this 

analysis the major difference bet~een the optical model 'parameters obtained 
12 

,for C ,and those obtained for other p shell nuclei is the large imaginary 

depthW ~hich ~as required in order to give the best fit (potential set o 
E) to the elas'tic scattering data (see Table VII). Although there is 

Imo\m to be a s·trong coupling bet~een the ground arid first excited 2+ 
12 ' 

state of C,an analysis using coupled equations for the scattering of 



o-(jlj2L8) (mb/sr) 

o 0 0 
I I I 

0.
1 

I I I II I (]I . I I I I III"" (.>I (I ;(.>1 ~l"" 01 ~ ,-
Li ... ~1 111'1 .~'Illil 1\")' 1

1 11'1 .~.1/f~i.it~1 ~ ~ 

N 
o 

0Q) ~ 
? 0 

o.(j) 
CD 0 

<.0 

CO 
0 

0 
0 

' ........... _--

II 

(J) 

",,-

--- ~ .. 

... ~' 
r NI-

.... . \ r ... 1 l j~o. .... I 
.... 1 

0. 
~ .... - • 1\)1 (]I 

-.. -'~/ " .... .... - ~ ~ ~ 

0 .... 0 .... 0 .... 
II II 

"0 
rN1(.>I 

\/1"0 :-0 

J 
II , """ / r NI- 0 <.0 to ~ 

l l N 

," I ()J()J 

,I "0 
¥ NI-

J /t/ ,VI WWI..I. 
II II II 

900 
N ' 
()1 ~ 

Fig. 25· . Single-particle cross sections cr(j11gL8~ for typi~al pl/2~pl/2, L = 0 [i.e., 14C(3He ,t)14N i2 . 31 Mev,o+)li p3/2~pl/2, L~-= 2 [i.e., N( He,~e')l N q~5 MeV,li~]; pl/2~d5/2, L = 3 [i.e., 
5N(3He,3iIe').IN (7'36 ~ev,7/2+)1~ pl/2~d5/2, L = 1 [Le., ~.N(~e,t) 0 (6.28 MeV,(3-))]; andpl/2~ 

sl/2, L =1 [Le., 1 C( He,3He') C (3.09 MeV,112+)] transitions calculated using: 1) modified (rb = 
0·93 ro) optical potentials (see Table VII) with a nonlocality range ~=0.25 and ~=O and 2) unmodified 
(rb = ro) optical potentials with a nonlocality range ~=0.25 . 

.. 
~ 

I 
VI 
0\ 
I 



, I 

.,.57-

46 MeV protons from
12

C indicated' that the coupling effects produce only 

minor changes in th~ observed optical potential. 67· The large difference 

inW o 

I 3 ...'~ , 
required to fit the, He scattering data for C seems unreasonable 

particularly in view of the above evidence. 

If Wo is fixed at 12~58 MeV she potential set F is obtained. 

This potential set is similar to th~se obtained 'for other :rlUclei and the 

fit to the elastic data is almost as good as the one obtained using ,the 

best fit parameter setE (co~pa;e;Fig. 24). In: particular, the curies 
, . . I I 

which are obtained using these two parameter .sets only differ significantly 

for Bc. m:: :: 100 deg and therefore the present data are unable to distin'

guish between them. However, since the strengths of the imaginary poten

tials differ byallnost a factor of two, the magnitudes of the theoretical 

anguiar distributions' calculated using potential sets E and F were very 

different.. In particular, although the shapes of the computed distributions 

were almost identical for both potential sets, the magnitudes for all 

transitions were almost twice as large using the potential set F. 

,;Further, it was observed that the experimental L = 0' transitions 

leading to'states in ~C(12N) were best fit using unmodified optical 

potentials (i.e., no change in r ) .. This may be due to the fact that the 

observed L = 0 transitions in 12~(12N)have large negative Q values compared 

with those' of the other nuclei~ The unmodified'potential set F was finally 

chosen in calculating the angular distributions which are compared with 

experiment in Sec. VB. 
. . . , 

b. Average optical potentials. The difficulties encountered in obtaining a 

consistent optical potential set· for l2Cstiggest that possibly the search 

routine was al,so unable to obtain "true" optical model par~meters for 

other Ip shell nuclei. If the inaccuracies introduced in this way pri

marily affect the ma:gnitude of the calculated theoretical angular distri

butions, then these independent .optical pa,rameter sets can be used to pre-' 

dict the shapes of the experimental angular distribution. However, since 

the optical model parameters are not expected to vary greatly from one 

nucleus to another, an average optical potential set could be used for all 

nuclei in order to make a better comparison of the strengths for V ST ob

tained from fitting different levels in differen:t nuclei. 
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In the present analysis, the theoretical angular distributions 

which are compared with experiment were computed using the independent 

optical potential sets. However, the effect of using an average poten-

tial set was also investigated in the following manner. The potential set 

X was constructed by averaging the values of the parameters for the poten-

tial sets A, B, C ~nd D (compar~TableVII). When several representative 

transitions calculated using, this potential set were compared with ,those predicted 

using independentoptjJcal parameters , it was found that only the magnitudes 
" , " 

were affected (compar~ Fig. :26). In addition, the cross sections for 
I ' 

different single-particle transitions were all changed 'by a similar amount 

in a given nucleus. As a result it was possible, without actually carrying' 

out a complete analysis, to obt~in average correction factors which could 

be applied to all values of V
ST 

obtained from a given target nucleus. 
, 12 13 

These correction factors were 0.87, 0.89, 0.98, 1.19 and 0.98 for- C, 'C, 

14c 14N d 15N • t·' 1 ' It '11 b 'h ; S VB th t . , , an ',respec 'lve y~ Wl e sown In ec. a In 
" , 

several cases the values of,V
ST 

which were corrected in this manner were 

in somewhat better relative agreement than those, obtained from the inde-, 
pendent optical' potentials. 

2. Nuclear Structure Factors 

The nuclear structure factors G
2

(JSLT) summarized in Tables VIII~ 
XIII were computed'using'the relationships given in Sec. II. Spectroscopic 

factors S(JJ iJf;TTi Tf ; j l J2 ) defined in Eq. (16) were calculated forp 

shell states using coefficients of fractional parentage obtained from the 
, , 21 71 

wave functions of Cohen and Kurath; , j-j coupling structure factors 

were also computed for p shell states in order to compare with the pre

dictions of CK. (For certain transitions in mass 14, nuclear structure 

factors were also calculated using the intermediate-coupling wave functions 

of Visscher and Ferrell (VF)7
2

). 
4 8 

Simple shell-model configurations' consisting of an (s1/2) (p3!2), 

core plus an 81/2 or d5/2 nucleon for A 13 nuclei, a :(pl/2,sl/2)0_,1_;T==o,1 

or (pl/2,d5!2)2_, 3-'T--'"' '1 :configuration for;A = 14 nuclei and a 
I 2 ' "=v, 2, 

[ (pl,2) 0,sl/2] 1!2+;T=1!2,3/2 ' [(pl!2) 0,d5!2 ]5/2+ ;T=1!2 ,3/2 

'. 
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~ Yukawa a-I = 1.2. lOP 

" " .AOP 

1.0 14N 2.31.0 + 
0.5 / ( L=O) 

• 

0.5 
13N g.s. I 
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( L = 0.2) 

f'''t / A' 1-.... __ - .... 
0.1 ~ ! 
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N 7.56. ~ + u 
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0.5 

t 
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Fig. 26. DWBA predictions for rellresentativ~ (3Hei1?) [i.e., 14N 2.31-MeV, 
0+; and l~~ g.s., 1/2-] and eHe,3He') [J .. e., '+N 3.95-MeV, 1+; 15N 
7.56-MeV, 7/2+; and 13C 3.09-MeV, 1/2+J transitions obtained using: 
1) the independent optical potentials lOP and 2) the average optical 
potential AOP (see Table VII). The curves have been notmalized to 
give the best overall fit to the experimental data. 
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. ·2 
Table VIII. Nuclear structure factors G (JSLT) for the states in mass 12. 

~ . 

Dominant . G
2

(JSLT) 
Single-

Energy Particle Pure Mixed L 

Reaction (MeV) :IT ' Transition JSLT (jj) '(CK) J ,T 

12C(3He,3He,)12C 4.43 2+,0 . p3/2~pi/2 . 2020 18.0 44.5 
2120 3·0 0.197 

~2.71 ' 1+,0 p3/2-ppl/2 ·.1120 0·333 .0.0173 
'+100 2.667 0.416 

15.11 1+,1 p3/2~pl/2 1121· 0·333 0.0.664 
1101 ,2.667 0.461 

16.11 2+,1 p3/2~pl/2 2021 2.0 ·1.074 
2121 , 3.·0 0·960 

12C(3He ,t)12N 0.0 
I 1+ 11 

, I p3/2~ pl/2.· 1121 0.667 0.133 
1101 . 5·333 0·922 

0,·96 2+,li p3/2~pl/2 2021 4~0 2 .. 148 
I 2121 6.0 1.920 
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Table IX. Nuclear structure factors G2.(JSLT) for' states in mass 13. 

G2(JSLT) 
Energy . Dominant 

13C( 3He z 3He I.~ 13C 13c~3He,t)13N (MeV) Sl.ng1e-

rr 13C 
13 . Particle .Pure Mixed Pure Mixed .. 

J. ,T N Transition JSLT . (jj) (CK) (jj) (Ck) 

1/2- ,1/2 0.0 . 0.0 p1/2~p1/2 1121 2.667 1.895 
1101 0·333 Q·322 
0001 .;. 1 .. 000 1.000 

1/2+,1/2 3·09 ,2.37 p1/2~sl/2 1010 . • 2.250 
.1011 0.250* 1.000 
1110 0·500 
'1i11 0·500 2.000 
0110 0.250 
0111 0.250 1.000 I 

0\ 
I-' 
I 

3/2- ,1/2 3·68 3·51 p3/2~p1/2 2020 6·750 12.18 
2021 0,0833* 0.0453 0·333 0.181 
2120 1.125 0.644 
2121 0.125 0.164 0·500 0.656 
1120 0.125 0.0425 
1121 0.0139 0.0520 0.0555 0.208 
1100 1.000 0·507 
1101 6.111 .0.594 0.444 2·374 

5/2+,1/2 3.85 3·56 p1/2~ d5/2 3030 6.750 
3031 0.750* 3·000 
3130 1.000 
3131 1.000 4.000 
2130 0.050 
2131 0.050 0.200 
2110 1..200 
2111 1.200 ·4.800 



Table IX. (continued) 

G2~J81T} 
Energy Dominant 

13c(3He,3He' )13C 13C(3He,t)13N {MeV}· . 8ing1e-

J'Tf T 13C 13N 
Particle Pure Mixed Pure . Mixed 

Transition J81T . (jj) (CK) (jj) . (CK) 
G:III ' 

5/2- ,1/2 7·55 7·39 p3/2-4 p1/2 ··3120 - : 0.00033 
3121 ..., 0.00611* . 0.0244 
2020 5.40 11.68 ~ 

2021 0.600 0·517 2.40 2.062 
2120 0.900 0.0771 
2121 0.900* 0.486* 3.60 1.938 

1/2- ,1/2 8.86 8·92 p3/2-4 p1/2 1120 0.056 0.00~41 
. *' * 0.222 1121 - 0.056 . ._- 0.0253 _0.101 , 

1100 0.444 0.111 0'. 
(\) 

1101 0.444* 0;147* 1·778 0·59 
, 

0000' 0.000 -' 

0001 f-" . O~-OOO 0.000 

3/2 -,1/2 11.84 11.85 p3/2-4 p1/2 2020 1·35· 0.007~8 . 
2021 0.150 0.137 0.600 0.549 
2120 0.225 0.00245 
2121. 0.225*· 0.173 0·900 0.691 
1120 0.070 0.040 -
1121 0.070* .. 0.0143* 0.278 0.0571 
1100 0·555 0·391 
1101 0.555* . * 2.222 0.318 0.0793 

3/2-,3/2 15·11 15·01' p3/2-4 p1/2 . 2021 0.667 0·593 0.667 0·593 
2121 1.000 0.636 ··1.000 0.636 
1121 0.111 0.045 0.111 0.045 
110i 0.$89 - 0'·316 0.889 0·316 

* '. 
G(J811) and G(J81O) have opposite signs for a given J81 . 

... ... i 
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Table X. Nuclear structure fadors G
2

(JSLT) for the 14C(3He ,tl
4

N reaction. 

Energy 
(MeV) 

o 

2·31 

3·95 

9·17+10.43 

13·72 

1+,0 

0+,1 

1+,0 

Dominant 
Single-Particle 

Transition 

pl/2~ pl/2 

pl/2~ pl/2 

p3/2~ pl/2 

0-,0 p3/2~ sl/2 

2- ,0 pl/2~ d5/2 

1...,,0 . pl/2~sl/2 

3-,0 pl/2~ d5/2 

2+,0 p3/2~pl/2 

2+,1 p3/2~ pl/2 

JSLT 

1121 
1101 

0001 

1121 
1101 

Pure 
(jj) 

5·333 
0.667 

2.00 

0·333 
2.667 

0111 1.00 

2131 0.200 
2111 4.80 

1011 1. 00 
1111 2.00 

3031 3·00 
3131 4.00 

2021 2.00 
2121 3.00 

>2021 2.00 
2121 3.00 

1121 0.333 
1101 2.667 

2+,l
a pl/2JP3/2~ pl/2,3/2. 2021 

2121 

G
2

(JSLT) 

Mixed 
(CK) 

4·92 
0.142 

2.00 

0.0446 
4.80 

0.789 
4·32 

3.174 
1.133 

0.1.32 
1.05 

0.0391 
0.0539 

Mixed 
(VF) 

5·26 
0.0000 

2.00 

0.0450 
4.205 

1.252 
3·94 

aThislevel has .the dominant shell-model configuration· Cp3/2 )-2; therefore 
it cannot be populated in the j-j limit. 
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Table XI. Nuclear structure 2 factors G (JSLT) for the 
14 3 IJ.~ . 

N( He,t) 0 reactlon. 
..... 

Dominant G
2

(JSLT) Single- . 
Energy Particle Pure Mixed Mixed .' (MeV) ~ Transition JSLT (jj) (CK) (VF) J ,T 

0 0+ ,1 pl/2~pl/2 1121 1·778 1.640 1·753 
1101 0.222 0.0473 0.000 

5·17 (1-),1 I pl/2-) sl/2 1011 0.667 
1111 1.333 
0111 1.000 

(O-),~ pl/2-) sl/2 . 1011 0·333 
1111 0.667 

6.28 (3-) ,1 pl/2-) d5/2 3031 1.333 
3131 1.778 
2131 0.156 
2111 3·733 

6.60+7·78 2+ ,1 p3/2~ pl/2 3121 0.0748 
2021 1.00 0·538 
2121 1·50 1.470 

.1121 0~278 0.478 
1101 2.222 2.122 

6.79 (2": ),1 pl!2-) d5/2 3031 1.667 
3131 2.222 
2131 0.045 
2111 1.067 

(10.24 or (1+),1 p3/2-) pl/2 2021 1.00 1.216 
10.89) 2121 1.50 1.36 

1121 0.0556 0.0233 
1101 0.444 0.187 

2+ ,1a 
p3/24 pl/2 31121 0.0257 

2021 0.144 
2121 0.202 

. 1121 0.0103 
1101 . 0.0001 '" 

aThis level has the dominant shell-model configurations (p3/2)-2; therefore 
it cannot be populated in the j-jlimit. 
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Table XII. 2 Nuclear structure factors G (JSLT) 
14 3 3 14 . for the N( He, He') N reactlon. 

