
" ' 

".s 
,,,..:O:i-.!!: 

, ., 

/~, .... "~" Ecoe'st'O.· ,lawrence 
",/~ '~~djatip,l,ll'Jb~@tofY . 

" 

TWO-WEEK LOAN COpy 

This is a library Circulatin9 Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Diuision, Ext. 5545 

,)1 .' .,/ ' 

I ' LJCRL-18277 ,. /, . .~~.,,:a.. .' 

, (, 

:;., .,A:~19Rt?~$§qP~~$~,,1\J~1':'(~f§Qf1itts(~H~/~) A~Q (3~~~~B~tt .. 
. ', , R'~ACT'10NS ON Jp SH ELl: NUCLE'f ' 

'>RECE IJV~D: 
.,.~:. tAWRENCi·X:/ 
RADfATIONUSORATORY 

, '.,' 0 ~ 

: .. AOB 72;r195& 

,'~ "'" o>~ :' , /, .,!, , . ~ - ;" ," '-,', ;~: - f 

:.",., ' -'.,' ..... '; • '/:" ~ '::: o· '.' , 

···~brdt)~'G:'. B~lt~tld,Aose,~~C~rn't·,/ 

'~tJ,n~J9Ei~:: . ,. .'.:' , ".,.'" . .~', ." 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



To be submitted to Physical Review 

. UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

A MICROSCOPIC ANALYSIS OF THE (3ije,t) AND (3He,3Hef) 

REACTIONS ON lp SHELL NUCLEI 

Gordon C. Ball and Joseph Cerny 

June 1968 

UCRL-18277 
Preprint 



." 

-iii-

A MICROSCOPIC ANALYSIS OF THE (3He ,t) AND (3He ,3He ,) 

* REACTIONS ON Ip SHELL NUCLEI 

t 
Gordon C. Ball and Joseph Cerny 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California' 

Berkeley, California 94720 

June 1968 

ABSTRACT 
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The (3He ,t) and (3He,3Het) reactions on 9Be , 12C, 13C, 14C [(3He ,t) 

reaction only], 14N and 15N have been investigated at 3He energies varying 

between 40-50 MeV. Angular distributions were obtained for all prominent 

states up to excitations of 20 MeV. A microscopic 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 forp 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 Yukawa interaction with a range of 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 analyses of the (p,p' ) and (p,n) reactions on light nuclei. In 

particular, dominant L = 0 transitions observed in the eHe,t) reaction 

give values for the isospin VST = VOl and spin-isospin VII dependent 

terms (converted to an effective nucleon-nucleon interaction,at a range of 

1.0 F) of 20.6 and 16.5 MeV, respectively, while the strengths required to 

2,3 transitions were generally enhanced. For inelastic 

transitions. the average strengths obtained for VOO ' assuming a Serber 

exchange mi.:-..'ture. varied~from 47.2 to 67.3 MeV qepending upon the L transfer 
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involved. A comparison of the (3He ,t) and (3He ,3He ,) reactions populating 

analog final states (where Tf = Ti + 1) is also presented. In general, 

these transitions were weakly populated; however, it was possible to observe 

the lowest T = 3/2 levels in the mirror nuclei 9B _ 9Be and 13N - 13C and 

several T = 1 
. 12 12 

levels ~n N - C. 
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I. INTRODUCTION 

There has been a growing interest recently in the applications of 

a microscopic description to the inelastic and charge-exchange scattering 

of various projectiles by nuclei.
1

-
14 

Utilizing the available experimental 

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 

. 6-12 
local potential with an arbitrary spin-isospin exchange mixture. In 

particular, the population of ground and excited isobaric analog states in 

the (p,n) reaction provides a direct measurement of the isospin VST = VOl 

and spin-isospin Vll terms in the effective two-body interaction, while 

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 

. . 8 10-12 reasonably successful in determining the strength of l.sospl.n-dependent terms; , 

however, the inelastic transitions generally give values for VOO which are 

enhanced due to collective or core polarization effects not accounted for by 

the wave functions of the initial and final states. 3 ,6-9 

One of the main purposes of this work was to employ the microscopic 

description in an analysis of the (3He ,t) and (3He,3Hef) reactions on several 

1 1 . 'f' 11 9B 12C 13c, 14c, 14N and 15N. These lp she 1 nuc el. - specl. l.ca y, e, , 

experiments were carried out at 3He energies of 40-50 MeV and therefore the 

population of well-known levels up to an excitation energy of 15-20 MeV 

. . 3 13-16 could be investigated. Some experl.mental studl.es of the ( He,t) 

and (3He,3He,)17 reactions on light and medium weight nuclei have been 

reported previously. However, the relatively few microscopic analyses 

of these data have been generally limited to an investigation of the ground 
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isobaric analog transitions observed in the (3He ,t) reaction on several light 

1 
. 13,14 nuc el. 

In principle, an investigation of the (3He,t) and (3He,3He') reactions 
I 
I 

on lp shell nuclei has several advantages which make it attractive for a 

microscopic analysis. First, many of the levels which are strongly populated 
I 

in these reactions correspond to transitions which mainly ,involve the pro-

18 
motion of a single nucleon (i.e., almost pure sing+e-particle transitions). 

Second, 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 transition involved. 18 This effect has been very useful in utilizing 

3 ~ the ( He,t) reaction as a spectroscopic tool. In particular, it was 

possible to make most probable spin and parity assignments for all levels 

observed in 
14

0 below 8 MeV. 18 

Finally, intermediate-coupling wave functions are available which have 

already been successful in predicting many nuclear properties for lp shell 

states. 19 Although these wave functions are unable to predict the observed 

. 20 
E2 transition rates without including an effectlve charge for the neutron, 

the collective enhancement required is much less than that for heavier nuclei. 

As a result, the ability of a microscopic description to predict the shapes 

and relative magnitudes of the angular distributions for well-known p shell 

transitions should provide a sensitive test of the applicability of a simple 

local potential for the inelastic and charge-exchange scattering of complex 

projectiles. 
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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 Kurath19,2l 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. The effective 

interaction was assumed to be a local Yukawa potential with an arbitrary spin-

isospin exchange mixture. The strength of the effective nucleon-nucleon 

interaction required to fit these data is discussed in detail and also compared 

( ) (p,n) 6-12 and (3 He ,t)13,14 with the results obtained from recent p,p' , 

calculations. 

Of additional interest in these experiments was the comparison of the 

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

T
f 

= T. + 1. In general, these transitions were weakly populated; however, . l 

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. 

II. THEORY 

The inelastic or charge-exchange scattering of various projectiles 

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

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

22 
(DWBA) expression for the transition amplitude given by: 

( 1) 
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where R' - is a vector between the center of mass of the projectile and the 

center of mass of the target nucleus. The and are distorted 

waves which describe the elastic scattering in the entrance and exit channels 

while the remaining factor represents the matrix element of the effective 

interaction taken over all nuclear coordinates of the initial and final 

states. 

Until recently, the collective model was extensively used to describe. 

" It" ·tt" 23. "t kn that th t t h" h t I lne as lC sca erlng slnce 1 was own e s a es w lC are s rong y 

excited by inelastic scattering are also strongly coupled to the ground 

24 
state by the electromagnetic field. Although this 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 optical potential model in which the ground isobaric 

analog (quasi-elastic) transition results from an isospin or symmetry term in 

the optical potential,25-27 while the radial derivative of this symmetry term 

" "t " " I t" t "t" 27,28 glves rlse 0 quasl-lne as lC ranSl lons. 

If a microscopic description is used, the nuclear wave functions 

~i and ~f in Eq. (1) are expressed in terms of the motions of the individual 

target and projectile nucleons while the effective interaction is represented 

by a sum of two-body interactions between the projectile and target nucleons. 

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. 

,. 
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For incident protons or neutrons at sufficiently high energies 

(~ 100 MeV) the impulse approximation is valid and the effective interaction 

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

However, at lower energies multiple scattering becomes more important and in 

addition the nucleon-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 exchange mixture is 

included. Hopefully, a consistent set of parameters can be obtained for the 

effective interaction provided the nuclear wave functions are well known. 

One final restriction usually imposed in a microscopic description 

is to neglect the contributions from exchange processes in which the projectile 

nucleon (nucleons) is captured while a target nucleon (nucleons) is ejected; 

these effects will be discussed further later. 

A. General Discussion of the Microscopic Model 

Several theoretical formalisms convenient for discussion and calculation 

have been reported recently 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. 

The effective interaction V in Eq. (1) can be expressed as a sum of 

projectile nucleon-target nucleon interactions given by 

a A 

V L L V(r' - r.) , ""p .... ). 
(2) 

p=l i=l 
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where r' and r. are the space coordinates of the projectile and target 
"'p -1 

nucleons, and a and A represent the mass numbers of the projectile and 

target nuclei, respectively. If the wave function of the projectile is assumed 

to be a pure s state, then it can be factored into a part depending on space 

coordinates and a part depending on spin-isospin coordinates. As a result, 

the nucleon-nucleon interaction vCr' -r.) -p -1 
can be expressed in terms of an 

effective projectile-nucleon interaction 

where f(s') is the internal wave function of the projectile. 

The nucleon-nucleon interaction is assumed to have the form 

vCr' - r.) -p .... 1 

(4) 

where the strengths VST (for spin Sand isospin T transfer) a.re expressed 

in MeV while the radial dependence g(r' - r ) 
"'p -'i is generally limited in calculations 

to functional forms which yield analytic expressions for the multipole expansion. 

In particular, the Gaussian 

2 
g(r) = exp( -l3r ) 

and the Yukawa 

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

are two suitable finite-range forms. In order to compare the strengths 

VST for potentials of different ranges and different strengths, Johnson 

(5a) 

" ,0, 
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7 et a1. suggest maintaining a constant volume integral of the potential 

, ( 6) 

where 

Gaussian 

Yukawa • 

In order to compute the effective projectile-nucleon interaction, 

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

normally assumed to be Gaussian. If the nucleon-nucleon interaction, Eq. (4), 

is also chosen to be a Gaussian, then the resulting expression for V(R' ...... , r. ) 
.~1 

is a Gaussian with a longer range and lower depth but the same volume integral, 

Eq. (7), as the nucleon-nucleon interaction. 5 

In the present analysis of the (3He ,t) and (3He ,3He ,) reactions, 

g(r) was chosen to be a Y~awa interaction. As a result, the expression 

obtained for the effective projectile-nucleon interaction, Eq. (3), is very 
. 14 

complex. Wesolowski et al. have shown, howeve+, that for large values of 

(R' - r.) this complicated expression can be approximated by aYukawa with 
..... -1 

the same range 
-1 a but normalized strengths given by: 

(8) 

where 'Y is proportional to the size parameter or average size parameters 

for the Gaussian wave functions of the 3He and/or t projectiles (i.e., 

)' = 0.318 and 0.291 for the eHe,t) and (3He,3He') reactions, respectively).5 
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At a range of 1.0 F the simple Yukawa and the exact expression are almost 

identical for IR' - r.1 > 3 F and only deviate strongly at distances 
~ -1.-

less than two fermis (i.e. z 20% at 2.0 F).14 Since complex projectiles 

are strongly absorbed inside the nuclear surface, Eg. (8) can be expected to 

be reasonably correctj however, it should not be as accurate in the lighter 

nuclei due to their much smaller radii. In fact, the DWBA calculations 

performed for the (3He ,t) and (3He ,3He ,) reactions discussed herein were only 

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

absolute strengths obtained in these experiments with those obtained in an 

analysis of the (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 
jlj2 II 

coherent sum of single-particle transition amplitudes FLM (kf ): 

where 

and 

dO' 
dD 

x 

k f 1 
k. (2J'+1)(2J.+l) 

1. 1. 

~ (2J+l) (2S+1) 

JSLM 

2 

(R') =f6?. p. (r.) ~(R',r.) 01. p. (r~) 
J 2 2 1. -L 1. J l 1 1. 

2 
r. dr. , 

1. 1. 
;,' 
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1 
jl 2" 

[ J (JJ
i
J

f
;lTi T

f
;jlj2) S' (SJ' ;IT') j2 

1 
x 2" 

J S L 

T'+T _p _pI 

x CI(T\T'ljPi-Pr)C(TiTfl;Pi-Pf)(-l) i i f 

x Op! P! P P °T, 1 + S (J J 1· J f ; OT1· Tf ; j lj 2 ) 
i- f' f- i 

(10) 

x ~ I (SJ ' j OT I ) ( ) -1/2( )-1/2 ] 0plpl op P 2T.+l 2T'+l 0T 0 . 
i f i f 1 , 

In the above expressions the subscripts i and f label initial and 

final statesj primes indicate projectile coordinates and quantum numbers; 

J, L, ~ and T denote total, orbital, spi~and isospin transfer; the 

quantum numbers labeled P represent z components of isospin,· and n J' 
.(.1 ' 1 

and £2,j2 represent the orbital and total angular momenta of the 

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

target 
j j 

gL 1 2 (R ,) 

are dependent upon the radial wave functions 6[jl of the bound particle in 

its initial and final state while the nuclear structure information is con-

tained in the quantity D.. where ~,C and ~',C' represent target 
J 1J 2 

and projectile spectroscopic factors and isospin Clebsch-Gordan coefficients, 

respectively. 
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As was mentioned previously, the levels which are strongly populated 

in the (3He ,t) and (3He ,3He ,) reactions on lp shell nuclei correspond either 

4 A-5 to p-shell hole states or levels which have the configuration ls lp 2s or 

ls41pA-52d (from here on we will assume a closed ls shell and suppress all 

principal quantum numbers). Since simple j-j configurations will be assumed 

for the levels which are formed by promoting a p nucleon to the s-d shell, 

only one single-particle transition jl~j2 contributes to the cross section. 

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

several different single-particle transitions (all with contribute. 

However, since the single-particle transition amplitudes were found 

to be relatively insensitive to the binding energies of the target nucleon in 
jlj2 

its initial and final states, FLM was calculated only for the dominant 

single-particle transition predicted in the j-j limit. The validity of 

this approximation will be discussed 

Since in the present analysis 

later (see Section IV A-3). 
jlj2 

FLM was computed for only one 

single-particle transition jl~j2' the expression for the differential cross 

section, Eq. (9), can be written as: 

do L L G(JSLT) 2 

d~ o(jlj2L8 ) J; V
ST (11) 

JSL T 

where 

. 2 k L jlj2 2 
o(jlj2L8 ) (4:2) f (k )(2L+l)-1/2 

k." FLM f 
~ 

M 

(12) 

" 

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

G(JSLT) [ 7T (2JH)(2SH) ] 1/2 L D." . (JSLT), for £1 £2 
(2J ' + 1)( 2J . +1) . J 1J 2 

l jlj2 
(13 ) 

[7T (2JH)(2SH)] 1/2 D .. (JSLT) , for £1 f £2 . 
(2J'+1)(2J.+l) J 1J 2 

l 

B. Selection Rules 

The microscopic formalism which has been described in the previous 

section implies several restrictions on the various quantum numbers: 

IJf - Jil < J < J. + J - l f 
(14a) 

ij2 - jll :: J :: jl + j2 ( 14b) 

S = 0 or 1 (14c) 

112 - 111 :: L :: 11 + 12 

IL - sl <J<L+S ( 14e) 

ITf - Til :: T :: Tf + Ti (14f) 

IPi - pi-I < T < 1 (14g) 

while the conservation of parity gives 
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It is interesting to compare the restrictions on the isospin transfer 

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

(3He ,t) transition, T must be equal to one (14g) and therefore this reaction 

is only dependent upon the isospin VOl and spin-isospin Vll terms in the 

effective interaction, Eq. (4). Second, for a (3He ,3He ,) reaction where 

Ti = T
f 

= 0, T must be equal to zero (14f) and only the V
OO 

and V10 terms 

contribute to the cross section, whereas if Ti = Tf :j: 0, then T = 0, 1 and 

all four terms can contribute. Finally, if Tf = Ti ± 1 then only the 

isospin-dependent terms are allowed (14f,g) for both the (3He,t) and (3He ,3He ,) 

reactions. 

C. A Critical Analysis of the Assumptions of a Simple Microscopic 

Description 

Several of the simplifying assumptions and possible inadequacies of a 

simple microscopic description deserve further comment. For example, since 

the mechanism is assumed to be direct, any contributions from exchange and 

multiple excitation processes are neglected. It is expected 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 com­

parison of the (3He ,3He ,) and (a,a') cross sections for transitions restricted 

to be S = 1 indicates that while the contributions from multiple excitation 

may be small they are not negligible for these transitions. (see Section 

IV B-2). 

.. 
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Exchange terms result both fromantisymmetrization between projectile 

and target nucleons and from exchange forces in the effective interaction; 

in general the overlap integrals are complicated and difficult to compute, 

particularly for complex projectiles. The few calculations which have been 

. . 30-33 reported for nucleon proJectlles ind:lcate that the contributions from 

exchange integrals are small for L = 0 ·transitions,31 ,33 though for higher 

L t f th t b . t t 31- 33 d' t . th rans ers ese erms ecome more lmpor an . an ln cer aln cases e 

direct and exchange contributions can be of comparable magnitude. 32 What the 

situation would be for the (3 He ,3He ,) and (3He ,t) reactions to be considered 

here is not known. 'It is evident that more theoretical analyses are necessary 

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 between 

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

by a comparison with experiment; so far the evidence indicates that this 

6-12 approach can be reasonable successful. . 

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

microscopic description is the reliability of the shell-model wave functions 

which describe the properties of the initial and final states. Should the 

wave functions underestimate the observed electromagnetic transition rates 

(E2 and E3 especially), then the effective interaction required to fit the 

corresponding inelastic scattering data would be enhanced. Fortunately, 

accurate lp shell wave functions are available which have been successful 

in predicting several nuclear properties including Ml transition rates and 
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Gamow-Teller beta decays.19 Furthermore, the effective charges required to 

predict the observed E2 transition rates enhance the E2 matrix elements by 

20 
factors of only 1.5-2.0. As a result, the contributions from collective 

or "core polarization" effects
8

, 9 should be smaller for these transitic)lls 

than those observed for heavier nuclei. 

III.· EXPERIMENT 

3 . 3 3· 12 13 14 3 The ( He,t) and ( He, He') reactions on C, C,C [( He,t) reactions 

only] 14N and 15N . lt l' t· t d . 40 50 M V 3H b were Slmu aneous y lnves 19a e uSlng. - e e eams 

from the Berkeley 88-inch cyclotron. Particles were detected using two 

(dE/dx) - E counter telescopes which fed Goulding~Landis particle identifiers;35 

in general, almost complete separation was obtained between tritons and deu-

terons. The (dE/dx) counters consisted of 8.5 or 11.8 mil phosphorus-diffused 

silicon detectors while the E counters were 120 mil lithium-drifted silicon 

detectors. In some.experiments it was necessary to rotate the E detectors 

to an angle~O deg. in order to stop the high energy tritons. Detailed 

36-38 discussions of the experimental equipment have been presented elsewhere. 

A 3.0 in. diameter gas cell with a window of Havar foil 0.1 mil thick39 

was used to contain isotopically pure (>98%) 15N, 14N, and 93% pure 13C in 

the form of methane. 

targets were used. 

The 
14 

C target, obtained from Brookhaven National Laboratory, was 

prepared by depositing 14C onto a 2 mg/cm
2 

golq backing. This target contained 

12 16 ,14 
large amounts of C and 0 and the exact C target thickness was unknown. 

III order to obtain absolute cross sections, the 14C(3He ,cx)13C(g.s.) 
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13 3 14 . and c(a, He) C(g.s.) react~ons were investigated at E3 = 44.8 and 
He 

E. = 64.5 MeV, respectively. At these energies, the momentum of the a . 

incoming 3He (outgoing a) particle from the (3ne ,a) reaction is the same as . 

the momentum of the outgoing 3He ( incoming a) particle from the (a, 3He ) 

reaction and therefore time reversal invariance implies a detailed balance 

between these two nuclear reactions. Since the crOI:?S section for the (a,3He ) 

reaction was accurately measured, it was possible to determine the cross 

section for.the (3He ,a) reaction to ± 15%; the results are discussed in 

detail elsewhere. 38 ,40 

Energy spectra for the 12C(3 He,t) 12N, 12C(3He,3He') 12C 

13c (3He ,t) 13N, 13C(3He,3He') 13C, 14C(3He ,t.) 14N, 14N(3He,3He') 14N 

15N(3He ,t) 150 and 15NeHe,3He ,) 15N reactions are shown in Figs. 1-6; the 

experimental data for 14N(3He,t) 
14

0 reaction have been published previously 

in Ref. 18. Typical energy resolutions (FWliM) for tritons and 3He particles 

were 150 or 190 keV and 175 or 210 keV, respectively, depending upon whether 

a solid or gas target was used. 

A summary of the levels observed in these experiments and a comparison 

wi th previous data 40- 56 is presented in Tables I-V. In general, angular 

distributions between 15 and 80 deg. in the center of mass were obtained for 

all prominent levels and are shown in Ref. 38; theoretical distributions for 

well-known transitions are compared with experiment in Section IV B. 
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IV. A MICROSCOPIC DESCRIPTION OF THE (3He,t) AND (3He,3Hel) REACTIONS 

A. Calculation 
I 

The theoretical calculations described in this work were carried out 

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

elsewhere. 57 This program calculates the quantity a(jlj2Le) which Was 

defined in Eq. (12). Before a meaningful comparison with experiment could 

be made, it was necessary to investigate the effects of various parameters 

and approximations on the shapes and relative magnitudes of the 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 in detail. 

1. Optical Model Parameters 

The optical model parameters used in generating the distorted waves 

were obtained by fitting58 the 3He elastic scattering data which was also 

measured in these experiments. Optical model parameters for tritons were 

assumed to be the same as those for 3He particles. The general form of the 

optical potential was taken to be 

where 

x -1 x' U(r) = U (r) - V (l+e) - i W (l+e ) coo 

x x' 

-1 
(16) 

and U is the Coulomb potential between a light particle of point-charge and 
c 

a uniformly charged sphere. 
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The parameters obtained in this analysis are summarized in Table VI; 

typical fits are shown in Fig. 7. [Also shown is a fit to the elastic scattering 

. 14 of 40.5 MeV a partlcles from N using the potential set M (see Table VI); 

this potential set was used in DWBA calculations for inelastic (a,a') transitions 

(see Section IV C-l).] With the exception of 12C (the difficulty in fitting 

59-61 elastic scattering data from this nucleus is well known and will be 

discussed later), the sets of parameters obtained for each nucleus are 

almost identical and resemble the 3He potentials for scattering from heavier 

. . 62 
nuclel. 

Unfortunately, when these parameters were used in the DWBA calculations 

they were unable to give reasonable fits for those (3He,t) pl/2, p3/2 ~ pl/2 

transitions in which the total angular momentum transfer was zero. Specifically, 

these calculations were unable to reproduce the strong minima observed near 

e - 35-45 deg. for dominant L = 0 transitions with small negative Q 
c.m. 

values. Identical results were obtained for several parameter sets in the 

same family possessing real well depths which varied from 160 to 200 MeV. 

Further investigation showed, however, that the predicted shape of these 

L = 0 transitions was very sensitive to small changes in the real radius, 

and good fits could be obtained if this parameter was decreased by ~. 7%. 

The 3He (t) optical model parameters shown in Table VI, modified by setting 

r' = 0·93 r ,were used ip calculating the theoretical angular distributions o 0 

for all transitions observed in the A = 13-15 nuclei. Furthermore, since 

the energy dependence of the optical potentials for 3He particles is known 

62 
to be weak, these parameters were assumed to be independent of the 

excitation energy of the final state. 
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Theoretical angular distributions are shown in Fig. 8 for several 

shell-model transitions which illustrate that a small decrease in r o 
does 

not strongly affect the magnitude of these transitions (i.e., the integrated 

cross sections differ by < 10%). Further, with the exception of the 

pl/2~ pl/2, L = 0 and pl/2~ d5/2, L = 1 (S=l) transitions it has little 

effect on the predicted shapes of these angular distributions. However, the 

deep minimum which is now predicted for the L = 0 transition at e c.m. 

deg. is in good agreement with relevant experimental data. 

The changed shapes of the pl/2~d5/2, L = 1 (S=l) transitions were 

not considered to be as important. [Very few examples of pure or dominant 

pl/2-7 d5/2, L = 1 (S=l) transitions were observed in these data since the 

35 

final states were either weakly populated or poorly resolved. Poor fits were 

obtained using either the modified or unmodified optical potentials and 

these results will be discussed in Section IV B. J 

3He scattering from 12C 

59 3 61 Difficulties in fitting elastic proton and He scattering data 

12 
for C have been reported elsewhere. In this analysis the major difference 

between the optical model parameters obtained for 12C and those obtained for 

other p shell nuclei is the large imaginary depth w o 
which was required in 

order to give the best fit (potential set E) to the elastic scattering data 

(see Table VI). Although there is known to be a strong coupling between the 
the 

ground and/first excited 2+ state of 12C, an analysis using coupled equations 

for the scattering-o,f 46M~y prot~s from 12C indicated that the coupling 

effects produced only minor 

The large difference in w o 

ch~ges in the observed optical potential. 59 

required to fit the 3He scattering data for 12C 

seems unreasonable, particularly-;'ip view of the above evidence. 
-":\ ...... "::' 
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If W is fixed at 12.58 MeV, the potential set F is obtained. This 
o 

potential set is similar to those obtained for other nuclei and the fit to 

the available elastic scattering data is almost as good as the one obtained 

using the best fit parameter set E (compare Fig. 7). However, the magnitudes 

of the inelastic angular distributions calculated using potential sets E and 

F are very different since the strengths of the imaginary potentials differ 

by almost a factor of two. 