Dominant G
2

(JSLT) 
,~ Single-

Energy . Particle Pure Mixed Mixed 
(MeV) J7f,T Transition JSLT (jj) (CK) (VF) 

2·31 0+,1 pl/2~ pl/2 1121 0.889 0.818 0.817 
1101 0.111 0.0237 0.0000 

3·95 1+,0 p3/2~ pl/2 2020 4·50 4.38 . 3·91 
2120 0·75 0·731 0.696 
1120 0.028 0.217 0·503 
1100 0.222 0.043 0.0232 
0000 0.0000 0.0000 

4·91 0- ,0 pl/2~ sl/2 1010 1·50 
1110 0·333 

5·10 .. 2-,0 pl/2-:'J d5/2 3030 7·50 .. 
3130 1.111 
2130 0.022 
2110 ! . 0·533 

5·69 1-,0 .. pl/2~ sl/2 1010 3·00 
1110 0.667 
0110 0·500 

5.83 3- ,0 pl/2~ d5/2 3030 6.000 
3130 0.889 
2130 0.078 
2110 1.865 

7,.03 2+,0 p3/2~ pl/2 3120 '0.0454 0.138 
2020 4·50 3·98 1.80 
2120 0·75 0.605 0.809 
1120 0.139 0.0404 0.0011 
1100 1.111 1.345 1.272 



Table XIII. Nuclear structure factors G2(JSLT) for states in mafs 15. 

G
2

(JSLT) 
Dominant 

15NeHe,3He I )15N 15N(3He,t)150 
Energ;y: (MeV} Single-

Particle Pure Mixed Pure Mixed 
J1T,T 15N 150 Transition JSLT (jj) (CK) _ (jj) (CK) 

1/2- ,1/2 0.0 0.0 pl/2'-7 pl/2 1121 2.667 2.667 
1101 0·333 0·333 
0001 1.00 -1.00 

5/2+,1/2 -5.27 -- 5·24 pl/2~ d5/2 3030 10.125 
3031 0.125 0;500 
3130 1.500* 
3131 0.167 0.667 
2130 0.075 
2131 0.00833* 0.033 
2110 1.800 I 

0.200* 0.800 
0'\ 

2111 0'\ 
I 

1/2+,1/2 5;30. 5·19 pl/2~ sl/2 1010 3·375 
1011 0.0417 0.167 
1110 0·750 
1111 0.0833* 0·333 
0110 0·375 -
0111 0.0417* 0.167 

3/2- ,1/2 6·32 6.18 -- p3/2~ pl/2 2020 4.500 4.500 
2021, 0·500 0·500 2.00 2.00 
2120 0.750 0.750 
2121 0.750* 0.750* 3·00 3·00 
1120 0.083 0.083 
1121 0.083* 0.083* 0·333 0·333 
1100 0.667 0.667 ..: 

-1101 0.667* 0.667* 2,,667 2.667 -

.. ~. ~' 
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Table xlII. (continued) . 

G2(JSLT) 
Dominant 

'15N(3He ?He' ?5N 15N(3Hezt)150 
Energy (MeV) Sing1e-

Particle ·Pure Mixed Pure Mixed 
J7r,T 15N 150 Transition JSLT (jj) (CK) (jj) ( CK) 

5/2+ ,1/2 . 7·15 6.86 p1/2~ d5/2 3030 2.41 
3031 0.268* 1.071 
3130 0·357, 
3131 0·357 1.428 
2130 0.0351 
2131 0.0351 0.141 
2110 0.840 
2111 0.840 3·36 

3/2+,1/2 7;30 6.79 p1/2~ 81/2 1010 3·00 I 

1011 .0·333* 1.333 
0\ 
-.J 

1110 0.667. I 

1111 0.667 2.667 

7/2+,1/2 . 7·56 7.28 . p1/2-'Jd5/2 3030 7·72 
- 3031 0.857* 3.43 

3130 1.142 
3131 1.142 4·57 

1/2+,1/2 8·31· .7·55 p1/2-'J 81/2 1010 0·375 
1011 0.042* 0.167 
1110 '0.0833 
1111 0.0833 ,0·333 
0110 0·375 
0111 0·375 1·500 

3/2+,1/2 ·8·57 8.28 p1/2-'J d5/2 2130 0.040 
2131 0~040 0.161 
2110 0·960 
2111 0·960 3·839 



Table XIII. (continued) 

Dominant 

"Energy (MeV) 
Single-
Particle 

• 'J7r,T 15N , 150 ' Transition JSLT . 

1/2+,3/2 11.62 pl/2-') sl/2 1011 
1111' 
,0111 

5/2+,3/2 " pl/2-') d5/2 3031 
3131 
2131 
2111 

* G(JSL1) and.G(JSLO) have opposite signs for a given JSL. 

~ 

, 15N (3He , 3He , ) 15N 
Pure Mixed 
(jj) (CK) 

0·333, 
0.667 
0·333 . 

1.00 
1·333 
0.067 
1.600 

,G2~JSLT) 

15NeHe,t)150 
Pure Mixed 
(jj) (cK) 

0·333 
0.667 
0·333 

1.00 
1.333 
0.067 
1.600 

1"> 

I 
0\ 

. CX> 
I 
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[(Pl/2)i,Sl/2J l / 2 +,3/2 +jT:=1/2 or [(Pl/2)i,d5/2J 3 / 2+,5/2 +,7/2+; T:=1/2 

configuration for A := 15 nuclei were asswne<i for levels which were formed 

by promoting a p nucleon to the s-d shell. The shell-model calculations 

of True56 for levels in 14N and of Halbert and French61 for levels in 15N 

and. 150 indicate that this should be a reasonably good .approximation since 

these levels only contain small admixtures of other configurations. For 

'example, the wave functions for the (pl/2,sl/2)0_ 'l-"T--" 1 and 
'. 14' , J =v, 

. (Pl/2,d5/2 )2_ 3-"T--" l' levels of - N (see Ref. 56), which have been rea-
. '. J =v, 73 74 : 

sonably successful in predicting gamma-ray transition rates, , only 

contain (pl/2,d3/2) admixtures of < 4%. 

3. Bound-Si;.ate.Wave Functions, Binding Energies and Radial Form Factors 

As mentioned previously, in ord~r"to simplify the theoretical cal-
. ." : . .' JIJ2' 

culationsonlyorie radial form ,factor gL.(R') was computed corresponding 

to the dominant shell-model transition in the j -j li,mi t (this' resulted in 

Eq. (11)). 'Single-particle radial wave functions were calculated using a 

Woods-Saxon well witharadius Ofl.25A
l

/ 3F, a diffuseness· of a := '0.65 F, 

and a spin-orbit coupling of 25 times the Thomas term; a Coulomb potential 

with a radius of i.25A
1

/ 3F was also included. The well depths were adjusted 

to give the binding energies computed from the separation energy scheme 

illustrated in Fig. 27. If this method is use~ a definite relationship 

exists between the binding energies EBI 2 of the particle in its initial 

jl and final j2 states given by EB2 := EEl + Q(p,n) for the eHe,t) reaction 

and EB2 :=EBI + Q(p,p' ) for the (3He ,3He ,) reaction. 

In order to determine absolute values fbr EB
l

,2 it is necessary 

to know: 1) whether neutrons or protons (or both) are excited to form 

the final state and 2) the pa:tent state is the (A-I) nucleus which has 

the dominant configuration of the inactive (A-l) core of the target nucleus. 

In general, forpl/2~ d5/2, pl/2~ sl/2 and pl/2~ pl/2 transitions, in the 

j-j limit, the parent state corresponds to the ground state configuration 

of the (A-I) nucleus and therefore EBlis simply equal to the neutron or 

proton binding energy of the target nucleus. The transitions to levels in 

15N(150 ) ,.;ith the configuration (pl/2)~d5/2 or (pl/2)~Sl/2 are 

exceptions to this rule (see Fig. 27). (When this method gave negative 

values for EB2 .• the nucleon in its final state was asswned for convenience 

to be bomid by 400 keV.) 
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1+ 

150 

XBL6B5-2690 

Fig. ··27. The separation energy scheme used to determine the binding 
energies of the target nucleons involved in tyPical single-particle 
tranl?itions (Le., the 15N(3Jie,3He,)1~ (5.27 MeV,,)/2+) and .. 
15NelIe,t).L50 (5.24 MeV,5/2+)pl/2-) d5/2 ; and the 15N(~He,3He' )15N 
(7 ·30 MeV,3/2+) and 15N( "He,t)150 (6.79 MeV ,3/2+) pl/2~ sl/2 transi
tions) .EBl (EBi) represents the binding energy of the pl/2 nucleon 
in its initial Jt state while~(EB2)represents the binding energy 
of the d5/2(sl/2 nucleon in its final j2 state. 
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For p3/2~pl/2 transitions, the removal of a p3/2 neutron or proton 

(in the j-j limit) does not always overlap with the ground state configu

ration of the (A.-l) nhcleus but instead. may have large coefficientEi of 

fractional parentage for several excited states. In this case the radial 

fQr~ factor should in principle be the sum of several radial form factors 
J J 

gLl 2(R'), each calculated using bound-state wave functions which were 

cOrilputed for separation energies corresponding to excited states in the 

(A.-l) nucleus. If configuration-mixed wave functions are used for p shel.l 

states the situation becomes even more complex since pl/2,p3/2~p3/2 

transitions also contribute to the population of a given final state. In 

, the present analysis, when several excited states in the (A.'-l) nucleus were 

involved,ipthej-j limit,(i.e., for p3/2~pl/2 transitions in mass 13 

[c3He,t) rea~tion' only), 14 and 15 nuclei) the binding energy EBl was 

, chosen to beequ~i to the neutron or proton binding energy of the target 
. , 

nucleus plus the excitation energy of the final state in the product 

nucleus. The validi tyof this approximation for p shell states depends 

upon the sensitivity of the predicted angular distributions to changes. 

in the binding energies of the single-particle wav~ functions.' In Fig. 28, 

integrated theoretical cross sections are plotted as a function of EBl 

(the definite relation~hipbetween EBl and EB2 is still maintained) for 

several different single~parti~le transitions. in general it was found 

that both the shapes and magnitudes of the predicted distributions for 

L = 0 andL = 2 p-shell transitions were relatively insensitive to moderate 

changes in the binding energy EB
l

. 

One additional assumption was made in calculating the radial form 

factors for inelastic transitions where the excitation of protons and 

neutrons both contribute, as is the case for transitions in 12C, 14N, and 

15N (i.e., the 5.27 MeV, 5/2+ ~nd 5.30 MeV, 1/2+ levels only). Sincethe 

neutron and proton binding energies are approximately equal for these 

nuclei, the radial form factors were computed assuming that the bound 

particles were protons. In 14N calculations assuming that neutrons were 

excited gave almost identical angul.ar distributions which differed in 

magnitude by < 5%. (The inelastic transition to the 3.68 MeV 3/2- level 
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Fig. 28. Integrated single-particle cross sections as a function of :the 
binding energy EBl (the fixed relationship between EBland EB2 was 
maintained) for several representative single -particle transitions. 
The cross sections have been normalized relative to those obtained 
using the binding energies predicted by the separation energy scheme 
described in Sec. VA-3. 
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in 13C also involves both proton and neutron excitations. However, since 

the neutron and proton binding energies of 13c differ by 12.586 MeV, the 
I 

theoretical angular distribution for this transition was computed by 

averaging those calculated assuming that either protons or neutrons were 

excited. ) 
j j 

Typical radial form factors gLl 2(R') are shown in Fig. 29 for a 

Yukawa i~teraction with~-l = 1.2 F. They exhibit a. variety of shapes, 
I 
including changes in' sign, depending upon the single-particle wave functions 

i 
involved . 

. 4. Range Effects of aYukawa Interaction 

The theoretical angular distributions of different single-particle 

transitions and L transfers are shown in Fig. 30 for various ranges of the 

effective Yukawainteraction between 0.5 and 1.6F. The predicted differential 

cross sections have been multiplied by a6i~ order to compare the strengths 

of differentmultipoletransitions as a function of the range of the inter

action (see Eq. (7»). Ttcan be seen from Fig. 30 that the range of the , 
interaction has two general eifects on the predicted cross sections. First 

of all, the angular distributions have more structure and decrease more 

rapidly with increasing angle as the range is increased. Secondly, the 

strength of theh:Lgher multipole transitions is very sensitive to the range 

of the interaction. For example, in Fig. 30, the strength of the 14N, 

2.31 MeV (L = 0) transition varies by ± 10% b·etween 0'.,-1 = 0.5 and 1.6 F 
.... ... 14 ... 

while the strength of the N, 3.95 MeV (L = 2) transition decreases by a 

factor of five. Similar effects were also observed in an analysis of the 

9OZr (p,p' ) 90
Zr react:i.on. 7 

A range of 0'.-1 = 1.2 Fwas finally chosen for the effective pro

jectile-nucleon interaction since it gave the best overall fit to the 

experimental angular distributions observed for all L transfers. In 

order to compare the values of VST which were measured in these experi

ments with those obtained from analyses of the (p ,p') and (p ,n) reactions 
-1 ata = 1.0 F, it is first necessary to convert the values of VST from 

an effective projectile-nucleon to an effective nucleon-nucleon interaction. 

using Eq. (8). ~uation (7) must then be used to convert from a range .of 
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Fig. 30. Single-particle cross sections cr(jlj2L8J for typical pl/2~pl/2,.L=0 [i.e.) 14C(3He,ty14N (2.31 
MeV)0+)J;pl/2~p3/2, L=2 [i.e., 14N(3He ,3He

,
)1 N (3.95 MeV,l+)J; pl/2~d5/2, L=, [i.e., 15N(3He ,3He l )15N 

(7.56 MeV, 7/2+) J; and pl/2~ sl/2, L=l [i. e., 13c (3He ,3He ,) 13c (3.09 MeV ,1/2+) ] transitions calculated 
using three different ranges eel of the Yukawa interaction. All cross sections were computed using the 
independent optical potentials given in Table VIr and have been multiplied by a6 in order to compare the 
strength of a given single-particle transition (and L transfer) as a function of the range of the inter-
action. . 
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1.2 to 1.0 F. The total conversion factors obtained for the C3He,t) and 

(3He ,3He ,) reactions were 1.18 and 1.10, respectively; all values quoted in 

this work have 'been converted in this manner. 