Finally, it was observed that the experimental L == 0 transitions 

leading to states in 12C(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 
o 

. .. . 12 12 . 
transltlons In C( N) have large negatlve Q values compared with those in 

the other nuclei. The unmodified potential set F was chosen in calculating 

the angular distributions which are compared with experiment in Section IV B. 

b. Average optical potentials 

Since the independent optical model parameters obtained in the present 

analysis do not.vary greatly from one nucleus to another (with the exception 

of 12C), an average optical potential set could be used for all nuclei to 

permit a better comparison of the various strengths obtained for VST from 

fitting different levels in different nuclei. In the present analysis, the 

inelastic angular distributions that are compared with experiment were computed 

using the independent optical potential sets. However, the effect of using an 

average potential set was also investigated as follows: The potential set 

X was constructed by averaging the values of the parameters for the potential 

sets A, B, C and D (compare Table VI). When several representative transitions 
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calculated using this potential set were compared with those predicted using 

independent optical parameters, it was found that only the magnitudes were 

affected (compare Fig. 9). In addition, the cross sections for 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 completeadditionll 

analysis, to obtain average correction factors which could be applied to all 
earlier 

values of V
ST 

obtained/from reactions on a given target. These correction 

factors were 0.87,0.89, 0.98, l.l~and 0.98 for 12C, 13C, 14c, 14N, and 15N, 

respectively. In general it was found38 that the values of VST obtained in this 

manner were in somewhat better relative agreement than those obtained from the 

independent optical potentials (see also Section IV B). 

2. Nuclear Structure Factors 

The nuclear structure factors G
2

(JSLT) were computed using the 

relationships given in Section II and are tabulated in Ref. 38. Target-
I 

nucleus spectroscopic factors ~(JJiJf;TTiTf;jlj2) defined in Eq. (A.6) 

of Ref. 5 were calculated for p shell states using the coefficients of 

21 
fractional parentage obtained from the wave functions of Cohen and Kurath 

(hereafter denoted CK); j -j coupling structure factors were also computed for 

p shell states to permit comparison with the predictions 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)63 .) 

Simple shell-model configurations consisting of a (p3/2)8 core 

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

or (Pl/2,d5/2)2_,3_;T=O,l configuration for A = 14 nuclei; and a 

[(Pl/2)~, Sl/2]1/2+;T=1/2,3/2 ' 
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2 
[(Pl/2)1 ' Sl/2]l/2+,3/2+;T=1/2 or 

2 
[(pl/2)1 ' d5/2]3/2+,5/2+,7/2+;T=1/2 

configuration for A = 15 nuclei were assumed for levels which were formed 

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

51 , 14 55 of True for levels In N and of Halbert and French for levels in 

15N and 150 indicate that the above should be reasonably good approximations 

since these levels only contain small admixtures of other configurations. 

For example, the wave functions for the (pl/2, Sl/2\_;T=0,1 and (pl/2, 

d5/2)2_;T=0,1 levels of 14N (see Ref. 51), which have been reasonably 

d t ' t 't' t 64,65· 1 t' successful in pre ic lng gamma-ray ranSl lon ra es, on y con aln 

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

3. Bound-State Wave Functions, Binding Energies and Radial Form Factors 

As mentioned previously, in order to simplify the theoretical 
j j 

gL
l 2(R') t d was compu e calculations only one radial form factor 

corresponding to the dominant shell-model transition in the j-j limit 

(this resulted in Eq. (11)). Single-particle radial wave functions were 

calculated using a Woods-Saxon well with a radius of 1.25 A
l

/ 3 F, 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 1.25Al / 3 F was also included. The 

well depths were adjusted to give the binding energies computed from the sep-

aration energy scheme illustrated in Fig. 10. If this method is used a 

definite relationship exists between the binding energies EB1 ,2 of the particle 

in its initial jl and final j2 states given by EB2 = EBl + Q(p,n) 

for the (3He ,t) reaction and ,EB2 = EB 1 
+ Q(p,p') for the eHe,3He ,) reaction. 
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In order to obtain absolute values for it is necessary to 

determine the parent state in the (A-1) nucleus which has the dominant 

configuration of the inactive (A-l) core of the target nucleus. In general, 

for pl/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-l) nucleus and therefore EBl is simply equal to the appropriate nucleon 

binding energy of the target nucleus. The transitions to levels in 15N(150 ) 

with the configuration (Pl/2)~ d5/2 or (Pl/2)~ sl/2 are exceptions to this 

rule (see Fig. 10). (When this method gave negative values for EB2 , the 

nucleon in its final state was assumed for convenience to be bound by 400 keV.) 

For p3/2~pl/2 transitions, the removal of a p3/2 nucleon 

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

of the (A-l) nucleus but instead may have large coefficients of fractional 

parentage for several excited states. In this case the radial form factor 
j j 

should in principle be the sum of several radial form factors gLl 2(RI) , 

each calculated using bound-state wave functions which were computed for 

separation energies corresponding to excited states in the (A-l) nucleus. 

If configuration-mixed wave functions are used for p shell 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 

in the j-j limit (for p3/2~pl/2 transitions in mass 13 [(3He,t) reaction 

only], 14 and 15 nucle~, the binding energy EB1 was chosen to be equal to the 

appropriate nucleon binding energy of the target nucleus plus the 

excitation energy of the final state in the product nucleus. 
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The validity of the above for p shell st~tes depends upon the sensitivity 

of the predicted angular distributions to changes in the binding energies of 

the single-particle wave functions. Integrated theoretical cross sections 

are plotted in Fig. 11 as a function of EBl (the definite relationship 

between EBl and EB2 was maintained) for several different single-particle 

transitions. In general it was found that both the shapes and the magnitudes 

of the predicted distributions for L = 0 and L = 2 p-shell transitions 

were relatively insensitive to moderate changes in the binding energy EB1 • 

One additional assumption was made in calculating the radial form 

factors for inelastic transitions where the excitation of protons and neutrons 

12 14 15 
both contribute, as is the case for transitions in C, N, and N (the 

5.27 MeV, 5/2+ and 5.30 MeV, 1/2+ levels only). Since the 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 

14 . 
N, calculations assuming that neutrons were excited gave almost identical 

angular distributions which differed in magnitude by < 5%. (The inelastic 

transition to the 3.68 MeV, 3/2-level 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 theoretical angular distribution for this 

transition was computed by averaging those calculated assuming that either 

protons or neutrons were excited.) 

4. Range Effects of a Yukawa Interaction 

The theoretical angular distributions for different single-particle 

transitions and L transfers are shown in Fig. 12 for various ranges of 

the effective Yukawa interaction between 0.5 and 1.6 F. The predicted 

6 
differential cross sections have been multiplied by a in order to compare 



-24- UCRL-18277 

the strengths of different multipole transitions as a function of the range 
varying 

of the interaction (see Eq. (7)). It can be seen from Fig. 12 that/the range 

of the interaction has two general effects on the predicted cross sections. 

First, the angular distributions have more structure and decrease more 

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

strength of the higher multipole transitions is very sensitive to the range 

of the interaction. For example, in Fig. 12, the strength (i.e., adjusted 

integrated cross section) of the 14N, 2.31 MeV (L=O) transition varies by 

± 10% between 
-1 a = 0.5 and 1.6 F while the strength of the 14N, 3.95 MeV 

(L=2) transition decreases by a factor of five. Similar effects were also 

observed in an analysis of the 90Zr(p,p') 90
Zr reaction. 7 

A range of 
-1 a = 1.2 F was finally chosen for the effective 

projectile-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 V
ST 

which were measured in these experiments with 

-1 
those obtained from analyses of the (p,p') and (p,n) reactions at a 1.0 F, 

it is first necessary to convert the values of V
ST 

from an effective 

projectile-nucleon to an effective nucleon-nucleon interaction using Eq. (8). 

Equation (7) must then be used to convert from a range of 1.2 to 1.0 F. The 

total conversion factors obtained for the (3He ,t) and (3He ,3He ,) reactions 

were 1.18 and 1.10, respectively; all values quoted in this work have been 

converted in this manner. 
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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 

" " 66 potential should actually be reduced 1ns1de the nuclear surface. This 

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

" t" 67 energy apprOX1ma 1on, 

2 2 -1/2 G(r) = C [1 - (~~ /2n ) U(r)] . , (17) 

where ~ is the reduced mass of the particle, ~ is the nonlocality range, 

U(r) is the equivalent local potential)and C is unity for scattering wave 

functions. 

A nonlocal correction was included in this analysis for the 3He and 

triton optical potentials only, using a nonlocality range of 
68 

~ = 0.25 F. 

From Fig. 8 it can be seen that the nonlocal damping factor has very little 

effect on the shapes of the angular distributions but reduces the integrated 

cross sections for various single-partic~e transitions by 10 - 22% with the 

exception of the pl/2~ sl/2 transition which is reduced by only 1%. 

B. Comparison with Experiment 

In order to simplify the comparisons with experiment, the transitions 

observed in the (3He ,t) and (3He ,3He ,) reactions will be discussed in groups 

according to the particular single-particle transition involved. Further-

more, transitions which deviate strongly from average behavior or transitions 

which give new spectroscopic information are discussed individually at the 

end of each section. 
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As mentioned previously) the theoretical curves which are compared 

with experiment 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 Section 

IV A-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 VST were obtained for each 

transition. When two levels were unresolved experimentally) the theoretical 

angular distributions were computed by summing the contributions from each 

transition. 

Since more than one term in the effective interaction usually contributed 

to the cross section of an individual transition) it was necessary to assume 

some relationship among the relative strengths of the individual terms in the 

effective interaction. Three different exchange mixtures-including the Wigner 

interaction (Voo only) and the Serber force-were used for (3He )3He ,) transitions) 

while VOl and Vll were generally assumed to be equal in the analysis of 

the (3He ,t) reaction; this will be dtscussed further later. 
3 . 

The (He,t)pl/2) p3/2~pl/2 Dominant L = 0 Transitions 

Since the strengths of the higher multipole transitions decrease 

rapidly with increasing range (see Fig. 12)) the ratio of the theoretical 

cross sections a(jlj2L8) for L = 0 to L = 2 transitions is ~ 12 to 1 

at a range of a- l = 1.2 F. As a result) most (3He )t) transitions which are 

allowed by the selection rules to be L = 0 and/or 2 are predicted to be 

dominant L = 0 transitions. Transitions to the ground state and the 

'I. 
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(p3/2 , Pl/2)1+,T=1 
14 14 

levels in 0 and the 1+ ground state of N are the 

only exceptions to this rule; these levels all have L = 0 structure factors 

which are quite small. 

Theoretical angular distributions fpr these dominant L = 0 transitions 

are compared with experiment in Figs. 13 and 14; the solid curves were calculated 

using the mixed CK wave functions. In general the fits to these angular distrib-

utions are reasonably good, particularly for those levels which have small 

negative Q values. 

Dominant L = o transitions should provide the most accurate deter-

mination of the isospin VOl and spin-isospin Vll terms in the effective 

interaction. There are two reasons for this: First, many of these transitions-

particularly the ground isobaric analog transitions-are very insensitive to 

configuration mixing. Secondly, L = 0 transitions are not expected to be 

enhanced by collective or core polarization effe~ts.9 Among the transitions 

which are observed in these experiments, five have been selected which should 

provide the best measurement of 

g.s., 1/2- and 6.1S MeV, 3/2-

VOl and Vll ; they are transitions to the 

15 levels in 0; the 2.31 MeV, 0+ and 3.95 MeV, 

14 
1+ levels in N; and the g.s., 1/2- 1 1 · 13 eve In N. 

Three of these transitions are primarily (or only) dependent upon 

VOl while the other two are primarily (or only) dependent upon V 11' A 

ratio of Vll/V Ol ~ O.S gave the best overall agreement for these transitions 

(compare Table VII). This ratio was often used in subsequent calculations 

for other transitions and L transfers. However, whenever enhanced strengths 

were observed for VOl and Vll ' the ratio predicted by the Serber force 

( V /Ii -; 0) '·,~RS used. "11' . 01 - .L. • -
Consequently , VOl and V 11 were assumed to be equaJ 

for all pure L 2 and all pl/2--,; d5/2 transitions. 



-28- UCRL-18277 

The values obtained for VOl and Vll from all L = 0 transitions 

are summarized in Table VII. The agreement among the above five transitions 

is reasonably good and leads to average values for VOl [20.6±0.4 MeV] and 

Vll 
[16. 5±1.1 MeV] which are in excellent agreement with those obtained 

from an analysis of (p,n) 
. 8 10-12 

reactlons. ' In particular, the (p,n) 

reactions on several target nuclei including 14c, 52 90 . Cr and Zr (see Ref. 8, 

11, 12) yield values for VOl which range from 19 to 26 MeV and the ratio for 

the spin-isospin strength to the isospin strength is determined to be 

~ 0.6_1.0. 11,12 An independent measurement from the 7Li (p,n)7Be(431 keV) 

10 
reaction at 44.7 MeV gave a value of Vll = 15 MeV. 

It is also interesting to compare the present results with those 

obtained previously in analyses predominantly concerned with ground isobaric 

analog state transitions in (3He ,t) reactions on 170, 180, 27Al , 30Si , 39K 

and 48Ti at E3 = 18-25 Mev. 13 ,14 Using a Yukawa potential with a range 
He 

of 1.0 F, values were obtained for VOl = 31 ± 6 and Vll = 20 ± 4 MeV 

[corrected to an effective nucleon-nucleon interaction at 1.0 F (see Eq. (8) )]. 

These strengths are somewhat larger than those obtained in the present 

analysis; this may be due to a possible energy dependence of the effective 

interaction. 

The relatively large values of VOl and Vll which are predicted for 

transitions to the 8.92, 11. 85, and 15.07 MeV levels in 13N and to the 13.70 

14 
MeV level in N 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 in 13N, since it will be shown later that the 

13C (3 He , 3He I )13c reaction, which populates the mirror level in 13C at 11.B4 

il1eV, predicts a value for VOO vThich is several times larger than the 
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values obtained for other transitions. In addition, evidence from an analysis 

of the l5N(p,t)13N reaction36 indicates that the wave functions of CK under­

estimate the cross section for the 8.92 MeV, 1/2-level in l3N by a factor of 

six hundred. 

2. The (3He ,3He ,) p3/2~pl/2 (Tf=Ti ) Transitions 

In general, the (3He ,3He ,) reaction is expected to be relatively insen-

sitive to the spin- and isospin-dependent terms in the effective two-body in­

teraction. This results from the following: (1) the Wigner interaction for 

complex projectiles is enhanced by a factor equal to the number of nucleons in 

the incoming projectile, and (2) evidence from nucleon-nucl~on (see Section 

IV C-3) and nucleon-nucleus7- 9 scattering data indicates that VO~ is probably 

two to three times larger than VlO' VOl and VII· Consequent~y, if VO~ 

is allowed, the (JSLT) = (LOLO) amplitudes are predicted to be the dominant 

terms for all inelastic transitions. 

For p3/24pl/2 transitions, the (LOLO) = (0000) amplitude is gener­

ally forbidden by the selection rules, Eq. (14a,b,e), and therefore most of 

these transitions are predicted to have dominant L =2 distributions. The 

experimental angular distributions obtained for p3/2~pl/2 transitions are 

shown in Figs. 15 and 16; only those transitions ip which T
f 

= Ti will be dis­

cussed in this section. A. comparison with those transitions which are restricted, 

to be pure L = 2 (i.e., the 4.43 MeV, 2+ level in 12C and the 7.55 MeV, 5/2~ 

level in 13c) indicates that all p3/24pl/2 transitions have a characteristic 

L = 2 distribution with the exception of transitions.which must be S = 1, 

(i.e., the 12.71 MeV, 1+ level in 12C and the 8.86 MeV, 1/2-leve169 in 13c). 
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In order to investigate the sensitivity of these (and other (3He ,3He ,) 

transitions to the spin-and isospin-dependence of the effective interaction, 

three different approximations were made concerning the exchange mixture in 

the central two-body force. First, calculations were carried out assuming 

that only V 00 contributes to the experimental cross sect,ions (denoted 

Wigner 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 proton-

proton interaction was appreciably stronger than the proton-neutron inter-

action, implying that VOO and VOl have the same sign; more tentative 

results showed that possibly V10 and have opposite signs. 9 Since 

the inelastic transitions in mirror nuclei are dependent upon the signs of 
! 

VST (i.e., T = 0 and 1 transfers are both allowed, see Eg. (14r,g) ), an 

empirical exchange mixture denoted force III was also used. This force was 

assumed to give strengths in the ratio 

-1 -1 1 . 

4 
This sign convention was chosen to satisfy the normalization condition: 

VOO + V10 - 3 (VOl + Vll ) =- 1-

The solid curves shown in Figs. 15 and 16 for p3/2~pl/2 (dominant 

L = 2) transitions were calculated using mixed CK wave functions and assumed 

the Serber exchange mixture (the S = 1 transitions will be discussed later). 

In general,. the shapes of the theoretical distributions calculated using 

o. 

.... 



.. 
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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 overall fit to the experimental 

data; the results are summarized in Table VIII. 

Several conclusions are evident from these results. First, the values 

obtained for VOO are generally insensitive to the particular exchange 

mixture used, and therefore little information can be obtained from these 

transitions concerning the spin and isospin dependence of the central inter-

action. Second,as was anticipated (with the exception of the 11.84 MeV level 

in l3C which will be discussed later), the relative agreement 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 

strength obtained here for VOO [60.2±10 MeV](the values quoted for VOO 

will refer to those obtained using 'a Serber exchange mixture unless otherwise 

stated) without including core polarization effects. In previous analyses of 

the (p,p') reaction, values for VOO ~ 200 MeV were obtained (for 
-1 . 

ex = 1.0 F) 

for 
, , ... 18 52 54 90 208 
lnelastlc transltlons In O,Cr, Fe, Zr and Pb when the ground 

and lower excited states were assumed to be well described by simple shell­

model cOnfigurations.
8 

If core polarization effects were included, however, 

VOO was reduced to approximately 80 MeV. 9 Regarding the present analysis 

for p shell transitions, the wave functions of CK are unable to predict the 

observed E2 rates without including effective charges of ~e for neutrons 

and (1 + ~)e for protons where 
20 

~ = 0.5. However, the resulting enhancement 

factors for E2 transition matrix elements only range from 1.5 to 2.0. Theref'ore, 
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core polarization effects should be less important but not negligible for lp 

shell transitions. 

Without specifically including core polarization in the microscopic 

analysis, it is difficult to determine how much this effect would alter the 

present (3He ,3He ,) results; however, the relatively small values which were 

obtained for VOO indicate that core polarization is definitely less 

important in this treatment of lp shell'nuclei. Further evidence from an 

investigation of the 7Li (P,p,)7Li (478 keV) reaction supports this conclusion: 10 

at an incident proton energy of 44.7 MeV the strength required to fit the total 

-1 
cross section was VOO = 90 MeV (for a Yukawa with a 1.0 F). In addition, 

an analys,is of the l2C(p,p,)12C (4.43 MeV) reaction at E = 46 MeV70 (see 
p 

Section IV C-2) gave a value of VOO = 86.9 MeV to be compared with VOO = 59.0 

MeV obtained from the (3He ,3He ,) reaction. 

a. The 11.84 MeV, 3/2- level in l3C 

The wave fUnctions of CK predict that the 13C(3He,3He,)13C(11.84 MeV, 

3/2-) transition should be very sensitive to the spin and isospin-dependent 

terms in the effective interaction (i.e., the (2020) amplitude is predicted 

to be very small). However, the strength required for VOO [296 MeV] to fit 

the observed cross section for this transition is several times larger than 

those obtained for other p3/2~pl/2 transitions. In addition, evidence 

E= 64.5 MeV71 indicates that the 11.84 a 

level is populated with approximately the same relative intensity as observed 

in the (3He ,3He ,) reaction. Since the (a,a') reaction 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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b. The 12C 12.71 MeV, 1+ and 13C 8.86 MeV, 1/2- levels 

Since the 12C 12.71 MeV, 1+ and 13C 8.86 MeV, -1/2- levels are predicted 

to be dominant L = 0 S = 1 transitions, they provide a direct measure bf 

the VIO term in the effective interaction (the 8.86 MeV level also depends 

upon V
ll

). Unfortunately, both of these levels are populated in the (a,a') 
. 56 3 3 reactlon with almost the same relative intensity as in the ( He, He') 

reaction. The 12.71 MeV, 1+ level in 12C is an example of the well-known un-

natural parity states which have been investigated extensively in the 

(a,a') reaction. 72 ,73 In some cases it has been shown that the population of 

these states can be explained by multiple excitation processes. 73 As a result, 

the values obtained for VIO in the present analysis only provide an upper 

limit on the magnitude of this term. 

The theoretical angular distributions for these transitions are 

compared with experiment in Figs. 15 and 16. Both transitions are best 

fit using unmodified optical potentials; however, the agreement is not as 

good as that generally obtained for the (3He , t) L" = 0 and (3He , 3He ,) L = 2 

transitions. The values predicted for VIO and Vll are shown in Table IX. 

,Potential 
(Only the values obtained using the average optical/setwill be presented in 

Table IX and in all subsequent tablesi those obtained using independent 

optical potentials are tabulated in Ref. 38.) If a Serber exchange mixture is 

used, the 13C(3He,3He,)13C(8.86 MeV, 1/2-) transition is severely restricted 

using CK wave functions; however, if force III is used both transitions 

predict strengths of VIO ~ 27 MeV using CK wave functions. No conclusive 

determinations of this term have been obtained from (p,p') data; tentative 

results give 
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3. The eHe,t) p3/2-,>pl/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 selection rules 

to be pure L = 2 and (2) those transitions which could be L = 0 and 

L = 2 but whose L = 0 amplitudes are predicted to be relatively small 

- transitions to the 0+ ground state and the (p3/2, pl/2)1+,T=1 levels in 

140 and the 1+ ground state in 14N. The second group will be discussed 

later. 

The pure L = 2 (3He,t) transitions all have characteristic angular 

distributions which are similar to the L = 2 (3He,3He') distributions but 

have much less structure and are not as well reproduced by theoretical cal-

culations (see Fig. 17). The values obtained for VOl and Vll shown in 

Table X are consistently higher than those required for L = 0 transitions. 

It would be necessary to use a range of Z 0.5 F to obtain agreement between 

the relative strengths required for the L = 0 and the L = 2 transitions; 

however, the fits obtained at this range would be very poor for all transitions 

(compare Fig. 12). The apparent enhancement of the (3He ,t) L = 2 transitions 

may be due to collective or core polarization effects as discussed previously 

for (3He,3He') p3/2-,>pl/2 transitions. The structureless features of the 

angular distributions for these transitions might indicate, however, that other 

mechanisms such as multiple excitation or particle-exchange are contributing. 

a. The 14N(3He ,t)140(g.s.,0+) and l4C(3He ,t)14N(g.s.,l+) transitions 

The l4N(3He ,t)140(g.s.,0+) reaction and the inverse of the l4c(3He~t)14N 

(g.s.,l+) reaction correspond to transitions between identical initial and 

final states if one assumes the charge independence of nuclear forces. When 

detailed-balance and phase-space corrections are applied, the angular 

I> 

". 
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distributions for these transitions should be identi.cal (see also Section V). 

Evidence from the well-known ~ decay of 14c predicts that the L = 0 amplitudes 

for these transitions are very small. 63 It was experimentally observed - as·· 

will be further discussed and illustrated in Section V B - that both of· these 

transitions have a distinct angular distribution which is neither pure L:= 0 

nor pure L = 2 in character. The 14c(3He ,t)14N (g.s.)l+) data are fit in 

Fig. 17. Theoretical calculations using mixed CK or VF wave functions predict 

a dominant L = 2 distribution while those using j-j wave functions additionally 

include a strong L = 0 component; none of these permit a good fit to the 

experimental data. The values obtained for Vll are shown in Table X; both 

the 14N(3 He)t)140 (g.s.,O+) ,and 14C(3He )t)14N (g.s.,l+) transitions predict 

similar results. Using mixed wave functions one notes that the strengths 

required are about 40-50% larger than those obtained for L o transitions. 