5. Nonlocal Corrections 

Since the optical-model and shell-model potential wells are known 

to be nonlocal, the wave functions calculated using an equivalent local' 

potential should actually be reduced inside the nuclear surface. 75 This I 
I ' . 

reduction can be produced using a damping factor obtained from· the local 

energy approximation, 76 

, (20) 

where iJ. is the reduced mass of the particle, !3 is the nonlocality 

range, U(r) is the equivalent local potential and C is unity for 

. scattering wave functions. 

A non local correction was included in this analysis for the 3He 

and triton optical potentials only ,using a nonlocali tyrange of !3' = 0.25 

F.77 From Fig. 25 it can be seen that the,nonlocal damping factor has 
. . I 

very little effect on the shapes of the angular distributions but reduces 

the integrated cross secti?ns for various single-particle transitions,by, 

10 - 22% with the exceptiort of the pl/2~ sl/2 transition which is reduced 

by only 1%. 
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B. Comparison with Experiment 

In order to simplify the comparisons with experiment, the transi

tions observed in the c3He,t) and (3He ,3He ,) reactions will be dtscussed 

in groups according to the particular single-particle transi tioD involved. 

Furthermore, transitions which deviate strongly from average behavior or 

transitions which give new spectroscopic information are discussed in

dividually as the end of each section. 

As mentioned previously, the theoretical .curve s which are cpmpared 

with exp~riment were all calculated using independent optical potentials ; 

however, strengths were obtained for both independent optical potentials 

and an average. optical potential using the correction factors given in 

Sec. VA-:l .. The values quoted in this report will refer to those obtained 

from the average optical potential unless otherwise stated. In all cases, 

the theoretical curves were normalized to give the best overall fit to the 

experimental data; ·hence, independent values of V
ST 

were obtained for each 

transition. When two levels were unresolved experimentally, the theoreti

cal angular distributions 1Nere. computed by summing the contributions from 

eachtransitlon. 

Siilce more than one term in the effective interaction usually con

tributed to the cross section of an individual transition, it was necessary 

to asswne some relationship among the relatirestrengths of the individual 

terms in the effective interaction. Three different exchangE; mixtures

including the Wigner interaction (Voo only) and a Serber :force - were used 

for eHe,3He ,} transitions, . while VOland VII were generally assumed to 

be equal in the analysis of· the (3He)t) '.reaction;this will be discussed 

further later. It ·is important to mention once again that all strengths 

V
ST 

have been converted to an effective nucleon-nucleon interaction at 

a-I = 1.0 F (see Sec .. VA-4). 

1. The (3He , t) pl/2,p3/2~ pl/2 Dominant L== 0 Transitions 

I 
Since the st~engths of the higher multipole transitions decrease 

rapidly with increasing range (see Fig. 30), the ratio of the theoretical 

cross sections a (j 1 j2IE ) for L = 0 : L = 2 transitions is.~ 12: 1 at a range 
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of a-
l 

== l.2 F. As a result, most c3He,t) transitions which are allowed 

by the selection rules to be L := 0 and/or 2 are predicted to be dominant 

L ~ 0 transitions. The 0+ ground state and the (p3/2 ,pl/2)1+ T==l levels 
14 14'· . ' .. 

in 0 and the 1+ ground state of N are the oply exceptions to this 

rule; these levels all have L ;, 0 structure factors which are quite small. 

As was mentioned previously, most of the dominant L := 0 transi

tions with small negative Q values have characteri~tic angulardistributiom.: 

which can only be reproducE7d usin"g slightly modified optical potentials ~ 

The theoretieal angular distributions for all L = 0 transitions are compared 

with experiment in Figs. 31· and 32; the solid curves were calculated using 

the mixed CKwave function. In general the fits to these angulardistri

butions are reasonably good, particularly for those levels which have 

small negativeQ values. 

Dominant. L := 0 transitions .should provide the most accurate. de

termination of the isospin VOl and spin-isospin Vll terms in the effective 

interaction. There are two reasons for thi~:First, many of these 

transi tions - partic.ularly the ground isobaric analog transitions - are ve'ry 

insensitive to configuration mixing. Secondly, L := 0 transitions are not 

expected to be enhanced by collective or core· polarization eff~cts.9. 
Among the transitions which are. observed in these experiments, five have 

been 

they 

MeV, 

selected which should provide the best measurement of VOl and V1l' 

are 'the g.s.,1/2- and 6.18 MeV, 3/2- levels in 15(); the 2.31 . . ~... n 
0+ and 3.95 MeV, 1+ levels in . N; and the g. s., 1/2- level in .. N. 

Three of these· transi tionsareprimarily . (or only) dependent upon 

VOl 'While the other two are primarily (or only) dependent upon V 11. A 

ratio of V 11/VOl .~ 0.8 gave the best overall agreement for these transi

tions (compare Table XIV). This ratio was often used in subsequent cal

culationsfor other transitions and L transfers. However, when enhanced 

strengths were observed for VOl and V 11" the ratio predicted by the 
... :', 

Serber force (Vll/VOl == l.0) was used. In particular, for all pure L 2 

and all pl/2--'t d5/2 transitions, VOl and ViI were assumed to be equal. 

The values obtained for VOl and V 11 from all L := 0 transitions .. 

are summarized in Table XIV. In general the overullagreementif~ rcaf~on

ably good, while a slight improvement if> observed using the averag(: 

optical potential set. Furthermore, the average values for VOl = 20.6:l"0.L~ 

..,.. 

io. 
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Fig. 31. Angular distributions for eHe,t) pl/2,p3/2~ pl/2 (dominantL=O) 
transitions. The solid curves are DWBA predictions obtained using CK 
wave functions and the independent optical potentials given in Table 
VII. 
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Fig. 32. Angular distributions for eHe,t)p3/2-.?pl/2 (dominant lFO) 
transitions. The solid curves are DWBA predictions· obtained using 
CK wave functions and the independent opt-ical potentials given in 
Table VII. The dashed curve shown for the 9.74 MeV level in 140 
was calculated assuming that this level had the dominant configuration 
(p3/2\~~T=1' The dashed curve shown for the 11.85 MeV level in 13N 
vias caTculated using j -j wave functions. 
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1\lble XIV. Experimelltal ~tl'etlgths for the effective- nucleon-nucleon Jntcl','Jc:t'-ion at 0:-
1 =1 .. 0 F 

obtained f'rOlll,(311e , t) p 1/2, P 3/2 -> p 1/2 (dominant L=O) tralisitions. 

Independent optIcal Potentials Average Optical Potential 

Energy V01(MeV) Vll(MeV) ,VOl(MeV) Vn(MeV) 

Reaction (MeV) J"', ·T (jj) (CK) (jj) (CK) (jj) (CK) (VF) (jj) (CK) (VF) 

15N(3He , t)150 0.0 1/2-,1/2* 21.6 21.6 (l7.3)a (17-3)a 21.2 21.2 (nO)a (nO)a 
~, 

6.18 3/2-,1/2 (22.2) (22.2) 18.1 ,18.1 (21.7) (21.7) 17.7 17.7 

1!lc(3He , t)l\! * 2.31 0+ ,1 20.4 20.4 20.0 20.0 20.0 
* 20.6 15.4 3·95 1+ ,0 21.0 , 15.7 16., 

13.72 1+ ,1 17.8 28.4 17.4 27.8 

1411 (3He ,t)140 6.60b 2+ ,1 (1!f.2) (14.8) 11.3 u.8 (16.9) (17. 6) 13.4 14.0 

7.78
b 2-+ ;1 (13.8) (14.4) 11.1 11.4 (16.4) (l7.1) 13.2 13.6 

9.74b (2+) ,1 c 67.6 c 67.6 'c .' 80.5 c 80.5 

6. bOd 2+ ,1 (17.6) (17.6) 13.6 14.2 (20.2) (20·9) 16.2 i6.9 

/.78d 2+ ,1 (16.5) (l7.1) 13.2 13·7 (19.6) (20.3) 15.7 16.3 

9.?4
d

(2+) ,1 (16.9) (l7.6) 13.6 14.0 (20.1) (20.9) 16.2 16.7 

13c(3He , t)13N 0.0 1/2 -,1/2* 22.6 23.3 (lB.l) (lB.7) 20.1 20.7 (16.1) (16.6) 

3.51 3/2-,i/2"\, 27.7 20.4 27.7 ',20.4 24.7 18.2 24.7 1B.2 
3.56

et 
5/2+.1/2, 

,." .. .J 

8.92 1/2-,1/2 18.2 31.6 _ 16.2 2B.l 

11.85 3/2-,1/2 (22.2) (44.6) 19.7 44.6 (19.B) (39.7) 17.5 39.7 

15.07 3/2-,3/2 (21.4) (31.0) 21.4 31.0 (19.0) (27.6) ·19·0 27.6 

12c(3He , t) 12N 0.0 '1+ ,1 11.6 28.0 10.1 24.4 

21. 5±0. B 21.8+1.0 19. 6±1. 5, 16. 9±1. 2 20. 4±0. 5 20.6±0.4 19.2±1.5 16.5±1.1 

ain Some cases the calculated angular distributions are relatively insensitive to the values of either VOl or Vll ' In these cases the strengths 

which are . obtained -are enclosed in brackets. 

"The 6.60 and 7.78 MeV levels are assumed to have the configuration [~(p 3/2, P 1/2)-1 ± ~ (5, d)]2 T 1 while the 9.74 MeV level is J2 . J2 +, = 
assU!!led to have the dominant configuration (p 3/2f;+,T:l with- a dominant L=2 distribution. 

cThe 9.7L MeV level is forbidden in the j-j limit. 

~he 6.60, 7.78 and 9.74 MeV levels are all assumed to have the configuration [(p 3/2, p 1/2)-1+(5, d)]2-tT=1 with (p 3/2, p 1/2)-1 amplitudes 

of 3%, 3% and 30';i>,respectiv,ely. 

eThe contribution from the 3.56 MeV, p 1/2->d 5/2 transition is included'. 

* Only these transitions were included in computing average strengths. 

tEB~ was assumed tote equal to 400 keY (see Section VA-3). 
~ . 

" 

I 
(» 
I-' 
I 
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and VII == 16·5 ± 1.1 MeV are in very good agreement with those obtained 

from an analysis of the (p ,n) reaction. 8 ,10-12 . In particular, the (p ,n) 
.' . 14 52 . 90 

reactions on several target nuclei including C, Cr and Zr (see 

Refs. 8, 11, and 12) yield values for VOl which range from 19 to 26 MeV 

strength is 

An independent measurement from the 
10 . 

at 44:7 MeV gavE; a value for VII = 15 MeV. 

, It is also interesting to compare the present results with those 

obtained previously in analyses of the (3He ,t) r~action on 17 0 ,1~0 ,27 AI;, 

30
8i ; 39Kand 48Ti at E3 . = 18-25 MeV:3,~4 Using a Yukawa potential with a 

He . 
range of a-I = 1.0 F, values were obtained for V 01= ,31 ± 6 and V 11 = 

20± 4 MeV [corrected to an effective nucleon-nucleon interaction at 
..:.1 

a = 1.0F (seeEq. (8))]., These strengths are somewhat larger than 

those obtained in thepresentanalysis;t~is may be due to a possible .' 

energy dependence of the effective interaction. 

a. The 8.92, 11.85 and 15.01 MeV ievels in 13N. The relatively large 
.... . . 

values of VOl and VII which are predicted for these states may indicate 

that the wave functions of CK are unable to account for the configuration 

mixing in these states. This is particularly true for the 11.85 MeV level, 

since it will be shown later that the 13C(3He,3Hel)13C reaction, which 

populates the mirror level in 13C at 11.84 MeV, predicts a value for VOO 

. which is several times larger than values obtained for other transitions. 

In addition, evidence from an analysis of the 15N(p,t)13N reactton35 in

dicates that the wave functions ofCK underestimate the cross section for 

the 8.92 MEN, 1/2- level by a factor of six hundred. 

b. The 9.74 MeV level in 140. Recent experimental evidence from the 

160 (p,t)140 and 160 (p,3He )14N reactions78 indicates that the 9.74 MeV 

level in 
14

0 is the analog of a level observed in 14N at 12.52 MeV. In 
. . 16 .' 14 . 

addition, the transition to this level in the O(p,t) 0 reactlon has a 

characteristic L = 2 angular distribution similar to those observed for 

the 6.60 and 7.78 MeV levels in 140 , indicat;nga possible spin assignment 

of (2+).' The 12.52 MeV level in 14N was also observed in the 15N(3He ,a)14n 
reaction 49 and had a characteristic f. =1 angular distribution. At first, 

it was thought that this level might correspond to one of the missing 

,. 

.. 
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(p3/2) -2 states in 14N; however, the spectroscopic factor which was obtained 

for this level was R:3..,.5 times larger than the ones predicted by Cohen and 

Kurath21 for these states. 

,One possible explanation for the pOpulation of the 9.74 MeV level 

in the 160 (p,t)140 reaction and the 12.52 M~V level in the 160 (p.,3He )14N 

and 15N(3He ,a)14N reactions may be that these states have a [(P3/2,pl/2)-1 

+ (s,d)]2+ T:::1 configurf:lti0tl ,similar to those observed for the 9.17 and 
'" , 14 55 " 

10.43 MeV levels in N' or'their corresponding analogs at 6.60 and 

7.78 MeV in 
14

0 • The spectroscopic factors which are obtained fro~ the 

15Nc3He,a)14N ~eaction for the 9.17;10.43 and12.52 MeV levels are consis-
, , , ; l' ' 

tent with (p3/2,pl/2) - amplitudes for these states of 43.4%, 37.7 % and 
, ' c' '49 

18.%, respectively. 
" " ,14 3 . 14 

Th~ 9.74'MeV level is also observed in the N( He,t) 0 reaction 

and has an 'a~gula:r' distribution -w'hich I'esemblesthose obtained for the 6.60 

and 7 .78 MeV levels. In order to investigate the tentative assignment 

'which has been proposed for this level~theoretical calculations were 

carriedoutfor the leveis'in
14

0 at 6.60, 7.78 arid9.74 MeV using the . . " 

following models: 1) the 6..60 and 7.78 MeV levels were a ssumed to have 
, ,,', ,.' ", 1'" -1]', " ' 
the configuration V-2 (p3/2,pJ-/2) , ±.[2 (s,d)]2+,T:::l whil~ the 9·74MeV 

level was assumed to have the dominant confi~ration (P3/2)2~ T:::l and 
. ' , , 

2) the 6.60, 7.78 and 9.74 MeV levels were all assUmed to have the configu-

ration [(p3/2,pl/2)-1 + (s,d);]2+,T:::l with (p3/2,pl/2) -1 amplitudes of 35%, 

35% and30%,:respectiv'ely. Nuclear structure factors predict that the 

angular distributions for the (p3/r2 f2 and (p3/2,pl/2) -1 configurations 
. ; .' 

should be dominant L ::: 2 and L = '0 transitions, respectively. Since the 

9.74 MeV level has an angular distribution which resembles other L ::: 0 

transitions, the (p3/2,pl!2)..,.1 COnfig~ation is favored (see Fig. 32). In 

addition, the values obtained for YOI and VII for this transitio:n are much 

,too large if a (p3/2)-2 configuration is assumed, ,while the model which 

considers tlie 6.60, 7.78 and 9.74 MeV levels to have similar configurations 

predicts values which are in good agreement with those obtained for other 

transitions (see Table XIV)~ This evidence supports a tentative 

[(p3/2.p1/2f
1 

+ (s,d) ]2+,T:::18sSignmentfor the 9.74 MeV level in 140 . 