It is interesting to compare these results with those obtained in a 

14 14. 11 
recent microscopic analysis of the C(p)n) N react10n at E := 13.3 MeV. 

p 

When a Yukawa interaction with a range of 1.4 F was used) comparison with 

experiment sll'wed not only a poor fit to the ground state transition but also 

a strength Lor Vll (using mixed VF wave functions) which was three times 

( 8 -1 ) larger or ~ 5 MeV at a = 1.0 F than the value of 19.2 MeV required to fit 

the (p)n) transition to the 3.95 MeV level. In contrast) the corresponding 

. . 14 3 14 values requlred In the C( He)t) N reactions 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 complex projectiles at 

higher incident energies. 
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b. The 10.89 and 11.24 MeV levels in 
14

0 

to the 

MeV in 

The 10.89 and 11.24 MeV levels in 
14

0 are both candidates for the analog 

13.70 MeV, (p3/2, Pl/2)~!,T=1 level in 14N which should occur near 11.4 

140 if level shifts are neglected. The structure factor calculations 

predict that the angular distribution to this state should correspond to a 

dominant L = 2 transition. Unfortunately, the 10.89 and 11.24 MeV levels 

are both weakly populated in the (3He ,t) reaction and therefore a meaningful 

comparison of the shapes of the experimental angular distributions could not 

be made (compare Fig. 17). However, approximate values were obtained for VOl 

which are given in Table X. It appears that these calculations do not strongly 

favor either candidate. 

4. The eHe, 3He ,) pl/2---'7 d5/2 Transitions 

In principle, an L = 1 (S=l) and/or L = 3 (S=O,l) transfer is allowed 

for a pl/2---'7 d5/2 transition. However, since (LOLO) amplitudes are strongly 

enhanced for complex projectiles (see Section IV B-2), the (3He ,3He ,) 

pl/2---'7 d5/2 transitions are a:)..l predicted to have dominant L = 3 distributions 

(the 3/2 + level in 15N at 8.57 MeV is the only exception; it is restricted by 

the selection rules, Eqs. (14a,b,e) and (15), to be pure L=l (S=l) and will be discussed 

further later). The angular distributions for these L = 3 transitions 

shown in Figs. 18 and 19 have a similar shape which ts fairly well reproduced 

by the theoretical calculations. The values obtained for VOO are summarized 

in Table XI. Once again, they are relatively insensitive to the spin-and 

isospin-dependent 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 obtained for VOO are 
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somewhat larger than those computed earlier for L = 2 transitions using the 

wave functions of CK; however, they are in better agreement with the values 

computed for L = 2 transitions using simple j-j w~ve functions. Such 

results are consistent with those obtained from an analysis of E3 transition 

rates64,65,74 (see discussion in Ref. 38). 

The 8.57 MeV, 3/2+ level in 15N is predicted to be a dominant L = 1 , 

S = 1 transition. Theoretical fits are shown in Fig. 19 for both the modified 

and unmodified optical potential set; the latter appears to give a better over-

all account of the experimental data. The values obtained for V10 = Vll = 22.0 

MeV using a Serber exchange mixture (see Table IX) can only be considered as 

upper limits since this level is also populated in the (a,a r) reaction56 with 

approximately the same relative intensity as in the (3He,3Her) reaction (see 

Section IV G). 

5. The (3 He ,t) pl/2-7 d5/2 Transitions 

In contrast with the (3 He ,3He ,) pl/2-7d5/2 transitions, the corresponding 

(3He ,t) transitions are predicted to have mixed (L = 1 and/or L = 3) amplitudes 

ranging from almost pure L = 1 to pure L = 3 (compare Table XII). In 

general, the experimental angular distributions for these transitions have 

simHar shaves (compare Fig. 20 and Ref. 18) while the theoretical curves vary, 

dependent upon the relative strengths of the L = 1 and 3 components and do 

not repruduce experiment very well. (When two levels were unresolved, the 

theoretical curves were obtained by adding the contributions from each level.) 

The curves shown in Fig. 20 for dominant L = 1 transitions were 

calculated using both modified and unmodified optical potentials. Although 

the latter give a better fit to the data in the region e ~ 40-60 deg., c.m. 
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both potential sets predict minima at e _ 20 deg. while the experimental 
c.m. 

data indicate maxima. 

The values obtained for VOl and Vll are shown in Table XII; the 

relative agreement is not as good as that obtained for other single-particle 

transitions. In addition, the average strengths predicted for VOl [32.8 ±12 MeV] 

and V
ll 

[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. 

6. The c3He,3He ,) pl/2~ sl/2 Transitions 

The experimental angular distributions for pl/2~ sl/2 transitions which 

are shown in Fig. 21 have more structure than those observed for other single-

particle transitions. Theoretical calculations predict a well-defined 

oscillatory structure for these transitions; however, the fits obtained are 

not as good as those for (3He ,3He ,) L = 2 and L = 3 transitions. 

Predicted values for VOO are summarized in Table XI. The overall 

agreement is surprisingly good considering the simple j-j configurations 

which were assumed for these states. Since core polarization effects for L = 1 

transitions should be small, it is of interest that the average value obtained 

for VOO [47.2±6 MeV] is ~ 10-20 MeV smaller than those obtained for L = 2 

and L = 3 transitions. 

7. The c3He, t) pl/2~ sl/2 Transitions 

In general, the levels which are populated in the (3He ,t) reaction 

. by the promotion of a pl/2 nucleon to the sl/2 shell have much smaller cross 

sections than the other single-particle transitions to low-lying orbitals. 16,18 

The angular distributions for these states which are shown in Fig. 22 have much 

less structure than is theoretically predicted. However, the values obtained 
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for VOl [19.4±3 MeV] and VII [l7.3±5 MeV) (see Table XIII) are approxi-

mately equal to those for L ~ 0 transi~ions, indicating that these transitions 

are not collectively enhanced. 

C. Further Analysis 

It is interesting to compare the effective nucleon-nucleon interaction 

required to fit the (3He ,t) and (3He ,3He r) scattering data with those obtained 

from an analysis of available experimental data for the (a,a r ) and (p ,p I) re-

actions on Ip shell nuclei. In particular, an analysis of the (a,a r ) reaction 

on several p -shell nuclei at Ea == 40.5 Mev56 and the (p ,p') reaction on 12C 

at E ~ 46 MeV70 will be discussed below. Further, a comparison of the ef-
p 

fective and free nucleon-nucleon interactions is presented. 

1. A. Comparison of the (3He ,3He ,) and (a,a') Reactions 

The microscopic analysis of the (3He ,3He ,) reaction has shown that this 

reaction is in general very insensitive to the spin- and isospin-dependent terms 

in the effective interaction and, therefore, that the cross sections for strong-

ly excited states are determined primarily by the (LOLO) amplitude. Since the 

(a,a') reaction is only dependent upon this term, a direct comparison of these 

two reactions populating the same final states could provide further evidence 

to support this conclusion. 

An investigation of the elastic and inelastic scattering of 40.5 MeV 

a particles from several targets including 12C; 13c, 14N, 15N and 160 has been 

. 56 
reported by Harvey et al. It was found that the angular distributions 

obtained from these reactions could also be characterized according to the 

particular shell-model transition involved. A comparison of the (3He ,3He ,) 

and (a,a') angular distributions indicates that the shapes are very similar, 
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especially for L = 2 and L = 3 transitionsj however, the magnitude of the 

(a,a') distribution is always approximately two to three times larger. 

In Table XIV, relative integrated cross sections are compared for 

transitions observed in the (3He ,3He ,) and (a,a') reactions on several lp 

shell nuclei. The transitions have been grouped by specific shell-model 

transition, and in each case the cross sections have been arbitrarily normalized 

relative to the one single-particle transition in that group which was pre-

dicted to be the most insensitive to spin- and isospin-dependent terms. The 

overal~ agreement is excellent considering the simplicity of the comparison 

which is made. In addition, the nuclear structure factors G
2

(LOLO) are 

generally able to reproduce the observed trends in the relative magnitudes 

without actually carrying out a DWBA calculation. 

If these reactions were only dependent upon the Wigner term VOO ' 

then the relative cross sections to the same final states "WOuld be proportional 

. to the square of the number of nucleons in the projectile. In Table XIV it 

can be seen that the ratio of the integrated cross sections cralcr
3 

ranges 
He 

from 1.88 - 3.92 while the predicted value is 1.78. 

In order to provide a better comparison for these reactions, a micro-

14 14 . 
scopic analysis was carried out for the N(a,a') N reactlon using the optical 

potentials shown in Table VI (A Yukawa potential with a range of 1.2 F was 

chosen for the effective projectile-nucleon interaction while a nonlocality 

range (3 = 0.25 was assumed for the a particle). The results are shown in 

Fig. 23j the agreement between theory and experiment is reasonably good 

considering that no attempt was made to vary the parameters in order to 

improve the fits. 
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The values obtained for VOO ' which bave been converted to an effec­

tive nucleon-nucleon interaction at a- l = 1.0 F (i.e., Eq. (8) was used75 

with 'Y :.= 0.3295 and a range correct ion from L 2 to L 0 F was applied)., are 

compared with those determined fO~ the (3He ,3He ,) reaction in Table XV. Rea-

sonably consistent results are obtained for the p3/2 ~ pl/2 and pl/2~ sl/2 

transitionsj however, the strengths required to fit the (a,a') pl/2~ d5/2 

transitions are somewhat larger. 

2. A Comparison of the 12C(p,pl)12C and 12C(3He ,3He l)12C Reactions 

reported 

An investigation of the 12C(p,pl)12C reaction at Ep = 46 MeV has been 

70 recently by Petersen et al. These data were analyzed using both an 

extended version of the collective model which included spin and isospin 

'11 t' 59,76 d 1 ' 'd' t' h' h d f th OSCl a lons an a so a mlcroscoplcescrlp lon w lC rna e use 0 e 

distorted-wave impulse-approximation (DWIA).70 In the DWIA procedure, the 

projectile-nucleon interaction is replaced by the transition matrix for free 

, 1 29 nucleon-nucleon scatterlng.' Since the interaction is determined, the 

agreement with experiment provides a test of the nuclear wave functions used 

to describe the initial and final states, provided that the DWIA is' valid at 

this energy, Fair agreement was obtained when the wave functions of Gillet77 

were used to describe the levels of l2C. 

A comparison of .the effective interaction required to fit the (p,p') 

data using the wave functions of CK with that required to fit the corresponding 

(3He, 3He ,) data should provide a test of the approximations made in determining 

the absolute strength of the effective nucle::m-nucleon interaction from the 

scattering of complex projectiles (see Eq. (8)). The calculations were per­

f\~rmed using the optical parameter set Vl (see Table VI).59 A Yukawa potential 
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with a range of 1.0 F was chosen for the effective interaction while the non-

locality range for a proton was assumed to be 78 
~ = 0.85 F. The results 

are shown in Fig. 24; the theoretical angular distributions for restricted 

L = 2 transitions are very similar to those obtained previously using the 

collective59 and microscoPic70 models} while the calculations for the dominant 

L = 0 distributions are still unable to fit the experimental data at small 

angles. The values obtained for VST are compared with those from the (3He, 3He') 

and (3He,t) reactions in Table XVI. Fair overall agreement is seen, indicating 

that the approximations which were made in the (3He,3He') analysis are probably 

reasonable. 

3. A Comparison of the Effective and Free Nucleon-Nucleon Interaction 

It is interesting to compare the effective nucleon-nucleon interaction 

required to fit the (3He,t) and (3He,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 comparison it is 

helpful to briefly summarize the different forms in which a simple local inter-

action is generally used. Specifically, a simple local interaction with an 

arbitrary spin-isospin exchange mixture can be written in one of three 

equivalent forms given by: 

(18 ) 

where Vo is in MeV; W, M, B, and H are constants; and pX, pO', and p'I 

are space, spin, and isospin exchange operators; or 
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where . ~, ASE ' Aro and ASO are constants and P is a projection operator 

for the triplet-even, singlet-even, triplet-odd, and singlet-add states; or 

where the VST are in MeV (Le., Vo is included in the values of VST ). 

Expressions have been given elsewhere3,4 which relate the coefficients of 

the individual terms for different parametrizations. 

" 3 51 79-81 The coefficients predicted for several different exchange m1xtures' , 

are gi¥en in Table XVII. Although most of these potentials have been used in 

shell-model calculations, their strengths were chosen to fit low-energy 

nucleon-nucleon scattering data. All of these exchange mixtures, with the 

exception of the Serber force, have a singlet-even potential which reproduces 

t t tt " d t 51,81-83 d t' f th low energy pro on-pro on sca er1ng a a an possess a ra 10 0 e 

singlet-even to triplet-even strengths approximately equal to that required to 

d th b " d" of the de·uteron. 3,51,83,84 repro· uce e ln lng energy 

In order to compare the absolute values for V
ST 

arising from these 

exchange mixtures with those obtained in the present analysis, a Yukawa 

interaction with a range of 1. 0 F and V 0 = -135 MeV was chosen. This 

potential gives a volume integral, Eq. (7), of A = 1697 MeV F3 (where 
o 

Ao = AST and Vo - VST ) which is similar to those used previously for all 

exchange mixtures. 