-84-

2. The (3He ,3He ,) p3/2~pl/2 (Tf=Ti) Transitions 

In general,theeHe,3He ,) reaction is expected to be relatively 

insensitive to the spin-andisospin-dependent terms in the effective two

body interaction. This results from the following: (1) the Wigner inter

action for complex projectiles is enhanced by a factor equal to the number 

of nucleons in the incoming projectile, and (2) evidence from the nucleon.;.. 

nucleon (see Sec. VE) and nucleon-nucleus7 -: 9 scattering data indicates 

tha~ V 00 is probably ,two to three times larger than V 10 , VOland .vII.' Co~

sequently, if VOO is allowed,the (JSLT) =(LOLO) amplitudes are predicte?

to be the dominant terms for all inelastic transitions. 

For p3/2~pl/2transitions, the (LOLO) = (0000) amplitude ,is 
, . . 

generally forbidden by the selection rules, Eq. (14a,b,e), and therefore most' 

of these transitions are predicted to have dominantL = 2 distributiops. 

The experimental angular distributions obtained forp3/2~ pl/2 transiltions 

are 'shown in Figs. 33,and34; onlyt9ose transitions in wh~ch T
f 

== Ti will' 

be discuss~din this section. A comparison with those transitions which 

are restricted, Eq. (14~,e), to be pur1e L = 2 (i.e., the 4 .43 MeV, 2+ level 

in 12C and the 7 .. 55 M~V, 5/2- level 'iIi l!G) indicates that all p3/2-7 pl/2 

transitions have a characteristic L = 2 ,distribution with the exception of 

transitions which mustbeS =1, Eq. (14a~b,e), (Le., the 12.71 MeV, 1+ 
12 '. , " 13 

level in C and the 8.86 MeV, 1/2~ level in C (see Ref. 79)). 

In order to investigate the sensitivity of these (and other , 

(3He ,3He,)) transitions to the spin.,. and is6spin-dependence of the effective 

interaction, three different approximations were made concerning the ex

change mixture in the central two'-bod.yforce. First of all, the calculations 

'Were carried out ~ssllining that only VOO gontribute~ to the experimental 

cross sections (denotedWigner force). Secondly, a Serber exchange mixture 

was used; this force predicts relative strengths in the ratio 

Finally, a recent analysis of the (p,p') reaction9 indicated that the pro

ton-proton interaction was appreciably stronger than the proton-neutron 

interaction, implying that V 00 and VOl have the same si~n; more tentative 
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1n Table VII. The dashed Cur'\Te' shown for the 7.03 MeV level 1n l~ 
was calculated using a Wigner Force (Le., VOO only). The dotted curves 
were compute,dusing the unmodified (r~ = ro) potenti~l set. D (see . Table 
VII). Force III was used for the 8.8b MeV level of 3c wh11e a W1gner 
interaction was assumed for tlie 11.84 MeV level. 
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results also shawedthat possiblyV
lO 

anciv
ll 

have opposite signs. 9 

Since the inelastic tr!;J.nsitions in mirror nuclei are dependent upon the 
" I 

signs of V ST( Le., T = 0 and 1 transfers are both allowed, see Eq. (ll+f, 

g)) an empirical eJtcha:nge mixtUTedenoted 'force III was also used .. This 

force was assumed to give strengths in the ratio 

. . 

VOO : VIO : VOl: Vll = -3 : -1 : -1:,1 

This particular sign convention was chosen to sat::lsfy the normalization 

condition:
4 

VOO +VIO - 3(VOl +Vll) := -1. 

The solid curves .shown in Figs. 33 and 34 for p3/2-7 pl/2 (dominant 

L = 2) transitions were calculated using mixed ck wave functions and 

assumed the Serber exchange mixture (t1;le S= 1 transitions will be discus

sedlate~) . In general, the shapes of the theoretical distributions cal-
.' '. ,": . : 

culated using other exchange mixtures were almost identical. In order to 
- .' . 

obtain independent values of Voo for each transition and each exchange 

mixture, the theoretical curVes have been normalized to give the best over

all fit to the~Xperimentaldata;.the re~ults are summarize~ in Table XV • 

. Several important coriclus~ons are evident from thes'e results. 

First of all, the values obtained for VOO are generally insensitive to 

the exchangemixtUr~ which,isused" arid therefore little information can 

.• be learned from'thesetransitions concerning the spin and isospin de

pendence of.the central interaction. Secondly, with the exception of the 

11.84 MeV level in 13C which will be discussed later, the relative agree

ment for all transitions is noticeably improved and the strength required 

for VOO is smaller using the mixed CK wave functions. 

One of the most important results, however, is the magnitude of 

the .strengthobtained here forV
OO 

= 60"F ± 10 MeV' (the values quoted for 

VOO will refer tothpse obtained using a Serber exchange mixture unless 

otherwise stated) without including core polarization effects. In pre

vious analyses of the (p ,p I) reaction, values for V 00 ~ 200 MeV were 

obtained (for a-l
= 1.0 F) for inelastic transitions in 180 , 52

Cr , 54
Fe , 

90·92 208' . ' Zr, Zr and Pb when the ground and lawer eXCl ted states were assumed, 

to be well described by simple shell-model configurations. 
8 

If core 

polarization effects were included, howeve.r, V 00 wa s reduced to approximately 
9 80 MeV. 

II 
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Table y:v: Experimental strengths for the effective.nucleon-nucl~on interaction at a-1=1.0 F 
obtained from (3He , 3He ,), p 3/2 ..... p 1/2 transitions. 

Voo(MeV) 

Energy Wigner Force Serber Force Force III 
(MeV) J7T,T (jj) (CK) (jj) (CK) (jj) (CK) 

A. Independent 15w 6.32 3/2-,1/2 68.8 68.8 77·3 77·3 49.3 49:3 
Optical 14N 3.95 1+ ,0 41.1 41.6 .39.5 41.1 39.5 41.1 Potentials 

7.03 2+ ,0 50.3 53·5 42.8 43.9 42.8 43.9 
13C 3~68 3/2-,1/2 82.2 61.1 71.2 58.1 83·4 59·7 

7;55a . 5/2-,1/2 112.6 76.) 126.5 82.0 98.3 71.1 
11.84* 

'=-. 
3/2-,1/2 150.2 2013·0 168.4 332.4 77·0 157.8 I 

CO 
12C 4.43 2+ ,0 106.6 67.e 105.8 67.8 105.8 67.8 CO 

.. I 

76.9£24 61.5±9 77.1£26 61. 7f 14 69.9±26 55.5 f 11 

B. Average 15N 6.32 3/2-~i/2 . 67.4 67.4 '75.8 75.8. 48.3 48.3 
Optical 14N 3 .. 95 1+ ,0 48.9 49.5 47.0 49.3 47.0 49.3 Potential 

7.03 2+ ,0 59.9 63.7 50.9 52.2 50.9 52.2 
13C 3.68 3/2-.,1/2 73.2 54.4 63.4 51. 7 74.2 53.1 

.7.55
a 5/2-,1/2 100.2 67.9 112.6 73·0 87.5 63.3 

11.84* 3/2-,1/2 133.6 1792.0 149.8 296.0 68·5 140.3 
12C . 4.43 2+ . ,0 92.7 59·0 92.0 59.0 92.0 59.0 

73.7±15 60.3±6 73.6±20 60.2±10 78.1±I9 54.2±5 

*Not included in computing average strengths. 

aThe contribution from the 7 .49 MeV~ 7/2+ level hss been neglected. 

<f 
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In the present analysis, for p shell transitions, the wave functions 

of CKare unable to predict the observed E2rates without including 
. .' . , . '20 

effective charges' of l3e for neutrons and (1 +t3) e for protons where 13=0.5. 

However, the resulting enhancement factors for E2 transitJ.on matrix ele

ments only range from 1.5 to 2.0. Therefore, core polarization effects 

should be less important but not negligible for lp shell transJ. tions . 

Without specifically including core polarization in the mJ.croscopic 
! 

analysis, it is diffictilt to determine how much this effect would alter 

the present eHe,3He')re~ultsj however, the relatively small values which 

.,ere obtained for V 00 indicate that core pOlarizatio~ is definitely less 

important in this treatment of lp 'shell nuclei. Further evidence from an 

investigation of the f Li(p,p,)7Li (478 keV) reaction1supports this con

clusion :10 at an incident proton energy of 44.7 MeV the strength requj.red 

to fit th~ 'total cross secti?n wasV' 00 := 90 MeV (for I a . Yukawa with a-I := 

1.0 F)". Inaddit:Lon, an analysis of the 12C(p ,p 1 )
126 (4.43 MeV) reaction 

. 80' .' '.' I. 

at E ':= 46 MeV (see Sec. VD) gave a value of Voo :=186.9 MeV to be com-

pare~ with VOO, = 59.0:'MeV obt'ained from 'the (3He)Hep reaction. 

a. The 11. 84 MeV ,3/2- level in .13G • The wave functions of CK predict 

that the 13C(3He,3He' )13C (11.84MeV; 3/2-) transiti?n should be very sen-
. ,'.' I 

sitive to the spin-and isospin.,.dependEmt terms in the effective interaction 

(i. e., the 2020 amplitud~ is predicted to be very smJll). However j the 
i 

strength required for VOO - 296 MeV in brder to fit the observed cross 

section for this transition is. several times larger than those obtained 

,for otherp3/2-)pl/2 transition~.In addition, eVidince from the 13c(a,a ' )13c 
64 ' 81 84 reaction at Ea= .5 MeV' indicates, that the 11. ' MeV level is popu-

lated with approximately the same relative intensity as was observed in 

the (3He ,3He ,) reaction (compare Figs. 7and35).S1.nce the (a,a ' ) re

action is only dependent upon VOO ' it ,is evident that the mixed CK wave 

functiOns are definitely unable to account for the population of this 

state. 
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12C 12 71' M ' 1+'" d 13C' 8 86 M ' 1/2 1 1 S· th 12 b. The '. eV, ,ah .eV, _ - eve s. lnce e C 

12.71 MeV, 1+ and 13C 8.86MeV, 1/2- levels are predicted to be dominant 

L== 0, S = 1 transitions, they provide a direct measure of the V 10 term 

in the effective interaction (the 8.86 MeV level also depends upon V 11)' . 

Unfortunately, both of these levels are populated in the (a,a 1
) reaction

62
,81 

with almost the same relative intensity as in the eHe,3He l) reaction 
, 12 

(compare Figs. 7 and 35). The 12.71 MeV, 1+ level in C is an example 

of the well-known unnatural parity states which have been investigated 
, ,,' 82 83 'I 

extensively in the (a,a 1
) reaction. " In some cases it has been: 

shown that the population of these states can be explained by multiple 

excitation processes. 83 As a result, the values 'obtained for V 10 in a 

microscopic analysis of these data only provide an upper limit on the 

magnitude of this term. 

The theoretical angular distributions for these transitions are 

compared with experiment in Figs. 33· and 34. Both transitions are best 

, fit using unmodified optical potentialsj however, the agreement 

is definitely not .as good as that obtained for the eHe,t) L == 0 and 

(3He,3Hel) L ==2 transitions. The values predicted for V
IO 

and V
ll 

are 

shown in Table XVI. !f a Serber exchange mixture is used, the 

13CeHe,3He l)13C (8.86 MeV, 1/2-) transition is forbidden (or almost for

bidden) usirig j-j (or CK) wave functionsj however, if force III is used 

both transitions predict strengths ofV
lO 

"'='12 ± 2 and V
IO 
~7 MeV for j,..j 

and CK wave functions, respectively. No conclusive determinations of this 

term have been obtained from (p,p 1) data jtentative results give Iv 10 1:::::40 

MeV. 9 

3. The(3He,t)p3/2~'p1/2 Dominant L= 2 Transitions 

The transitions which are discussed in this section can be divided 

into two groups: (1) those transitions which are restricted by the se

lection'rules to be pure, L = 2, and (2) those trapsitions which could be 

L == 0 and L = 2 but whose L = 0 amplitudes are predicted to be relatively 

smallj this second group will be discussed individually later. 



Table XVI. Experimental strengths for the effective nucleon-nucleon interaction at a-l =1.0 F obtained from 

eHe,3He I) transitions where V 00 is forbidden. 

Doniinant 
Single- Serber Force Force III 

. Particle Energy 
Transition (MeV) if,T (jj) (CK) (jj) (CK) 

A. Independent pl/2~ d5/2 15N 8·57 . 3/2+,1/2 V10,Vll 22.4 a 

Optical 14 
Potentials p1/2~ pl/2 N 2·31 0+ ,1 V

ll
· 12.4 17·0 12.4 17·0 

p3/2~pl/2 13c 8.86 1/2- ,1/2 VIO ,V11 
a 

330 16.1 29·8 

p3/2~ pl/2· 12C 12·71 1+ ' ,0 VIO 12.2 31.0 12.2 31.0 

p3/2~pl/2 15·11· 1+ ,1 ··V . 11.7 27·9 11.7 27·9 
16."11t 

.11 
2+ 33.8 53·0 33·8 53·0 I p3/2~,p1/2 ,1 V01 ,V11 ' 

'rB 
I 

B. Average pl/2~ d5/2 15N 8·57 3/2+,1/2 VIO,Vll 22.0 a 

Optical 
pl/2~ pl/2 14N 2·31 0+ ,1 V11 14.7 '20.2 14.7 20.2 Potential· 
p3/2~ pl/2 13c 8.86 1/2- ,1/2 'V1O 'Vll 

a 294 14·3 26·5 

p3/2~pl/2 12C 12·71 1+ ,0 VIO 10.6 27·0 10.6 27·0 ... 

p3/2~ pl/2 15·11 1+ ,1 V11 10.2 24.3 . 10.2 ·24·3 

p3/2~pi/2 16.11
t 2+ ,1 V01,Vll 29.4 46.1 29·4 46.1 

·t . 
EB2 was assumed to be equal to 400 keY (see Sec. VA-3). 

aForbidden in the j-j limit. 

.. 
~ 
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. . 

The pure L = 2 transitions·all have characteristic angular distri-

butions which are similar to the corresponding (3He , 3He ,) distributions 
'I' I 

but have much less structure and are not as well reproduced by theoretical 
1 

calculations (see Fig. 36). The values obtained for VOl and Vll shown in 

Table XVII are all consistently higher than those required for L = 0 
-1 

transitions. It would be necessary to use a range of ex ~ 0.5 F in order 

to obtain agreement between the relative strengths required for L = 0 and 

L =2 transitions;ho~ever, ithe fits obtained at this range would be very' 

poor for all transitions (compare Fig. 30). The apparent enhancemebt of 

the eHe,t) L = 2 transitionsinay be due to collective or core polari-

zation effects as discussed previously for eHe, 3He ,) p3/2-,> p1/2 t~ansi tions. 

The structureless features of the angular distributions for these transi

tions might indicate, however, that other mechanisms such as multiple ex

citation or particle-exchange are contributing. 

a. g.s. 1+) transitions. 

The reaction and the inverse of the 1 C(3He ,t)1 N 

(g.s.,l+) reaction correspond to transitions between identical initial and 
.... 40 

final states. When detailed~balance and ph8se-spacecorrections are 

applied, the angular distributions fo+ these transitions should be identical 

(see also Sec. VI).' Evidence from the well-known ~ decay of 14 C predicts 

that the L = 0 amplitudes for these transitions are approximately equal to 

zero. 72 Experimentally it is obserVed (compare Figs. 16, 17 and 36) that 

'both of· these transitions have a distinct angular distribution which is 

neither pure L = 0 or ptireL = 2 in character. Theoretical calculat'ions 

using mixed CK or VF wave functions predict a dominant L = 2 distribution 

while those using j-j wave functions also include a strong L = 0 com

ponent; none of these give a good fit to the experimental data. The values 

obtained for Vll are shown in Table XVII; both levels predict similar re

sults. Using mixed wave functions, the strengths required are comparable 

to,. or slightly larger than, those predicted fo~ L = 0 transitions. 

It is iriteresting to compare these results with those obtained in 

a recent microscopic analysis of the 14C(p ,n) 14N reaction atE. = 13.3 MeV. ll 
p 

When a Yukawa interaction with a range of 1.4 F was used, comparison with 
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Table XVII. Experimental strengths for the effective nucleon-nucleon interaction at ci-:l=l.O F' 

obtainedf~om eHe,t), p3/2~pl/2(dominant L=2) transitions. 

Independent Optical Potentials Average Optical Potential 

Energy 
irzT '. 

V01(MeV) Vll(M~V) VOl (MeV) Vll(MeV) 

Reaction {MeV) (jJ) {CK2 {jj} {CKd' (jjd . {CK) (VF2 {jj) (CK) 

14 C (3He , t )14N 0.0 1+,0 lS.l 24.2 17·7 23·7 

7·03 2+,0* 36.2 35·9 36.2 ". 35·9 35·5 35·2 34.S 35·5 35·2 

10-;43a 2+,1* 45.S -4:9·3 45.S 49.3 44·9 48.3 44·9 4S·3 

14N(3He ,t)140 0.0 1+,0 12·7 17·5 -- 15·1 20.S -
10.S9

b 
(1+),1 ·l1.S 14.9 9.4 11.9 14.0 17·7 11.2 14.2 

11. 24 b (1 + ) ,1 16.2 20.7 13·0. '16·5 19·3 24.6 15·5 19·6 

13C(3He,t)13N 7 ·39 5/2.;.,1/2* 37. 2 ~5.3 37·2 45·3 33·1 40·3 33·1 40.3 

12C(3He ,t)12N 0.9E/ 2+,1* 22·7 52·7 32·7 '52 .1 29'2' 42'S 22·2 45·S 

3S.2:14 45.S±5 3S.2±4 45·S±5 35.7±542.4±5 35.7±5 42.4±5 

* . if)'nly tbese transitions were included in computing average strengths. 

tEB2 was assumed to be equal to 400 keY (see Sec. VA-3). . 

(VF) 

25·9 

34.S .' 

23·7 

aThe 10.43 MeV level is assumed to have ,the configuration [A (p3/2,pl/2) -1 + ~ (~,d) ]2+,'1:=1' 

bThese values for VST were~btained assuming that either'the 10.S9 or the 11.24 MeV level had the dominant 
configuration (p3 /2,pl/2) 1+, T=l . . 

I 

~ 
I 
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experiment showed not only a poor fit to the ground state transition but 

also a strength for Vll (using mixed VF wave functions), which was three 

times larger (or ~ 58 MeV at a-l == 1.0 F) than the val~e of 19.2 MeV re-
• I ., 

quired to· fit the 3.95 MeV (dominant L=O) tr€l.nsition. In contrast, the corresponi-

ing values required 'in the 14c(3He ,t)14N reaction are 25'.9 and 16.5 MeV, 

respectively. This' discrepancy may indicate that contributions from other 

reaction mechanisms such as particle exchange are not as important for 
I I 

complex projectiles at higher incident energ,ies .. 
I ' ' .. 1 

. 8 4' . 14 8 4 b. The 10. 9 and 11.2 MeV levels in o. The 10. 9 and J-1.2 MeV levels 

in 
14

0 are both possible candidates for the analog to the 13.72 MeV, 

(P3/2'Pl/2)~!,T==11evelin 14Nwhich should occur near 11.4 MeV in 
14

0 if 

level shifts are neglected. Theoretical.calculations predict that the 

angular distributiqn for this state should correspond to a dominant L =.2 

transition. Unfortunately, the 10.89 and. 11.24 MeV leveis are both weakly 

pqpulatedin the (3He;t) reactionand ther~fore a meaningful comparison of 

the shapes of the experimental angular distributions could not be made 

(compare Fig. 36). However, approximate values were obtained for VOl 

which are given in Table XVII. Although it appears that the values pre

dicted for the 11.24 Mey level are in better agreement with those for 

other L == 2 transitions,' the 10.89 MeV level cannot be ruled out. 

4. The (3He ,3He ,) pl/2~d5/2 Transitions 

In principle,. an L = 1 (8 == 1) and/orL ::: 3 (8 == 0,1) transfer is 
I '. , 

allowed for a pl/2~ d5/2 transition . However, since(IDLO ) amplitudes are 

strongly enhanced. for complexproj ectiles (see $ec. VB-2) ,the c3He ,3He ,) , 

pl/2~ d5/2 transitions are all predicted to have dominant L = 3 distributions 

(the 3/2+ {evei in 15N at 8.57 MeV is the onlyexceptionj it is restricted 

by the selection ~ules, Eq. (14a,e), to be pure L == 1 (8 == 1) and will be 

discussed further later) . The angular distributions for these L = 3 

transitions shown in Figs. 37 and 38, have a similar shape which is fairly 
I 

well reproduced by the theoretical calculations. The values obtained for 

VOO are summarized in Table XVIII. Once again, they are relatively insen

sitive to the spin- and isospin-dependerit terms in the effective interaction. 

The overall agreement is very good considering the simple model which was 

assumed for the wave functions of these states. The average strengths.ob

tained for V 00 are. slightly larger than those computed earlier for L = 2 

,.., 
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Fig. 37. Angular distributions for (3He ,3He ,) pl/2,p3/2~d5/2 transitions. 
The solid curves are DWBA predictions obtained using j-j wave functions, 
a Serber exchange mixtur~and the independent optical potentials given 
in Table VII. (The 9 . 64-MeV, 3-level in l2C was assumed to have the 

. configuration (P3/2)~/2 d5/2). 
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FiG' 38. hk1~lardisrributions for pl/2~d5/2transitions observed in 
the 1)N(~e,3He') ~ reaction. The solid curves are DWBA predictions 
obtained using j-j wave functions, a Serber exchange mixture, and the 
mOdified (rb= 0.93 ro) optical potential set A (see Table VII). The 
dashed curve shown for the unresolved levels at 5.27 and 5.30 MeV was 
computed neglecting the contribution from the 5.30 MeV, 1/2+ level . 

. The dotted curve shown for the 8.57 MeV, 3/2+ level was computed using 
the unmodified potential set A. 

.. , 



Table XVIII. Experimental strengths for the <effective nucleon-nucleon interaction at CX-
1=1.0 F 

obtained fromeHe,3He ,) pl/2~ sl/2,d5/2 transitions. 

VOO(MeV) 

Independent Optical Potentials Average Optical<Potential Single:.. 
Particle 

- Transition 
Energy Wigner Serber Force Wigner Serber < Force 
(MeY)J7r,T Force Force III Force. - F0l'ce~Il:r _ 

pl/2~d5/2 l5N 

14N 

13C 

pl/2~ 81/2 15N 

14N 

l3C 

* 

5·27 

5.30 

5.27a 

7~15 

7·56· 

5·10 

5·83 

3·85 

7·30 

8·31 

4.91 

5.69 

3·09 

5/2+;1/2 I 
.1/2+,-1/2 

5/2+;1/2* 

5/2+,1/2 

7/2+,1/2 

2- ,0 

3-. ,0 

5/2+,1/2 

3/2+,1/2 

1/2+,1/2 

0- ,0 

1- ,0 

1/2+,1/2 

71.7 

93·0 < 

68.6 

95·2 
57.8 

75·5 

75·0 

74.0±8 

61.6 

70.8 

45.0 

38·9 

45·0 

52·3±11 

Not included in computing average strengths. 

73~9 

93;8« <. 

50.2· 

83.6 

56·3 
72.6 

52.6 

64.g±12 

53·2 

53·1 
44.4 

38.1 

38.2 

45.4±6 

66.2 

82;6 

77·2 

.107·3 

56·3 
72.6 

84.3 

77·3±12 

69·3 

79·9 
44.4 

38.1 

50.6 

56.5±15 

aThe contribution from the 5.30 MeV, pl/2~ sl/2 transition is neglected. 

70·3 

91.1 

67.2 

93·3 
68.8 

89.8 

66.8 

76.0±10 

60.4 

69;4 

53·6 
46.3 

40.0 

53·9±9 

72.4 

91.<9 

49<;2 

81.9 

67.0 

86.4 

46.8 

67·3±13 

52.1 

52.0 

52.8 

45.3 

34.0 

47.2±6 

64·9 

80·9 

75·7 
105·2 

67·0 
86.4 

.75·0 

79·0±11 

67·9 

78·3 
52.8 

45·3 

45·0 

57·9±12 

I 
\0 
\0 

I 
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transitions using the wave functions ofiCK; however, they are in better 

agreement wi th the values computed for L = 2 transitions using simple j-j 
. . 

wave functions. These results are' consistent with thoseobtalned from an 

analysis of E3 transiti9~s rates. 73,74,84 In particular , if the shell

model wave functions of True56 are used to predict the ·observed E3 transi

tion r~tes in mass 14 nuclei, then an effective charge 13 = 0.5 is required73 

(L e. ,the same l3.requiredto predict the observed E2 rates using CK wave 

functions) whereas if j -jwave functions are l used, a slightly larger value 

of 13 is required. 

The 8.57 MeV, 3/2+ level ~n15N is predicted to bea dominant L = 1, 

S = 1 transition. Theoretical fits are shovn in Fig. 38 for both the 

modified and uiunodified Optical potential set; the latter appears to give 

abetter overall account of the . experimental data. The values obtained 

for VIO = VII = 22.0Me~ usin~ a Serber exchange:mirl.ure(see'Table XVI) 

can only be considered as upper limits since tl1is level is also populated 

in the (0:,0:' )reaction62 . with ~pproximatelY the same relative intensity as 

,in the (3He ,3He , ) r~action (seE! Sec. YC). 

5. The c3He,t) pl/2-+ d5/2 Transitions 

In contrast with the (3He ,3He ,) pl/2-+ d5/2 t:ransitions, the corres

ponding (3He , t) transitions a,re predicte'd to have mixed (L = 1 and/or L = 3) 

amplitudes ranging from almost pure L = 1 to pUre L = 3 (compare Table 
. . 

XIX). In general, the experimental angular distributions for these transi-

tions have a similar shape (compare Figs. 39, 40 and Ref. 18) while the 

theoretical curves vary ,depending· upon the relative strengths of the L = 1 

and 3 components (when two levels were unresolved, the theoretical curves 

were obtained by adding thecontribut:Lons f~om each level). 

Those transitions which are restricted to be L = 3, such as the 

7.28 MeV, 7/2+ level in 150, have angular distributions which resemble 

the corresponding (3He ,3He ,) transiti6tis (Le., the 7.56 MeV, 7/2+ level 

in 15N); however, the oscillatory structure of these distributions is not 

as well defined as that predicted by theory (e.g., the predicted minimum 

at e ,..., 35 deg is completely filled in while the predicted maximum at 
cm. 

61 ~ 42 deg appears to occur at a slightly smaller angJ,e). The theoretical c.m. 
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3 ' 1 5 
( He, t) p "2 - d "2 

Transitions 

. ~ . . . 
'i • :.- . . . .. . .. . .. . ..... 

· · · · · · · · 

14 N 5.83, 3-:-, 

.' ., ! i 
i 

40 60 

Be.m. (deg) 
XBL683·Z186 

Fig. 39. Angular distributions for (3He,t) pl/2~ d5/2 transitions. The 
solid curves are DWBA predictions obtained using simple j -j wave func
tions (CK wave functions were used to calculate the distribution for 
the 3.51 MeV, 3/2 -level in l~) and the independent optical potentials 
~~ven in Table VII. The dotted.curve shown for the 5.10 MeV level in' 
, N was computed using the unmOdified potential set C (see Table VII). 
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7 , "2 + 

8.28, ~+ 
2 
)(2 . ....... . ...... 

60 80 100 

8e. m. (deg) 
.SL6e2·t934 

Fig. 40. Angular distributions for (3He,t) pl/2-7 d5/2 transitions. The 
solid curves are DWBA predictions obtained using j -j .lave fu.l1ctions 
and the independent optical potentials given in Teble VII. Tne dotted 
curves ,·]ere ce,lculated using unmodified (1'0 ::: ro) optical pote:ltials. 
The theoretical curves for unresolved levels .;ere obtained by s1..l!~,ming 

the predicted distributions .for each level. 
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angular distributions for those transitions predicted to have strong or 

dominant L = 1 components are not in very good agreement with the experi

mental data. The curves shown in Figs. 39 and 40 were calculated using 

modif'ied and Unmodified optical potentials. Although the latter give a 

better f'i t to the data in the region ec.ID. ~ 40-60 deg, both potential sets 

Predict minima at e ~ 20 deg while the experimental data indicate max1ma cm. ' 

(compare Figs. ,39 and 40) . 

The values obtained for VOl and Vll are shown in Table XIX; the 

relative agreement is, not as good as that obtained for other single-particle 

transitions.' In addition, the, average strengths pr~~ictedfor VOl = 32.8±i2 

and Vll = 30·7 ± 11 MeV are larger than the values required for L =0 

transitions, indicating that the experimental cross sections for (3He ,t) 

pl/2~ d5/2 transitions are also enhanced. 

The experimental angular distributions for pl/2-7 sl/2 transitions 

which are shown in Fig. 41 have more structure and deeper 'minima than 
, , 

those observed for other single-particle transi tion~,. , Theoretical calcu-

lations predict awell-def':i.ned oscillatory structure : for these transitions; 

however, the fits obtained are not as good as ,those for (3He ,3He I) L == 2 

and L = 3 transitions. 