Since the Rosenfeld mixture is charge symmetric, while the Ferrell-

4 
Vischer exchange mixture was chosen to fit additional properties in He and 

160 (see Ref. 81) the first three exchange mixtures listed in Table XVII 

shoulo. provide the'best comparison with the present data. It can be seen 



-44- UCRL-18277 

that the values predicted for V01[16.9-20.2 MeV] and Vll[13.5-16.9 MeV] 

are in very good agreement with the values of V01[20.6 MeV] and Vll (16.5 MeV] 

obtained ih the (3He ,t) analysis, while the values predicted for VOO [40.5-

50.6 MeV] are somewhat lower than those observed in the (3He ,3He ,) reaction 

of VOO ~ 60.2 MeV. However, if one assumes that the enhancements due to core 

polarization effects are identical to the enhancements observed in the E2 

matrix elements (i.e., 1.5-2.0, see Section IV B_2),20 then the value for' 

VOO [60.2 MeV] is reduced to ~30.1 - 40.2 MeV. 

POPULATING ANALOG FINAL STATES 

A comparison of the (3He,t) and (3He ,3He ,) reactions populating analog 

final states where T
f 

= Ti + 1 was also of interest in these experiments. 

In general, these transitions were weakly populated, however it was possible 

to observe the lowest T= 3/2 levels in mass 9 and 13, the ground isobaric 

triad in mass 14, and several T = 1 levels in mass 12. 

Assuming the charge independence of nuclear forces, the ratio of the 

differential cross sections for these transitions is given by [see Egs. (9) and 

(10) ]: 

da(3He , t) 

da(3He ,3He , ) 

C'(T'T'l'P'-P') 
t 'i f 

C' (T'T'l'P'-P') 3He , ' i r 

2 

C
3 

(T. Tfl; p. -Pf ) 
He,t 1 1 

2 

C3 3 (T.Trl;P.-Pr ) 
H H ' 1 1 e, e 

(21) 

.... 
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This expression has ignored the differences between the t and 3He energies, 

Coulomb potentials and internal wave functions in the exit channels. 

A. T = 3/2 Levels in Mass 9 and 13 

The 9Be(3He,t)9B and 9Be(3He,3He,)9Be reactions were investigated at 

39.8 MeV; typical energy spectra are shown in Fig. 25. The well known 

T = 3/2 levels in 9Be at 14.39 MeV and in 9B at 14.67 MeV85 are :both 

weakly populated in these reactions. Isospin-coupling factors predict that 

the differential cross sections for T = 3/2 levels populated in the (3He ,t) 

and (3He ,3He ,) reactions should be essentially identical. Although angular 

distributions were not obtained for these transitions, the observed intensities 

were approximately equal at three forward angles between 8L = 13.4 and 16.4 

deg. 

The lowest T = 3/2 levels in 13C and 13N were also weakly populated 
j 

in the eHe,t) and (3He ,3He ,) ~reactions (compare Fig. 3). Unfortunately, an 

accurate comparison of the differential cross sections for these transitions 

12 
could not be made due to poor statistics plus C and hydrogen target impurities 

which made the observation of the T= 3/2 level in 13C impossible at forward 

angles. 

B. 14 3 14 14 3 3 ,14 The N( He,t) O(g.s.,O+), N( He, He) N(2.31 MeV,O+) 

and 14C(3He ,t)14N(g.S.,1+) Reactions 

14 3 14 14 3 3 i4 
The N( He,t) O(g.s.)" N( He, He')N(2.31MeV) and the 

inverse of the 14c(3He ,t)14N(g.s.) reactions all correspond to transitions 

between identical initial and final states if charge independence is assumed. 
; 

The experimental angular distributions which were obtained for these transitions 

are c8mpared in Fig. 26; the magnitudes have been adjusted to correct for 
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detailed-balance, isospin-coupling and phase-space factors. In general, 

these transitions all have similar angular distributions while the adjusted 

integrated cross sections are approximately equal (compare Table XVIII). Al-

though the DWBA. calculations failed to fit the shapes of these distributions, 

the strengths required for VII are in good relative agreement. 

A similar comparison of the cross sections observed in the 14N(p,n)140 

(g.s.), 14N(p,pl)14N(2.31 MeV), 14N(p,n l )14N(2.31 MeV) and 14C(p,n)14N(g.s.) 

reactions at E ~ 5-14 MeV has been reported;86 comparable results were p . 

obtained. 

C. . 12 12 T = 1 Levels In C and N 

Several T = 1 levels were populated in both the 12C(3He,t)1~ 

and 12C(3He,3Hel)12C reactions (compare Fig. 2). In addition, accurate 

angular dist:dbutions were obtained for the ground and first excited T = 1 

levels in 12C and 12N; these provide the best comparison of the (3He ,t) and 

(3He,3He') reactions populating analog final states. The two lowest T = 1 

levels in 12C located at 15.11 and 16.11 MeV have well-known p-shell con-

figurations with spins and parities 1+ and 2+, respectively. While the 

analogs of these levels in 12N are presumed to be the ground and first ex-

41 cited (0.96 MeV) states, the spin and parity of the latter have not been 

definitely determined. A comparison of corresponding (3He ,3He l) and (3He ,t) 

angular distributions for these levels is shown in Fig. 2(; the (3He ,3He ,) 

distributions have been multiplied by 1.90 in o~der to correct for phase-space and 
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isospin-coupling factors. In general the agreement is very good; however, the 

(3He,3Hef) transitions appear to be approximately 10% larger. Altho~gh this 

difference could be due to an incorrect background subtraction for the (3He ,3He ,) 

transitions, the detailed microscopic analysis suggests that this difference 

might be real. 

First, DWBA calculations predict similar (differing in magnitude by 
1 

~ 5%) single-particle cross sections a(jlj2L8)/kf for the corresponding 

(3He,t) and (3He ,3He ,) transitions. Therefore, the effects of the differing 

energies and Coulomb scattering in the exit channels are small. However, a 

comparison of the theorettcal effective projectile-nucleon interaction for 

tritons or 3He particles indicates that the internal wave functions of the 

complex projectiles may slightly'affect the experimental ratio of these (3He , t) 

and (3He ,3He ,) transitions. In particular, 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,3Hef) transitions should be 1.15 times larger.) As 

a result, the observed increase in the experimental cross sections for these 

(3He ,3He ,) transitions can be accounted for and the values obtained for 

VSTfrom both reactions are in essentially perfect agreement (compare 

Table XVI). In addition, it call be concluded that the 0.96 MeV level in 

12N has a spin and parity of 2+ and is the analog of the 16.11 MeV level 

in 12C. 

All T = 1 levels observed in the 12C (3He , t) 12N and 12C (3He , 3He ' )12C 

t " . d d ' d' th . d 40-46 reac lons are summarlze an, compare Wl preVlOUS ata in Tables 

I and II. With the exception of the 17.26, 17.77, and 19.2 MeV levels, all 

well-known T = 1 states in 12C were observed up to an excitation energy 
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of 20 MeV. 
12 

In addition, all well-known levels in N were observed with the 

exception of the 1.65 MeV level. Since the spins and parities of several 

T = 1 
12 

levels in C have been established, tentative assignments can be 

12 
made for some excited states in N by a comparison of the excitation 

energies (see also Ref. 41) and relative intensities - see Fig. 2 and Fig. 

28 - of the T = 1 levels populated in the (3He ,t) and (3He ,3He ,) reactions. 

The results are summarized in Table XIX and also compared with known levels 

. 12B 42-44,87 In. Unfortunately, in most cases a meaningful comparison of the 

corresponding (3He ,t) and (3He ,3He ,) distributions could not be made due to 

poor statistics, large decay widths and unknown contributions from T = 0 

levels (in 12C). The individual assignments are discussed in detail in 

Ref. 38. 

VI. CONCLUSIONS 

A microscopic analysis of the (3He,t) and (3He ,3He ,) reactions on Ip 

shell nuclei has been carr::i.ed out using a local potential with an arbitrary 

spin-isospin exchange mixture. Spectroscopic factors were calculated using 

. the intermediate-coupling wave functions of Cohen and Kurath19 for p shell 

states while simple j-j configurations were assumed for the levels which 

were formed by promoting apl/2 nucleon to the sl/2 or d5/2 shell. AYukawa 

-1 interaction with a range of a = 1.2 F was found to give the best overall 

agreement for all transitions. The average strengths obtained for V
ST 

are summarized in Table XX and also compared with the results obtained in 

( ,) 7-10 ( )8,10-12 (3 )13,14 . previous analyses of the p,p, p,n , and He,t reactlons. 

In all cases, the values obtained for the effective projectile-nucleon 
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interaction at -1 a =: 1.2 F have been converted to an effective nucleon-

nucleon interaction at 
-1 a =: 1.0 F using the relationships given previously 

. 14 7 
by Wesolowski et al. and Johnson et al. 

Several interesting results were obtained from this analysis. First, 

the average values computed for V01[20.6 MeV] and Vll [16.5 MeV] from the 

(3He,t) p3/2, pl/2~pl/2, dominant L =: 0 transitions were in excellent 

agreement with those obtain~d previously in analyses of (p,n) L =: 0 

. 8,10-12 
trans it :l.Ons . In addition, the strengths required to fit the (3He ,t) 

pl/2~sl/2,L =: 1 transitions agreed well with these L =: 0 strengths. 

Second, the strengths required to fit the (3He,t) p3/2~pl/2, L =: 2 and 

pl/2~d5/2, L =: 1, 3 transitions were enhanced, while the experimental 

angular distributions for these transitions had less structure than those 

predicted by the theory. This suggests that core polarization effects or 

particle-exchange could be contributing to the cross sections for these 

transitions. A similar effect has been observed for L =: 2 transitions in 

the (p,n) reactfon. ll ,12 

As expected, it was found that the transitions which were strongly 

populated in the (3He ,3He ,) reaction were generally insensitive to the spin-

and isospin-dependent terms in the effective interaction. However, the 

absolute strengths obtained herein for VOO were much smaller than those 

required to fit the inelastic transitions observed in the (p,p') reaction 

8 
on several heavier nuclei. As a result, it can be concluded that core 

polarization effects are much less important for lp shell nuclei though, 

as noted above, they may still be contributing. Unfortunately, an accurate 

determinatton of the spin dependent V
10 

term could not be obtained from 



-50- UCRL-18277 

these data. In particular, those (3He,3He ,) transitions which were restricted 

to be pure S 1 were als~ populated in the (a,a t ) reaction with 

approximately the same relative intensity, indicating that other mechanisms 

such as multiple excitation also contribute significantly to the cross sections 

for these transitions. 

Finally, it was shown (see Table XVII) that the effective interaction 

obtained in the present analysis is very similar to those used in simple 

shell-model calculations and those required to fit low-energy nucleon-

nucleon scattering data. 
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FIGURE CAPI'IONS 

Fig. 1. 
12 3 12 . 3 Energy spectrum of the C( He,t) N reactlon at a He energy of 

49.8 MeV. 

Fig. 2. Energy spectra of the 12c (3He ,t)12N and 12c(3He,3He,)12c reactions 

at a scattering angle of 31.5 degrees. 
12 

The N spectrum has been adjusted 

to align the T = 1 analog states pop~lated in both reactions. The peaks 

11 corresponding to the g.s., 2.00, 4.32, and 4.79 MeV levels of C represent 

an a contamination in the 3He spectrum. 

Fig. 3. Energy spectra of the 13C(3He ,t)13N and 13C(3He,3He,)13C reactions 

at a 3He energy of 39.6 MeV. The spectra were recorded on separate 

analyzers with different gains. The peaks corresponding to the 15.11 

12 3 and 16.11 MeV levels of C represent an a contamination in the He 

spectrum. 

Fig. 4. 14 3 14 3 Energy spectrum of the C( He,t) N reaction at a He energy of 

44.8 MeV. 

Fig. 5. 14 3 3 14 . 3 Energy spectrum of the N( He, He') N reactlon at a He energy of 

44.6 MeV. The peaks corresponding to the 7.39 and 11.86 MeV levels in 

13N represent an a contamination in the 3He spectrum. 

Fig. 6. Energy spectra of the 15N(3He ,t)150 and 15N(3He,3He,)15N reactions 

at a 3He energy of 39.8 MeV. The 150 spectrum has been adjusted to align 

the mirror levels populated in both reactions. 

Fig. 7. Typical optical model fits obtained for the elastic scattering of 

3He and a particles from lp shell nuclei using the parameters given 

in Table VI. 
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Fig. 8. Single-particle cross sections a(jlj2LG) for typical pl/2~pl/2, 

L = 0 [~4C(3He,t)14N(2.31 MeV, 0+)] 

p3/2~pl/2, L = 2 [14N(3He,3He,)14N(3.95 MeV, 1+)]; 

pl/2~d5/2, L = 3 [15N(3He,3He,)15N(7.56 MeV, 7/2 +)]; 

pl/2~d5/2, L 1 [14N(3 He ,t)140(6.28 MeV, (3-) )]; and 

pl/2~ sl/2, L 1 [13C(3He,3He' )13C(3.09 MeV, 1/2 +)] 

transitions calculated using: a,b) modified Cr' = 0.93 r) optical o 0 

potentials (see Table VI) with a nonlocality range ~ = 0.25 and ~ =0, respectively. 

and c) unmodified (r' = r ) optical potentials with a nonlocality range 
o 0 

~ = 0.25. 

Fig. 9. DWBA predictions for representative (3He ,t) [14N 2.31-MeV, 0+; 

and 13 3 3 , 14 15 N g.s., 1/2- ] and ( He, He ) [ N 3.95-MeV, 1+; N 7.56-MeV, 

7/2 + ; and 13C 3.09-MeV, 1/2+] transitions obtained using the independent 

optical potentials lOP and the average optical potential AOP (see Table VI). 

The curves have been normalized to give the best overall fit to the 

experimental data. 

Fig. 10. The separation energy scheme used to determine the binding energies 

of the target nucleons involved in typical single-particle transitions 

(i.e., the 15N(3He,3He,)15N(5.27 MeV, 5/2+) and 15N(3He ,t)150(5.24 MeV, 

5/2+) pl/2~d5/2j and the 15N(3He,3He,)15N(7.30 MeV, 3/2+) and 15N(3He ,t)150 

(6.79 MeV, 3/2+) pl/2~sl/2 transitions. EB1(EBi) represents the 

binding energy of the pl/2 nucleon in its initial jl state while EB2(EB~P 

represents the binding energy of the d5/2(sl/2) nucleon in its final 
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Fig. 11. Integrated single-particle cross sections as a function of the 

binding energy EBl (the fixed relationship between EBl and EB2 was 
I 

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 

Section IV A-3. 

Fig. 12. Single-particle cross sections cr(jlj2LB) for typical pl/2~pl/2, 

L = 0 [14c (3He ,t)14N(2.31 MeV, 0+)]; pl/2~p3/2, L = 2 [14N(3He,3He,)14N 

(3.95 MeV, 1+)]; pl/2~d5/2, L = 3 [15N(3He,3He,)15N (7.56 MeV, 7/2 +)]; and 

pl/2~sl/2, L = 1 [13c(3He,3He,)13c (3.09 MeV, 1/2+)] transitions cal-

culated using three different ranges of the Yukawa interaction. All cross 

sections were computed using the independent optical potentials given tn 

Table VI 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 interaction. 

Fig. 13. Angular distributions for (3He,t) pl/2, p3/2~pl/2 (dominant L = 0) 

transitions. The solid curves are DWBA predictions obtained using CK 

wave functions and the independent optical potentials given in Table VI. 

Fig. 14. Angular distributions for (3He,~) p3/2~pl/2 (dominant L = 0) 

transitions. The solid curves are DWBA predictions obtained using CK 

wave functions and the independent optical potentials given in Table 

VI. The dashed curve shown for the 11.85 MeV level in 13N was calculated 

using j-j wave functions. 
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Fig. 15. Angular distributions for p3/2~pl/2 transitions observed in the 

12 3 3 12 . C( He, He t ) C react1on. The solid curves are DWBA predictions obtained 

using CK wave functions, a Serber exchange mixture,and the optical potential 

set F (see Table VI). 

Fig. 16. Angular distributions for (3He,3Het) p3/2~pl/2 transitions. The 

solid curves are DWBA predictions obtained using CK wave functions, a 

Serber exchange mixture, and the independent optical potentials given in 

. 14 
Table VI. The dashed curve shown for the 7.03 MeV level 1n N was 

calculated using a Wigner force. The dotted curves for 13C transitions 

were computed using the unmodified (rt = r ) potential set D (see Table 
a 0 

VI); furthermore, force III was used for the 8.86 MeV level of 13c, while 

a Wigner interaction was assumed for the 11.84 MeV level. 

Fig. 17. Angular distributions for the (3He ,t) p3/2~pl/2 dominant L = '2 

transitions. The solid curves are DWBA predictions obtained using CK 

wave functions and the independent optical potentials given in Table 

14 
VI. The dashed curve shown for the ground state of N was computed 

using VF wave functions. 

Fig. 18. Angular distributions for (3He,3Het) pl/2, p3/2~ d5/2 transitions. 

The solid curves are DWBA pre~ictions obtained using )-j wave functions~ 

a Serber exchange mixtur~ and the independent optical potentials given 

12 
in Table VI. (The 9.64-MeV, 3-level in C was assumed to have the 

configuration (p3/2 )~/2 d5/2 ). ' 
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Fig. 19. Angular distributions for pl/2~d5/2 transitions observed in the 

15N(3He,3Hef)15N reaction. The solid curves are DWBA predictions obtained 

I 
using j-j wave functions, a Serber exchange mixture,and the modified 

optical potential set A (see Table VI). 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. 

Fig. 20. Angular distributions for typical (3He,t) pl/2~d5/2 transitions. 

The solid curves are DWBA predictions obtained using j-j wave functions 

and the independent optical potentials given in Table VI. The dotted 

curves were calculated usirig unmodified optical potentials. The theoretical 

curves for unresolved levels were obtained by summing the predicted 

distributions for each level. 

Fig. 21. Angular distributions for (3He,3Hef) pl/2~Sl/2 transitions. The 

curves are DWBA predictions obtained using j-j wave functions, a Serber 

exchange mixture,and the independent optical potentials given in Table 

VI. 

Fig. 22. 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 VI. 

Fig. 23. Angular distributions from the 14N(a,a,)14N reaction at 40.5 MeV. 

The solid curves are DWBA predictions obtained using the optical potential 

set M (see Table VI). 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. 
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Fig. 24. 
12 12 

Angular distributions from the C(p,p') C reaction at E = 46 MeV. 
p 

The solid curves are DWBA predictions obtained using CK wave functions, 

a Serber exchange mixture, and the optical potential set VI (see Table 

VI) . 

Fig. 25. Energy spectra of: the 9Be(3He,t)9B and 9Be(3He,3He,)9Be reactions 

at E3 = 39·8 MeV and a scattering angle of 16.4 degrees. The 9B 
He 

spectrum has been adjusted to align the mirror levels populated in both 

reactions. 

Fig. 26. Angular distributions for the 14c(3He ,t)14N(g.s.,1+); 14N(3He ,t)140 

(g.s.,O+); and 14N(3He,3He,)14N(2.31 MeV, 0+) transitions. The cross 

sections have been corrected for detailed-balance, phase-space, and isospin-

coupling factors. The solid and dashed curves are DWBA fits to the 

14 3 14 C( He,t) N(g.s.,l+) transition computed using CK and VF wave functions, 

respectively. 

Fig. 27. Angular distributions for the 12C(3He ,t)12N ground, 1+ and 0.96-

12 3 3 , )12 6 MeV, 2+ states and for the C( He, He C 15. II-MeV, 1+ and 1 .11-MeV, 

2+ states. The (3He ,3He ,) cross sections have been multiplied by 1.90 

to correct for phase-space and isospin-coupling factors. The solid 

curves are DWBA fits to the (3He,t) transitions computed using mixed 

CK wave functions and the optical potential set F. 

Fig. 28. Angular distributions for the 12C(3He ,t)12N 1.20-MeV, (2-) and 

4 4 12 (3 3 ,)12 6 .2 -MeV states and for the C He, He C 1 .57-MeV, 2- and 19.58-

MeV states. The (3He ,3He ,) cross sections have been multiplied by 1.9 

to correct for phase-space and isospin-coupling factors. 
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Table I. Energy levels observed in 12N. 

12C(3He ,t)12N , 

Present work 
Energ'J 

(r,leV ± keY) J7f 

0 1+ 

0.96 ± 20 r. b c:+ 

1.20 ± 30 (2_)b 

Not observed 

Not observed 

2.43 '± 40c 

3.10 ± 30 

3.50 ± 40 c 

4.24 ± 50
d 

5.27 ± 40 

aSee Refs. 41, 42. 

a Previous data 
Energy 

(MeV ±keV) J7f 

0 1+ 

0.969' ± 7 

1.198 ± 9 

1.65 ± 80 

(2.0 ± 100) 

2.35 ± 80 

3.15 ± 80 

3.55 ± 80 

bAssignments made in present work. 

CP~gular distributions were not obtained for these levels. 

~road level or group of levels. 

UCRL-18277 

Dominant 
shell-mouel 

configurationa 

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

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

p7s 

p7s 

8 b 
P 

8 b 
P 
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Table II. 12 3 3 12 . Energy levels observed in the. C( He, He') C reactlon. 

Energy 
J7T· Tb (MeV ± keV)a . , 

0.0 0+;0 

4.43 2+'0 . , 

7.65 0+;0 

9.64 3-;0 

lo.B4c 
1-;0 

11. B3c 
2-;0 

12.71 1+;0 

14.0B 4+;0 

15.11 1+;1 

16.11 2+;1 

16;57 2-;1 

(17.26)d 1-;1 

(17.77)d 0+;1 

IB.40 ± 60c ;l)e 

IB.81 c 
2+;1 

(19.2)d 1-,2-;1 

19.58 ± 60f ;l)e 

Dominant 
shell-model b 

configurations 

B 6 2 
(p 3/2)0 + (p 3/2)0 (p 1/2)0 

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

pB + p6(s,d) 

p7d 

p7(s;d) 

p7(S;d) 

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

B 
p 

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

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

p7s 

p7s 

B p 

aEnergy levels without error bars were well known previously (see Refs. 42-45). 

b 
See Refs. 19, 40, 42-46. 

CAngular distributions were not obtained for these levels. 

dThese levels were not observed in the (3He ,3He ,) reaction. 

eTentati ve assignments made in present vlOrk. 

l' 
-Broad level or group of levels. 



. 13 13 Table III. Energy levels observed In C and N. 

13C 13N 
------------------~-------------------

13c( 3Ue , 3He I )13C 
(Present work) 

Energy 
(MeV ± keV) 

0.0 

3.09 

3.68 

3.85 

6.87 

7.55 ± 30 

8.86 ± 30 

9.50 ± 30b 

C 

11. 84 ± 30 

15.11
b 

.~" 

Previous dataa 

Eneray 
o 7f 

(MeV ± keV) J 

0.0 

3.086 ± 3 

3.681 ± 3 

3.852 ± 3 

6.866 ± 7 

1

7.490 ± 15 

7.550 ± 15 

8.86 ± 20 

1/2-

1/2+ 

3/2-

5/2+ 

5/2+ 

7/2+ 

5/2-

1/2-

9.503 ± 15 (3/2-) 

11.078 ± 20 

11. 80 ± 30 

15.113 ± 5 

(1/2-) 

3/2-

3/2 - ,T=3/2 

aSee Refs. 36, 40, 43, 44, 47-49. 

13C(3He ,t)13N 
(Present work) 

Energy 
(MeV ± keV) 

0.0 

2.37 

3.53 ± 30 

6.38 

7.17 

7.39 

8.92 ± 40 

c 

10.78 ± 40b 

11.85 ± 40 

15.07 

15.98 ± 50b 

bAngular distributions were not obtained for these levels. 

cThese levels were weakly populated (see Fig. 3). 

Previous data a 
Energy 

(MeV ± keY) J7f 

0.0 

2.366 ± 2 

1
3.510 ± 2 

3.547 ± 6 

6.382 

7.166 ± 8 

7.385 ± 8 

8.90 ± 40 

9.48 

10.80 ± 30 

11.87 ± 30 

15.068 ± 8 

15.96 ± 50 

1/2-

1/2+ 

3/2-

5/2+ 

5/2+ 

7/2+ 

5/2-

1/2-

3/2-

1/2-

3/2-

3/2 - ,T=3/2 

• 

Dominant 
shell-model a 

configuration 

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

(p 3/2)~ s 1/2· 

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

(p 3/2)~ d 5/2 

8 
p s 

p8d 

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

(p 3/2)~/2 (Pl/2)~ 

9 p 

7 
(p 3/2)3/2 

7 
(p 3/2)3/2 

(p 1/2)2 
1 

(p 1/2)2 o 

I 
0'\ 
-..J 
I 

c:: 
o 
~ 
I 
I-' 
co 
I\) 

-..J 
-..J 
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Table IV. Energy levels observed in 14N. 