Predicted val~es for,VoO are surnrnarized in Table, XVIII; the overall 

agreement is surprisingly good considering the simple j~j configurations 

which were assumed for these' ,states. In addition, the average strength 

obtained for VOO == 47.2 ± 6 MeV does not: change significantly if the con

tributions from the spin and isospin terms in the effective interaction 

are neglected (compare Table XVIII). Since core polarization effects for 

L == 1 transitions should be small, it also is of interest that the values 

obtained for VOOare ~ 10-20 MeV smaller than those obtained for L == 2 

and L == 3 transitions. 

.. 
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(3He .3He') pl/2 -s1/2 Transitions 

15N 7.30, 3/2+ 

0.1 

0.05 

0.01 xll2 

0.5 

... 
0.1 en 

....... 
.Q 

E 
~. 0.5 

c.l 
'0 
...... 
b 

'0 

0.1 

, 1.0 

0;5 

.13C 3.09,1/2+ 

0.1 

0.05 

9c.m. (deg) 

)(BL682 -1929 

Fig. 41. Angular distributions for (3He ,3He ,) pl/2~ sl/2 transitions. 
The curves are DWBA predictions obtained using j-j wave functions, a 
Serber exchange mi:A.-ture, and the independent optical potentials given 
in Taole VII. 
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7. The (3He , t) , pl/2-4 sl/2 Transitions 

In general, the levels which are populated in the eHe,t) reaction 

by the promotion of' a pl/2'nucleon to an sl/2 nucleon have much smaller 

cross sections than'other single-particle transitions to low-lying orbi;., 

tals.16 ,18 The angular distributions f'or these states whic~ are,shown in 

Fig. 42 have much le s s sti:ucture than theoretically predicted." However" 

the values obtained f'or VOl = 19.4'± 3 andiVll = 17.3,±5 MeV (see!Table,' 

XX) are approximately equal to thosef'br L ='0 transitions'indicating 

that thes'etransitibns are not collectively enhanced. 

C. The (3He ,3He , ), and (a,a' ) Reactions on Ip Shell Nuclei 

The microscopic analysis of' the'C3He,3He ,) reaction has shown that 

this reaction isingenerai very insensitive to the spin- and isospin- ' 

dependent terrns'fn the effective interaction and' therefore the cross 
i 

sections f'or stronglY excited states are determined primarily by the (LOLO) 

amplitude. Since the (a~a') ;eaction is onlydepenq.entupbn, this term, ~ 
direct comparison of these two reactions populating ,identical ,final states 

could provide fur~her evidence to support this conclusion. 

An investigation of' the elastic and inelastic scattering of 40.5 

V t · 1 f' ,. '1 t t" 1 d' ' 12C 13C ,14N,15N 'd 16 Me a par ~ c e s rom severa ' arge s, ~ncu ~ng , , ,," an 0 
" , ,,' , 62 

has been reported by Harvey et a1. It was f'ound, that the angular 

distributions obtained f'romthesereact,ionscould also be characterized 

according to the particular shell-model transition involve,d. A comparison 

of the (3He ,3He ,) and (a,a") distributions indicates that the shapes are 

very similar ,especially t;or L = 2 andL = 3 transitions; however, the 

magnitude of' the (a,a' ) distribution is always approximately two to three 

times larger. 

In Table XXI, relative integrated cross sections are compared f'or 

transitions' obser:ved in the (3He ,3He ,) and (a,a') reactions on several Ip 

shell nuclei. The transitions have been grouped according to the particular 

shell-model transition involved, and in each case the cross sections have 
, , 

been arbitrarily normalized relative to the one ,single-particle transition 
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7.55 ,t + 

5.69, 1-
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Fig. 42. Angular distributions for (3He ,t) pl/2~ sl/2 transitions. The 
curves are DWBA predictions obtained using j-j wave functions and 
the independent optical potentials given in Table VII. 



Table XX. Experimental strengths for the effective nucleon-nucleon interaction at 0:-
1=1.0 F obtained from 

. . (3He , t), p1/2~ 81/2 transitions. 

Reaction 

15N(3He ,t)150 

14N(3He ,t)140 

14C(3He ,t)14N 

13C(3He,t)13N 

Energy 
(MeV) 

6·79 

6.86a 

t 
7·55 

t 
5·17 

5·69 

2.37
t 

J7T,T 

3/2+,1/2 

5/2+,1/2 

1/2+,1/2 .. 

1- ·,1 

1.". ,0 

1/2+,1/2 

I 

Independent Optical 
Potentials 

V01(MeV) 

23·6 

19·8 

16.2 

23·5 

13·5 

19.3±4 

Vll(MeV) 

23·6 

15.8 

.··13·0 

23·5 

10·7 

17·3±5 

tEB2 'Was assumed to be equal to 400 keY (see Sec.VA-3). 

aThe contribution from the 6.86 MeV, pl/2~d5/2 transition is included. 

y 

Average Optical 
Potential 

VOl (MeV) V11(MeV) 

23·1 23·1 

19.4 15·5 

19·3 15·5 

23·0 .23·0 

12.0 9·5 

19.4±3 17·3±5 

, 

I 
I-' o co 
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Table XXI, A comparison of inelastic 3He and a-particle scattering on Ip shell nuclei, 

Dominant Integrated Cross Sections (8c.m.=20- 80 deg.) 

Sin€;le- Absolute (mh) Relatiye G2 (LOLO) Relative 
Particle Energy 

TransHion (MeV) J7f T (3He ,3He ,) (a,a,)a ' (3He ,3He ,) (a,a' ) (CK) (jj) 
" , 

p3/2~ pl/2 15N 6·32 3/2- ,1/2 1.70 3·80 1.31 1·56 1.03 1.0 
14N 3·95 1+ ,0 1030 ,2.44- 1.0 1.0 1.0 1.0 

" 

7~03 2+ ,0 '1.61 2·59 1.24 1.06 0,·91 ' 1.0 
13C 3.68, 3/2-,1/2 4.25 ,12.10 3·27 4·95, 2 ;78, . 1.5 

7~55 5/2- ,1/2 4.29 12.60 3·30 ' 5·16 2.66 1.2 

8.86 1/2-,1/2 ' 8 b 0.22 0.2 9 c d 0.0000 e 
I 

11.84 .3/2-,1/2 1.58 1.22 d 0.0017 0·3 
f-' c 0 
\0 

12C 4.43 2+ ,0 22·9 41.1 17·6 ' 16.8 10.15 4.0 I 

r5 a/ r5 3 = 1. 88 
'2 2 

G a/G3 .= 1.78 
He ' He 

pl/2~ d5/2 15N 5·27 5/2+,1/2\ 
1.69

f 
2.02 7.38 1.34 1.42 

5·30 1/2+,1/2 

7·15 5/2+,1/2 0·308 0.59l 0.204 0.114 0.402 

7·56 7/2+,1/2 1.91 9.16 1.26 1.76 1.28 

8·57 3/2+,1/2 0.174 0.516 0.115 0.10 e 
14N 5·10 2- ,0 1.10 3.68 0.728 0.71 1.25 

5·83 3- ,0 1.51 5.18 1.0 1 ;0-- 1.0 
13C 3.85 5/2+,1/2 1.43 4.18 0.947 0.807 1.12 



Table XXI. (continued) 

Dominant 
Integrated Cross Sections (8 =20 - 80 deg.) c.m. 

Single- Absolute· ~mb2 Relative G2~LOL02 Relative 
Particle Energy 

7r (3He ,3He ,) ·a (3He ,3He ,) Transition (MeV) J ,T . (a,a'-) (a,a' ) (CK) (jj) 

12c 9.64 3- ,0 4.19 22·7 . 2.78 4·38 

aa/a
3He 

= 3.43 
2 2 

G a/ G 3 = 1. 78 
He 

. pl/2~ sl/2 15 3/2+,1/2 0.659 1.58 
. -
1.98 N 7·30 3.23 2.0 

8.31 1/2+,1/2 0.109 0~747 0.262 0.458· 0.25 
14N 4.91 0- ,0 0.416 1.63 1.0 1.0 1.0 

5·69 1- ,0 0.464 1.82 1.11 1.12 2.0 
13C ·3·09 1/2+,1/2 0.690 3.41 1.66 2.09 1.5 1.5 

a a/ a 3 == 3· 92 . 2/2 GaG 3 = 1.78 
He He 

a . 
Harvey et al., see Ref. 62. 

b 8 = 25 - 80 deg. c.m. 
cNot reported in Ref. 62. 

<l..rhese lev~ls are populated in the (a,a') reactionat Ea = 64.5 MeV with ?pproxirnately the same relative 
intensities as those observed in the (3He,~e') reaction (compare .Figs. 7 and 35). 

eForbidden in the J-J limit. 

f The contribution from the 5. 30 MeV, 1/2+ levelha s been neglected . 

. ~ 

I 
f-' 
f-' 
0 
I 
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involved,and in each case the cross sections have been arbitrarily norma

lized relative to the one single-particle transition in that group which 
I' 

was predicted t() be the most insensitiv~ to spin- and isospin-dependent 

terms. The overall agreement is excellent considering the simplicity of 

the comparison which is made.!n addition, the nuclear structure factors 
2' . ' ". . 

G (LOLO) are able to reI?roduce, the observed trends in the relative magni-
... ' 

tudes without actually carrying ,out a DWBA calculation. 

If tlieserea~tions' are only dependent upon the Wigner term V 00' 

then the predicted cross sections for identical states should be prlopor

tional to the square of the mi.niber of nucleons in the projectile. In 

Table XXI it can be seen that the ratio Of 'the. integrated cross sections 

rJa/rJ
3e 

ranges from 1.88 - 3.92 while the theoretically predicted value 

is 16/9= 1. 78. ' 

'. In ,order to provide a better comparison for these reactions, a 
microscopic analysis was carried out for the 14N(a,a l )14N reaction using 

the optical :potential:"sho~n in Table VII. A Yukawa potential with a 
-1 

range of a = 1.2F was chosenfor the effective projectile-nucleon in-

teraction while a nonlocality range ~ = 0.25 was assumed for the a 

particle. The results are shoWn in Fig. 43 j the agreement between theory 

and 'experiment is reasonably good consider~ng the fact that no attempt was 

made to vary the parameters in order tOimprove.the theoretical fits. 

The values obtained for VOO which have been converted to an effec

tive nucleon-nucleon interaction at a-I = 1.0F (Le., Eq. (8) was used85 

with 'Y = 0.3295 and a range 'correction from 1.2 to 1.0 F,~as applied) are 

compared with those determined for the c3Re, 3Re I) reaction in Table XXII. 

Reasonably consistent results are obtained for p3/2~pl/2 and pl/2~ sl/2 

transitions but the strengths requir~d to· fit the (0'.,0'.1) pl/2~ d5/2 

transitions are somewhat l~rger .. It can be concluded, however, that the 

microscopic description is able to account for the observed experimental 

data from both reacti()ns. 
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5.10,2-
L=3 

• 

• 

4.91,0-

... 
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Fig. 43. Angular distributions from the 14;';:~, )14N reaction at Ea = 40.5 
MeV. The solid curves are DWBA predictions obtained using the optical 
potential set M (see Table VII) . Mixed CK wave functions were used for 
p shell transitions while simple j-j configurations were assumed for 
pl/2~ sl/2, d5/2 transitions,. 



Table XXII. A comparison of the-experimental strengths for the effective nucleon-nucleon interaction at 

a-l=l.O F obtained from the-14N(3He,3He,)14N a~d14N(a;a'l4N re~ctions--at:E3 --=~4~6 and E
a

=40.5 MeV, 
He-respectively. 

Energy .7r 
(MeV) J 

3·95 -1+ 

7·03 2+ 

4.91 0-

5·69 1-

5·10 2-

5.83 3-

Dominant 
Single
Particle 

Transition 

p3/2-7pl/2 

pl/2-7 sl/2 

pl/2-7 d5/2 

. (3He ,3He , )a .... 

WignerForce Serber Force 
(jj) (CK) (jj) . (CK) 

48.9 49·5 47·9 49·3 

59;9 63·7 50·9 52.2 

53·6 52.8 

46·3 45.3 

68.8 .67·0 

89·8- 86.4 

aAll values quoted were obtained using the average opt:ircal potential. 

\,Too (MeV) --

(a,a' ) 
Wigner Force 

.(Jj) (CK) 

53.~" 54.2 
-----54.6 58.0 

58.5 

45.4 

82.7 

112.0 

I 
r--' 
r--' 
\jJ 

I 
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An investigation of the 12C(p,p,)12C reaction at E ~ 46 MeV has 
80 p 

been reported recently by Petersen et al. These data were analyzed 

using both an extended version of the collective model which included 

spin and isospinoscillations67 ;86 and also a microscopic description 

'which made use of the' distorted-wave imPu~se-approximation (DWIA). 80 In, 

the DWIA procedure, the projectile-nuCleon interaction is replaced by the 

transition matrix for free 'nucleon-nucleon scattefing.
l

,29 Since the 
" ' I 

interaction is determined, the agreement with experiinent provides a test 

of the nuclear wave functions used to describe the initial and final 

states provided the DWIA is valid at this energy. Fair agreement was 

obtained when the wave fuRctions of Gillet87 were used to describe the 

levels of 12C. 

A comparipon of the effective interaction required to fit these 

data using the wav!= functions ofCK with that required to fit thecorre;

sponding (3He ,3He ,) data should prOVide' a sensitive testef the approxima-
, " 

tions made in determining the absolute strength of the effective nucleon-

nucleon ,interaction' fromtrie scattering of complex projectiles (see Eq. 

(8)). The calculations were per'formedusing the optical parameter set 
'67 -1 

VI (see Table VII). 'AYukawa potential with a range ofa ~ 1.0 F was 

chosen for the effective interaction while the nonlocality range fora 

proton was assumed to be 13 =0.85 F. The results are shown in Fig. 44; 

theoretical angular'distributions for restricted L = 2 transitions are 

very similar to those obtained previously using the collective67 and 

microscopic80 models 'whiie the dominantL ='0 distributions are still un.,. 

able to fit the experimental data at small angles. The values obtained 

for V
ST 

are compared with those from the (3He ,3He ,) reaction in TableXXIIL 

The overall agreement is fair, indicating that the approximations which 

were made in the (3He ,3He ,) reaction are probably valid. 

If':ll::··':;' _" ... 

• 
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Fig. 44. Angular distributions from the l2C(pJpl)12C reaction at E = 46 
MeV. The solid curves are DWBA predictions obtained using CK ~ve 
functionsJa Serber exchange mixtureJand the optical potential set Vl 
(see Table VII). 



Table XXIII. A comparison of the experimental strengths for the effective nucleon-nucleon interaction 
-1 . ' 12 3 3 . 12 12 3 12 12 12 . ata =l.OFobta:medfromthe. C(He,He') C, C(He,t) Nand C(p,p') CreactJ.OnsatE

3 
=49.8 

MeV and E=46 MeV, respectively. 
p . 

Energy (MeV2 
12C 12N J

1T,T V' ST 

4.43 2+,0 VOO 

12~71 1+,0 V10 

15·11 0.0 1+,1, VII 

16.11 0·96 2+,1 VOIJ~:Ll 

(3He ,3He ,) a 

Wigner 
Force 

(jj) (CK) 

92·7 59·0 

Serber 
Force' 

(jj) (CK) 

92·0 59·0 

10.6 27·0 

10.2 .24.3 

(3He ,t)a 

Serber 
Force 

(jj) (CK) 

-

10.1., 24.4 

29·4 46.1' 29.3 45.8 

aAllvalues quoted were obtained using the average optical potential. 

• 

He 

(p ,p , ) 

Wigner 
Force 

(jj) (CK) 

'137 ,,0 87.1 

Serber 
Force 

(jj) (CK) 

127·0 86·9 

9.4 23·7 

,10.8 26.1 

.20.2 '31.6 
I 
I-' 
I-' 
0'\ 
I 
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E. A comparison of the Effective and Free Nucleon-Nucleon Interaction 

It is interesting to compare the effective nucleon-nucleon inter

action required to fit the (3He ,t) and eHe,3He') scattering data with 

those ,used in simple shell-model calculations and :those required to fit 

low-energy nucleon-nucleon scattering data. In order to facilitate 

this compari~on it is helpful to briefly summarize the different forms 

in whiph a simple local interaction is generally used. In particular, a 
I 

simple local interaction with an arbitrary spin-'isospin exchange mixture 

can be written in one of three equivalent forms given by: 

(21) 

where VOis in MeV, W, M, Band H are constants and pX, per and por 

are space, spin and i$ospin exchange operatorsj' or ' 

(22) 

where ArE' ASE,ATO andASO are constants and P is a projection operator 

for the triplet-even, singlet:..even, triplet-odd and singlet-odd statesj or 

where are in MeV. Expressions have been given elsewhere3 ,4 which re-

late the coefficients of the individual terms for different parameteriza

tions. 

The coefficients predicted for several different exchange 
. 3 56 88-90 mlxtures" are given in Table XXIV. Although most of these po-

tentials have been used in shell-model calculations, the strengths were 

chosen to fit low-energy nucleon-nucleon scattering data. In particular' 

all of these exchange mixtures, with the exception of the Serber force, 

have a singlet-even potential which reproduces low energy proton-proton 

scattering data56 ,90-92 data. and in addition, the ratio of the singlet-even 

to triplet-even strengths is approximately equal to that required to repro

duce the binding energy of the deuteron (or neutron-proton scattering 
data).3,56,92,93 



Exchange 
Mixture 

1. Serber 

2 L Glendenning 
& Veneroni?'I)~~'-

d 
3. True 

4. Ferrell-
, Visschere 

, l' 
5. Rosenfeld 

Table XXIV. A comparison of V
ST 

for various exchange mixtures used in 

nucleon-nucleon scattering and shell-model calculations. 

x cr 'f ( ) V(r12 )== Vo (W-tMP +BP -HI? ) exp- ar12 ) ar12 

where a-I == 1.0 F and V == -135 MeV (A. == l69TMeV F3), 
o 0 " 

W M " B H . ATE ~E A
TO Aso VOO 

a a 
VIO 

0.5 0·5 0.0 0.0 1.0 1.0 0.0 0.0 -50.6 16.9 

0.4 0.4. 0.1 0.1 1.0 0.6 0.0 0.0 -40.5 6.8 

0.406 0.406 0.094 0.094 1.0 0.625 0.0 0.0 -41.1 7.4 

0·317 0·5 0.0 0.183 1.0 0.634 -0·366 0.0 -13·5 16·9 

-0.13 0.93 ,0.46 ":0.26 -1 ~'I8 "0.0 0.0 

.. 
Effective nucleon-nucleon interaction 

1.0 0.6, -0.34 

(3He ,t) 

(3He ,3He ,) 160.2 L--I (11-27) 1 

VOl 
a 

16·9 

20.2 

20~0 

29·2 

13·5 

120.61 

a 
VII 

16·9 

13·5 

13·7 

16·9 

31.0 

116.51 

aAll values of V
ST 

were calc~lated using a Yukawa poteritial with a-l==LOF and Vo=-135 MeV. 

bA Yukawawith a-l "'1.l3F and V =-84 MeV (A ==i523 MeV F3 ) reproduces the proton-proton scattering length and 
effective range (see Ref. 9l)~ , 0 ' 

cUsed by Glendenning and v,neroni3 in. a microscopic analysis of(p,p') reaction on even nickel isotopes; radial 
dependence: Gaussian, 13,-1 2::;1.85 F, Vo='-52 MeV (Ao=1835 MeV F3). 

~sed by True56 in a shell-model calculation for levels in l4N; radial dependence: Gaussian, 13 -1/2=1.82 F, 
Vo=-52 MeV (Ao==1760 MeV F3)., ' 

eUsed in ,a shell-model calculation 01'0+ states in 160 (see Ref. 90); radial dependence: Gaussian, [;>-1/2=1.732 F, 
V ==-51. 9 MeV (A =1502 MeV F3) • o 0" 

fA Yukawa with a-l ==1.3TFand V
o

==-50 MeV (Ao=16l5 MeV.F3 ) gives the singlet-triplet separation for the deuteron. 92 

.... 

I 
I-' 
I-' 
ex> 
I 
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In order to compare the absolute. values for V
ST 

predicted by these 

exchange mixtures with those obtained in the present analysis, a Yukawa 
-1 

interaction with a range of ex = 1.0 F and V = -135 MeV was chosen. o 
This potential gives a volume integral of A = 1697 MeV F3 which is rea-

. 0 

sonably similar to those used previously for all exchange mixtures (compare 

Table XXIV) • 

Since the Rosenfeld mixture: is charge symmetric, while the Ferrell-
I I 4 

Vischer exchange .mixture was i chosen to fit additional properties in He 
. 16 ,. I 

and 0, (see Ref. 90) the Hrst three exchange mixtures listed in Table 

XXIV should provide the best comparison with the present data. In parti

cular, it can be seen that the value s predicted for VOl = 16.9-20.2 and 

VII = 13·5-16·9 MeV are in very good agreement with the values of VOl = 
20.6 and VII ~ 16·5 MeV obtained in the (3He,t) analysis, while the values 

predicted for VOO = 40.5~50.6 MeV are somewhat lower than those observed. 

in the c3He,3He ') reaction· of VOO ~ 60~2 MeV. However, if one assumes 

that the enhancements due to core polartzation effects are identical to 

the enhancements observed in the E2 matrix elements (i.e., 1.5-2.0, see 

Sec. VB-2),2° then the values for VOO~· 60.2 MeV are reduced to ~ 30.1-

40.2 MeV . 
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VI. THE' (3He , t) 'AND ' (3He , 3He I) REACTIONS POPULATING 

ANALOG FINAL STATES 

A comparison of the (3He ,t) and (3He,3He') reactions populating 

analog final states where' Tf = Ti + 1 was also of interest in these experi

ments. In general these' transitions were weakly populated; however, it 

wa s possible to observe the lowest T= 3/2 levels in mass' 9 and 13" the 

ground isobaric triad in mass, l~andseveral T = i .levels in mass 12. 
, I 

Assi.uning the charge independence of nuclea'r forces; the, ratio of 

the differential cross sections for these transitions is given by [see 

J?4s. (9) and (lO}J: 

do- c3He ,t ) = 

do- ( 3He ,3He , ) , 

k ' CI (T'T'loP'-P' )" 
tt " i f 

k-- X ct ,(T'T'.ljP! _pI) 
", 3Iie ' 3He " 1 f 

C 
3He,t 

2 

C3H t (T 0 Tfljp 0 -Pf) e, 1 , 1 

C
3 

3 ,CT,o Tfl, jP 0 ':'Pf ) 
H H I ,1 : 1 ,e, e ": , . 

(24) 

For example, a comparison of' the 12C(3He ,t)12N (g.s. ,1+) and 12Cc3He, 3He ') 12C 

(15.11 MeV, 1+) reactions at E ,= 49.8 MeV gives: 
3I!e 

2, 

== 1. 90 

This expression, J?4. (24), has ignored the differences between the t and 

3He energies, Coulomb potentials. and internal wave functions in the exit 

channels. These will be discussed further later. 
, , 

. " ........ ::. . .... . 

,. 
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A. T = 3/2Le\Tel~ in Mass 9, 13 arid 15 

The 9BeeHe,t)9B and 9Be(3He,3He,)9Be reactions were investigated 

at E3. =39·8 MeV; typical energy spectra are shown in Fig. 45. The well-
~. " 4 

.known 3/2-, T= 3/2 levelsin 9Be at 14.39 MeV and. in 9B at 14.67 MeV9 

are both weakly populated in these ·reactions. Isospin-coupling factors 

predict that the differential cross sections for T :::: 3/2 levels populated 

~n the (3He,t) and (3H~,3Hel) reactions should be identical. Although . 

'angular distributions were not obtained for these transitions, 'the ~bserved 
intensities were approximately equal at three forward angles between 

8
L 

13.4·and16.4 deg. 

The lowest T = 3/2' levels in 13C and 13N were also weakly populated 

in the (3He,t) ,and (3He,3H~I) reactions, (compare Fig. 7). Unfortunately, 

an accurate comparison of the differential cross sections for these transi

tions couldnbt be made du~ to 'poor statistics plu's 12C and hydrogen target 

impurities which ,made the observation of .the T = 3/2' level in 13C impossible 

at forward angles. 

Since pl/2-'7 sl/2 transitions are generally weakly populated in the 

(3He ,t) reaction (co~pare Fig. 42), it was not possible to observe the 

lowest T = 3/2 levels' in 15N and 150 which are presumed to have the domi.nant 

confi~uration (Pl/2)~ si/2]1/2+;T=3/2' In particular, assuming pure j-j 

configurations, these transitions are predicted to have a differential 

cross section which is 1.5 times smaller than that observed for the 7.55 MeV 

level in 150 . However, this level has a peak cross section of only 23 fib. 

and is barely observable in a .,typicalenergy spectrum (~ompare Fig. 11). 

The situation for ,observing the T= 3/2 levels becomes even more hopeless 

when one notes that the 11.62 MeV 1/2+, T = 3/2 level in 15N is known to 

have a width of ~ 450 keV. 44 
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Fig. 45. Energy spectra of the 9Be (3He , t) 9B and 9Be c3H'e, 3He , ) 9Be rea ctions 
at E'He = 3?8 MeV and ~ scatter~ng angle of 16.4 deg .. The 9B spec~rum 
has oeenadJusted to a11gh the m1rror levels populated 1n both react1ons. 
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14 ' 3 , " '14: . 14.3 3 ,14 ' 
The N( He,t) 0 (g.s.,O+),N( He, He) N (2.31 MeV, 0+) and 

the inverse~f the14C(3He,t)14N (g;s.,u:) reactions all correspond to 

transitions between identical initial and final states. The experimental 
, , 

angular distributions which were obtained for these transitions are, compared 

in Fig. 46; the magnitudes have been adjustedtb correct for detailed 
, " " ',1 ' ' • I 

balance,isospin-coupling and phase space factors. 'In general, the~e 

transitions all have similar angular d~stributions while the corrected 

iritegratedcross sections are approximately equal (compare Table XXV). 

Although the DWBA calculati,ons failed to fit the shapes of these distribu

tions the strengths required for, VII are in good relative agreement (compare 

Table XXV). 

A similar comparison of the cross sections observed in the 
14, ,14 "" ,14 ,14, 14' ,14 
,N(p,n) 0 (g.so,O+), 'N(p,p) N (2.31 MeV,O+), N(n,n) N (2.31 MeV,O+) 

14' 14, , ', ' , , ',' 9(:; 
and C(pjt:l)N(g·~s.)lt);:reactibns; at:, E ~5-14 MeV has been reported; :,) 

p 
compar1'i'ble results were obtained. 

. 12 12 
C. 'T =1 ,Levels ~n C and N 

Several T, = 1 levels were populated in both, the 12C (3He , t) 12N ,and 
12 3' 3 12' " ',' 

C( He, He' ) C reactions (compare Fig. 6). In addition, accurate angular 

distribl].tioris were obtained' for the ground and first excited T = 1 levels 

in 12cand 12N which provide the best comparison of the c3He, t) and 

(3He ,3He ') react,idns popul~ting analog final states. The two lowest T = 1 
12 ' , ' 

levels located in C at 15~11 and 16.11 MeV have well-known p shell 
I 

configurations with spins· and parities 1+ and 2+, respectively. Whilethe 

analogs to these levels in 12N are presumed to be the ground and first 

excited (0.96 MeV) states,42 the spin and parity of the latter has not 

been definitely determined. A comparison of corresponding (3He,3He , ) and 

C3He,t) angular distributions for these levels is shown in Fig. ,47; the 

(3He ,3He ,) distributions have be~n multiplie~ by 1. 96 in or,der to correct for 

phase-space and isospin';'coupling factors. In general the agreement i,s very good; 
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14C(3 He ,t) 14Ng.s.XO.333. 
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0.01 
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e '(deg) c.m. 

XBL682-1933 

. . '" 14 3 14 14 3 14' Flg. 46. Angular d~stnbutlons for the C( He,t) N(g.s.,l+), N( He,t) 0 
(g.s.,O+) and 1 N(~e,3Hel)1~(2.31 MeV,O+) transitions. The cross sec~ 
tions have been corrected for detailed-balance, phase-space and isospin-
coupling factors. ~e solid and dashed curves are DWBA fits to the . 
14C(3He,t)14-N (g.s.,l+) transition computed using CK and VF "{ave functions. 
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Table XXV. A comparison of the (3He., t) and (3He ,3He f) reactions 
populating analog 'states in the mass 14 triad. .~: . 

Vli(MeV) 

E 
3He 

Cross Sections 

(ec~15 - So deg.) 

Absolute 
(!-lb) , 

Correcteda ~Average Optical Potential)' 

Reaction 

14 3 . 14 . ' 
N( He.,t) 0 (g.s.,O+) 

14N(3He,3Hef )14N (2.31MeV,O+)· 

14 3 . 14 C( He,t) N (g.s.,l+) . '. 

aSee Fig. 46. 

(MeV) 

4'4.6 

,44;6 

44.S 

117 ± lSb" 

68 ± 17
b 

569 ±1l3b .. 

(!-lb) 

126 ± ~9b 

140 ± 35
b 

lS9 ± 37
b 

(jj) (CK) (VF) 

15·1 '·20.S 23·7' 
-

14.7 20.2 23·3 

·~7.7 23·7 '25·9 

bEstiinated errors include Uncertainties in the absolute differential cross section plus statistical. 
errors. 

I 

t\) 
\.J1 

I 



-~ 
(/) 

" .c 
E --
~ 
""C 

" b 
""C 

0.5 

• 

0.1 

0.05 

40 

-126-

~ 12C 15.11, l+xl.90 
.12N g.s., 1+ 

I 
~ 

~ • 
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I 
I 
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8c.m . . (deg) 

80 

XBL6B2-1932 

Fig. 47. Angular distributions for the 12c('He,t)12N ground, 1+ and 0.96-
MeV, 2+ states and for the 12C(3ne,3ne,)12C 15.11-MeV, 1+ and 16.11-
MeV, 2+ states. The ('He,3ne I) cross sections have been mutiplied by 
1. SO to correct· for phase-space and isospin-coupling factors. The 
solid curves are DWBA fits to the ('He,t) transitions computed using 
mixed CK wave functions and the optical potential set F. 
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however, the (3He ,3He ,) transitions appear to be approximately 10% larger. 
" 

Although this difference maybe due to an incorrect background subtraction 

for th.e eHe,3He ,) transi~ion's,t~e detailed microscopic analysis also 

gives an explanation for this effect . 

First of all, DWBAcalculations predict simiiar (differd.ng in magni

y1.).de by < 5%) single-particle cross sections cr(jlj2L8)/kf for the corre

spondirig-(3He,t) and C3He,3He ,) transitions. Therefore, the effects of the 
, ", " '. I 

differing; energies and Couldmb scattering in the exit channels are rmall. 

However, a comparison of the theoretical effective projectile-nucleon in

teraction for tritons or 3He part'icles indicates that the internal wave 

functions of the complex projectiles may affect the experimental ratio of 

these (3He , t) ahd (3He ,3He ,) transitions. In particuiar, Eq. (8) predicts 

that the values for V
ST 

should be 1.07 times, larger for (3He ,3He ,) 

transitions (i.e., the cross sections of (3He ,3He ,) transitions ,should be 

'.l.15tiriles larger.) As a result, the observed increase in the experimental 

cross sections for these eHe, 3He ,) transitions can be accounted for and 

the values optained 'forV
ST 

from both reactions are in good agreement 

(compare Table XXIII) .In addition" it can be concluded, that the 0.96 

MeV level ,in l2N ha s a spin and parity of 2+ and is the anB;log of the 

16.11 MeV level in l2C., ' 
", ",', 12 3 12 12 3 12 
All T == 1 levels observed in the C( He,t) Nand C(3He , He') C 

reaction' are summarized and compared with previous data 42~49 in Tables I 
. ,. i. 

and II. With the exception of the 17.26, 17.77 and 19.2 MeV'levels, all 
, '12 " 

well-known T == 1 states in . C were. observed up to an excitation energy 

of 20 MeV. J:Il addition, all previo~slyrepor~ed levels in l2N were ob

served with the exception of the ' 1.65' MeV level. Since the spins and 
12 ' 

parities of several T == 1 levels in ,C are well-known, tentative assign-

ments can be made for other excited states in
12

Nbya comparison of the 

known excitation energies (see also Ref. 42) arid relative intensities of 

the T == 1 levels populated in the (3He,t) and eHe,3He ,) reactions. The 

results are sUmmarized in Table XXVI and also compared with known levels 
. l2B' 43-45,96 In. Unfortunately, in most cases a meaningful comparison of 

the corresponding eHe,t) and C3~e,3He')-distributions could not' be made 

due to poor statistics, large decay wid,ths and unknown contributions from 

T == 0 levels (in l2C). The individual assignments will now be discussed in 

detail. 



Table XXVI. T=l levels in the mass 12 triad. 

na , 
J 

1+ 

2+ 

2-

1-

12B 

(,::: 3+) 

(,::: 3+) 

2+ 

(1-) 

3-

a ' 
Energy Level Shift 

(MeV) (kEN) b 

0.0 

0·953 

1.674 

2.62 

2·72' 

3·39 

3·76 

4.30 

4·54 

(+47) 

.214 

470 

60 

100 

60 

210 

70 

a(See Refs. 43-45, 96). 

Energy 
(MeV) 

15. 11 

16.11 

16·57 

17.26 

17·77 

J7f;T 

1+;1 

2+;1 

2-;1 

1-;1 

0+;1 

. 18,40c ( ;1) 

18.8i· 2+;1 

19.2 1-,2-;1 

.19·58 (;1) 

12C 

. Dominant 
Shell-Model 

Configurat'ion 

(P3/2 )7/ pl/2 3 2 

'7 
(p3/2)3/2 pl/2 

p7s 

p 7s 

8 
p 

'8 
p 

p 7 (s;d) 

bThe level shifts are calculated relative to the ground state multiplet. 

Level Shift 
(MeV)b, . 

40 

260 

500 

230 

"190 

200 

230 

12N 

Energy 
(MeV) 

0.0 

0·96 

1.20 

1.65 

2.43 

3·10 

3·50 

4.24 

J7f 

1+ 

2+ 

(2- ) 

cA level observed previously in 12C at 18.40 MeV is known to haveJ7f=O-; however, the isobaric spin of 
this level is unknown (see Ref. 46) . . 

~ 
'." 

I 
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co 
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1. The 1.20 and'1.65 MeV Levels in
12

N 

The 16.57 MeV 2- and Ll7.26 MeV 1- levels iri,12C have the dominant 
, .",.'" 7 46 47'. .. ,.' 

shell-model confJ.guratJ.on p s. " O:n, the basJ.s of excJ. tatJ.on energJ.es, 

the analogs to these 'states in 12N ca~ be tent~tively identified as the 

1.20 and 1.65 MeV levels, respectively.:42 'Iri addition, since 12C is un-
, ,,' ," 12 ' " " 

bound at 15.957 MeV and'" N is unbound at 0.595 MeV, the large level 
, " ,',' ,":, '" 12 ,,12 12 12 
shifts observed for these states from B to C and from C to N 

(compare Table XXVI) ar:e' consistent with the Thomas'-Ehrman effect wHich 

should be most pronounced for an s state proton. 97 Thef'act that n~ 
visible peaks were observ~d 'in th: .c3He,3He ,) or (3He ,t) reaction corre

sponding to the ,12'c 17.26 ahd 12N 1.65 MeV le~els is also consistent with 

the known large width (<::::1:.6 MeV) of th~ i 7 .26 MeV level. 44 The experimental 

arigular distributioIls obtained :for the 12:&, 1.20 MeV and 12C, 16.57 MeV 

transitions are compared in Fig~ 48., The agreement is acceptable con

sidering the statisticalunc~rtaintyof the (3He ,3He ,) distribution. 

This evidence further supports a (2-) assignment for the 1.20, MeV level in 12N. 

2. 
','12 

The 2.43 and 3 .50 MeV Levels in, N 

Evidence from th~ 15N(p',i:x)1,2C (see Ref. 98) and the 13C(3He ,a:)12C 

reaction's 49 indicates that the 17.77 MeV 0+ and 18 .81 MeV 2+ levels in 

12C have large p shell components. In particular, the, spectroscopic 

factor obtained in the eHe,a:) reaction for the 17.77 MeV leve149 was in 

good agreement with the theoretical value computed by CK for the lowest 
. . ,.'. 12' .' . . 21 

0+, T = 1 level predicted'to occur in C at 19.597 MeV. ,In the present 

work, the 2.43 and 3.50 MeV levels observed 'in 12N have been tentatively 

identified as the anal~gs tb 17.77 MeV and 18.81 MeV levels in 
126. Both 

the relative intensities (compare Fig. 6) and the excitation energies 

(compare TableXXVI),are in agreement with these assignments. In addition, 

the mixed CK wave functions predict that the lowest 0+, T = 1 'level should 

be very weakly populated in the (3He ,t) and (3He ,3He ,) reactions, as is 

observed experimentally. 
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Fig. 48. Angular distributions f~r ~he c( ~~,t) N 1.20-MeV, (2-) and 
4.24-MeV states an~ for the C( He,3He ,) C 16.57-MeV, 2- and 19.58-
M.eV states. The ( He,~e') cross sections have been multiplied by 
1.9 to correct for phase- space and isospin-coupling facto:rs. 
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3. . The 3.10 MeV Level in
12

N 
.' 

Neglecting level shifti:r, the analog to the 3.10 MeV level in 12N 

is predicted to occur in 12C at 18.21 MeV. In the 12CeHe /
3He' )12C re~' 

action a' level is observed at .18.4 MeV which probably corresponds to the 
. 12 

analog Of the, 'N 3.10 MeV level. Although a T == 1 state is not known 
. ,,',' 12 ' 

to occur at this exCitation energy inC, a level has been reported pre-

VioUSly46 -at 18.4.0 MeV ~'withspin and parity 0.;.. but unknown isobaric spin. 

'4.' The 4.24 MeV Level in 12N . 

A broad levei or group of levels is observed in the 12C(3He ,t)12N 

and 12CeHe,3~e' )12c reactions at 4.24 and 19.58 MeV, respectively. The 
. ' 

,angular distributions obtained for these transitions are compared in 

Fig~ '48;' the (3He ,3He ,) distribution has been multiplied by afactbr of 

1. 9 in order to correct for phase~space and isospin~coupling factors. 

Both distributions have approximately the same shape and magnitude indi

cating that,;these transitions, cO:rrespond .to analog . final states in 12N 
. 12. 

and C,. Although no known T ==1 levels occur at this excitation energy 

in 12C, a 3- level has bee~ reported in 12:8 at 4.54 MeV. In addition, 

a comparison of there~t'lve excitation energies of the 12B - 4.54 MeV, 

,12C _ 19.58 MeV and 12N -4.24 MEN states, give level shifts which ~re 
comparable to those observed for other excited triads (compare Table XXVI) . 
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VII. CONCLUSIONS 

A. microscopic analysis of'the eHe,t) and (3He,3Hel) reactions on-

lp shell nuclei has. been carried out using a ,local potential with an arbi

trary spin~isospin exchange' mixture .. Spectroscopic factors were calcu

lated using the intermediate-coupling wave functions of Cohen and Kurath19 

for p shell states while simple j-j configurations were 

levels which were formed by promoting a pl/2 nucleon to 

I 
assumed for the I 

thesl/2 or d'5/2' 

shell. 
-1 

A. Yukawaihteraction with? range of 0: - 1.2 Fwas found to 
, ' 

give the best overall agreement for all transitions. The a:verage strengths 

obtained for VSTare sununarized in Table XXVII and also eorrtpared with the 

results obtained in previous analyses of the (p,pl),7:'"lO (p,n)8,lO:-12 and 

(3He ,t)13,14 reactions. 'In all cases, the values obtained for the effective 

projectile~nucie6n interaction at 0:-
1 

= 1.2 F have been converted to a~ 
effective nucleon':'nucleon interaction at 0:-

1 ;". 1.0 F using the relationships 

given previously by Wesolowski et a1.
14 

and Johnson et a1. 7 (see Eqs. (7) 

and (8)). Several important re~ults were obtained from this analysis. 

First, the average values computed for V
01

=19;4-20.6 and V
il 

= 16.'5-17.3 

MeV from the p3/2,pl/2-7 pl/?;dominant L = 0 andpl/2~ sl/2, L = Itransi

tions were in very good agreement' w::i.th those obtained previously in 

() . 8 10-12 .." ' '. 
analyses of the p,n react~on.', Second, the strengths requ~red to 

fit the (3He ,t) p3/2~pi/2, L = 2 and pl/2-7d5/?, L~ 1, 3 transitions 

were enhanced while the experimental angular distributions for these 

transitions had less structure than those predicted by theoretical calcu

lations. This suggests:that core.polarizatiqn effects or particle-ex':' 

change could be contributing to the cross sections for these transitions. 

A similar effect ha s been ob served for L == 2 transitions in the (p ,n) 

reaction.ll ,12 

Further, it was found that the transitions which were strongly 

populated in the (3He ,3He l) reaction were generally insensitive to the, 

spin- and isospin-dependent terms in the effective interaction. In addi

tion, the absolute strengths obtained for VOOwere much smaller than those 

required to fit the inela stic . transi tions ob served in the (p ,p I) reaction 
8 

on several heavier nuclei. As a result, it can be concluded that core 

polarization effects are much less important for Ip shell nuclei. Unfor-
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Table XXVII. ,Average strengths for the effective nucleon-nucleon interaction 

at a-l =1.0 F obtained from (3He ,3He !) and (3He ,t) transitions. 
\ 

(3He ,t) present Work 

p1/2,p3/2~ pl/2 " 

(L=O) 

p3/2-:7 pl/2 

(L=2) 

(jj) 

20.4 ± 0.5 

19.2 ± 1.5 

Exchange 
Mixture 

Wigner 

Serber 

Force III 

Serber 

Force III 

(CK) (jj) (CK) 

20.6 ± 0.4 . 35.7 ±~5 42.4 ± 5 

16.5 ± 1.1 35·7'± 5 42.4 ± 5 

(3He J3He! ) Present Work 

p3/2-:7 pl/2 
(L=2) 

(jj) (CK) 

73.7 ± 15 

73.6 ± 20 

78.1 ± 19 

~ll 

~12 

60·3± 6 

60.2 ± 10 

54.2 ± 5 

(L=O) 

~7 

~7 

p1/2-:7 d5/2 
(L=3) 
, (Jj) 

76.0 '± io 

67·3 ± 13 

79.0 ± 11 

(L=l) 

~2 

(Previous Work) . 

pl/2-:7d5/2 ' pl/2-:7 81/2 (p ,ri)a 

L=O 

(3He ,t)b 

L=O (L=1,3) , (L:;=l) 

(.jj) (j j) 

32.8 ±. 12 

30.7± 11 

pl/2-:7 sl/2 
(L=1) 
(jj) 

53·9 ± 9 

1f7.2 ±6 

57.9 ± 12 

19.4± 3, 19-26 31 ± 6 

17.3±5, VII", 
20 ± 4 V = 0~6-1.0 -

01 

I 

, ~, 
(p,p!) Previous Work ",VJ 

WithoutC,' ' Withd. I 

C6:t-t2' 
Target PolarizatJon 

7Li 90 
12C 86.g

e 

180 ,90, 92Zr '1 ~. 
208 ' ~Oo 

. Pb 

89y ,90zr 

208pb 
I d,Od 

Core 
Polarization 

~O 

a See Refs. 8,10-12. b 
See Refs. 13,14. 

C 
See Refs. 8,10. 

d 
See Ref. 9 .. eSee Sec. VD. 



· tunately, an accurate determination of the spin dependent V 10 term could 

not be obtained from these data. In particular, the (3He ,3He ,) transitions 

which were restricted to be pure s = 1 were also populated in the (a,a') 
reaction with approximately the same relative intensity indicating that 

other mechanisms such as multiple excitation also contribute to the cross 

sections for these transitions. 

Finally, it was shown (see TableXXrv) that the effective inter

action obtained in the present analysis is very similar to those used in , 

simple shell-model calculations and those r~quf.red to fit low-energy 

nucleon-nucleon scattering data. 

,t. .. ( 
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