14N(3He,3He,)14N 11+C( 3He , t ~14N Dominant 
a shell-model Energy Energy 

J7T , Tb b 
(MeV ± keV) (MeV ± keV) configurations 

0.0 0.0 1+,0 (p 1/2)2 

2.31 2.31 0+,1 (p 1/2)2 

3.95 3.95 1+,0 (p 3/2, P 1/2)-1 

4.91 4.91
c 0-,0 (p 1/2, s 1/2) 

5.10 5.10 2-,0 (p 1/2, d 5/2) 

5.69 5.69 1-,0 (p 1/2, s 1/2) 

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

6.21c 6.21c 1+,0 (s 1/2)2 

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

7.03 ·7.03 2+,0 (p 3/2, P 1/2)-1 

(8.0 - 11.0) d . d 
(8.0 - 9.5) 

10.43 2+,1 {p 3/2, P 1/2)-1 + (s,d) 
11.22 ± 50

e 

12.49 ± 40c 

12.71 ± 50
e 

12.83 ± 50
c 

13.70 ± 40 1+,1 (p 3/2, P 1/2) -1 

a 
Energy levels without error bars were well known previously. 

b See Refs. 18, 40, 43, 44, 48, 50, 51. 

c 
Angular distributions were not obtained for these levels. 

I 

d 
Several unresolved levels were populated in these regions (see Figs. 4,5). 

eStrong levels were also observed in the 14N(a,a , )14N reaction56 at 11.3 and 

12.9 MeV. 
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Table V. 
. 15 15 Energy levels observed In Nand O. 

~\\\\\\\\\\ 
"it!:'·n 

"~!i\~( 3He , 3He , ) 15N 15N(3He ,t)150 

(Present work) Prebious dataa (Present work) Pr15vious dataa Dominant 
Energy Energy Energy Energy shell-model 

(MeV ± keV) (MeV ± keV) J1T (MeV ± keV) (MeV ± keV) J1T configuration c 

0.0 0.0 1/2- 0.0 0.0 1/2- P 1/2-1 

[ 5.27 5/2+ [5. 24 5/2(+) (p 1/2)~ d 5/2 
5.28 ± 30 5.24 ± 30 2 

5.30 1/2+ 5.19 1/2+ (p 1/2)0 s 1/2 

6.32 6.32 3/2- 6.18 6.18 3/2(-) p 3/2-1 

7.15 7.15 5/2+ [6.86 5/2+ (p 1/2)i d 5/2 
6.84 ± 40 2 I 

7.30 7.30 3/2+ 6.79 3/2+ (p 1/2)1 s 1/2 0\ 
'-0 

I 

7.56 7.56 7/2+ 7.28 7.28 7/2(+) (p 1/2)i d 5;2 

8.31 8.31 1/2+, ( 3/2+) 7.55 7.55 1/2+ 2 
(p 1/2)1 s 1/2 

8.57 8.57 3/2+ 8.28 8.28 3/2+ (p 1/2)i d 5/2 

9.05 1/2+, (3/2+) r 8. 75 1/2+ 

9.17 ± 30 19.16 3/2("'),(5/2) 8.94 ± 40 l8. 98 3/2-

9.22 3/2,(1/2) 8.92 3/2(+) 

[9.76 5/2- [9.485 5/2- c:: 9.79 ± 40 9.47 ± 50 (") 

9.83 7/2(-) 9.49 ± 40 3/2+ 
~ 
t-< 
I 
I-' 

1/2+,3/2+ [ 9.61 3/2-
CP 

[ 9.93 • t •• 
f\) 
-..:) 

10.03 ± 40 9.63 ± 40 -..:) 

10.07 3/2+ 9.67 (7/2,9/2)-

(continued) 



15N(3He,3He,)15N 

(Present work) 
Energy 

(MeV ± keV) 

10.71 ± 40 

11. 34 ± 40 

11. 92 ± 40 

12.52 ± 40 

14.12 ± 40 

15.11 ± 40 

Previous data a 
Energyb 

(MeV ± keV) JTI 

10.lf5 3/2,5/2,7/2 

10.54 5/2 

[10.70 3/2+ 

10.80 3/2 

d 

a 
See Refs. 43, 44, 52-55. 

Table V. Continued. 

15N(3He ,t)150 

(Present work) 
Energy 

(MeV ± keV) 

10.30 ± 40 

·10.49 ± 40 

10.97 ± 50 

11.21 ± 60 

1l.69± 40 

12.34 ± 40 

13.78 ± 40 

Previous data a __ 
Energyb 

(MeV ± keV) JTI 

10.28 

10.46 

eO. 94 ~3/2 

11.02 

d 

bEnergy levels without error bars were well known previously. 

cSee Refs. 52, 54, 55. 

d . . 15 15 Several levels have been reported above 11 MeV In both Nand 0 (see Refs. 43, 44). 

Dominant 
shell-model 

configurationC 

I 
--J o 

I 

c:: 
o 
~ 
t-< 
I 

f-' 
m 
J\) 

---l 
---l 
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Table VI. Optical model potentials. 

Energy Vo r a . lio r b rc 
Potential Channel (MeV) (MeV) (~) ( F)- (MeV) ( ~) (F) (F) 

A
a 15N+3He 39.8 160.0 1.23 0.595 12.44 1.80 0.858 1.3 

B
a 14N+3He 44.6 160.0 1.29 0.565 11.37 1. 78 0.811 1.3 

Ca 14C+3He 44.8 160.0 1. 31 0.569 12.58 1.82 0.795 1.3 

Da 13C+3He 39.6 160.0 1.31 0.565 14.86 1.73 0.826 1.3 

Xa Average set. 160.0 1.29 0.574 12.82 1. 78 0.822 1.3 

E 12C+3Re 49.8 160.0 1.40 0.572 20.31 1. 70 0.537 1.3 

Fb 12C+3He 49.8 160.0 1.39 0.542 12.58 1.96 0.571 1.3 I 
-.J 
~ 
I 

M 14N+c::F 40.5 195.0 1.28 0.654 21.00 1.28 0.654 1.3 

V1d 12C +p 46.3 41.5 1.143 0.643 9.7 1.143 0.643 1.2 

aIn order to fit the reaction data these potentials were modified by setting r' = 0.93 r . o 0 

bThis potential set was used in calculating the theoretical angular distributions for transitions 

leading to states in 12C and 12N. 

cData obtained by Harvey et a1. 56 

dOptica1 potential set obtained from Ref. 59. 
c:: n 
~ 
~ 
I 
i-' 
OJ 
I\) 
-:J 
-:J 



Table VII. Experimental strengths for the effective nucleon-nucleon interaction at a-
1

=1.0 F 

obtained from (JHe,t) p 1/2, P 3/2 + P 1/2 (dominant L=O) transitions. 

IndeEendent oEtical Eotentials Average oEtical Eotential 

Energy 
J1T,T 

VOl (MeV) Vll(MeV) V 01(t~eV) V
11

(MeV) 

Reaction (MeV) (jj) (CK) (jj) (CK) . (jj) (CK) (VF) (W (CK) 

15N(3He ,t)150 0.0 1/2_,1/2a 21.6 21.6 (17.3)b (17.3)b 21.2 21.2 (17.0)b (17.0)b 

6.18 3/2_,1/2a (22.2) (22.2) 18.1 18.1 (21.7) (21. 7) 17.7 17.7 

14 C(3He ,t)14N 2.31 0+,1 
a __ 

20.4 20.4 20.0 20.0 20.0 

3.95 1+,0 a 21.0 15.7 20.6 15.4 

13.70 1+,1 17.8 28.4 17 .4 27.8 

14N(3He ,t)140 6.60 2+,1 c (14.2) (14.8) 11.3 11.8 (16.9) (17.6) 13.4 14.0 

7.78 2+,lc (13.8) (14.4) 11.1 11.4 (16.4) (17.1) 13.2 13.6 

13C(3He ,t)13N 0.0 1/2_,1/2a 22.6 23.3 (18.1) (18.7) 20.1 20.7 (16.1) (16.6) 

3.51 3/2- ,1/2 d 

3.56 5/2+,1/21 27.7 20.4 27.7 20.4 24.7 18.2 24.7 18.2 

8.92 1/2- ,1/2 18.2 31.6 16.2 28.1 

11.85 3/2-,1/2 (22.2) (44.6) 19.7 44.6 (19.8) (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 

Average 21. 5±0.8 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 

aOn1y these transitions were included in computing average strengths. 

DIn some cases the calculated angular distributions are relatively insensitive to the values of either VOl or VII' In these cases the 

strengths which are obtained are enclosed in brackets. 

O·T.~ese levels 'were assumed to have the configuration [~(p 3/2, P 1/2)-1 

QA theoretical fit to these unresolved transitions is given in Ref. 38. 

• 

1 
72 (S,d)]2+, T=l . 

(VF) 

16.5 

~ 

I 
-.J 
I\) 
I 

c: 
(") 

~ 
I 
I-' 
():J 
I\) 
-.J 
-.J 



Table VIII. Experimental strengths for the effective nucleon-nucleon interaction at 

a-1=1.0 F obtained from (3He ,3He ,), p 3/2 ~ P 1/2 transitions. 

VOO(MeV) 

Wigner force Serber force Force III 
Energy 

J7T T (MeV) ( j j ) (CK) (jj) (CK) (jj) ( CK) , 

A. Independent 15N 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 

7.55
a 5/2-,1/2 112.6 76.3 126.5 82.0 98.3 71.1 

11. 84b 
3/2-,1/2 150.2 2010 168.4 332.4 77.0 157.8 I 

-..1 

12C 4.43 2+,0 106.6 67.8 105.8 67.8 105.8 67.8 
\)J 
I 

Average 76.9±24 61. 5±9 77 .l±26 61. 7±14 69.9±26 55.5±11 

B. Average 15N 6.32 3/2-,1/2 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 

U.84b 3/2-,1/2 133.6 1790 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 c: 

(") 
~ 
t-< 

Average 73.7±15 60.3±6 73.6±20 60.2±10 78.1±19 54.2±5 I 
I-' 
Q:J 
f\) 

aTh~ contribution from the 7.49 MeV, 7/2+ level has been neglected. 
--.J 
--.J 

bNot included in computing average strengths. 



Table IX. Experimental strengths a for the effective nucleon-nucleon interaction 

at a -1=1. 0 F obtained from (3He , 3He ,) transitions where V 00 is forbidden. 

Dominant 
single Serber force Force III 
particle Energy 

JTf T transition (MeV) (jj) (CK) (j j ) (CK) , 

p 1/2 --r d 5/2 15N 8.57 3/2+,1/2 
b 

VIO,Vll 
22.0 c 

p 1/2 -'>- P 1/2 14N 2.31 0+,1 VII 14.7 20.2 14.7 20.2 

p 3/2 ~ p 1/2 13C 8.86 1/2-,1/2 VIO ,V
11 

c 
294 14.3 26.5 

p 3/2 -'>- P 1/2 12C 12.71 1+,0 VIO 10.6 27.0 10.6 27.0 

p 3/2 -'>- P 1/2 15.11 1+,1 VII 10.2 24.3 10.2 24.3 

P 3/2 -;.. P 1/2 16.11 2+,1 VOl,Vn 29.4 46.1 29.4 46.1 

aThe values given here and in all subsequent tables were obtained using the average optical 

potential. 

b I V 10 I = I VIII for both a Serber exchange mixture and Force III. 

cForbidden in the j-j limit. 

I 
~ 
+=-
I 

c:: 
(") 

~ 
I 

I--' 
(Xl 
I\) 

--l 
--l 
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Table X. Experimental strengths for the effective nucleon-nucleon interaction 

at a-l=l.O F obtained from (3He ,t), p 3/2 7 P 1/2 (dominant L=2) transitions .. 

Energy VOl (MeV) v
l1

(MeV) 

Reaction (MeV) J1T,T (jj) (CK) (VF) (j j ) (CK) 

14c(3He ,t)14N 0.0 1+,0 17.7 23.7 

7.03 2+,0 
a 

35.5 35.2 34.8 35.5 35.2 

10.43b 
2+,1 

a 
44.9 48.3 44.9 48.3 

14N(3He ,t)140 0.0 1+,0 15.1 20.8 

10.89c 
(1+1..0'1 14.0 17.7 11.2 14.2 

11.24c (1+),1 19.3 24.6 15.5 19.6 

13C(3He ,t)13N 7.39 5/2-,1/2
a 

33.1 40.3_ 33.1 40.3 

12C(3He ,t)12N 0.96 2+ 18. , 29.3 45.8 29.3 45.8 

Average 35.7±5 42.4±5 35.7±5 42.4±5 

aOnly these transitions were included in computing average strengths. 

(VF) 

25.9 

34.8 

23.7 

bThe 10.43 MeV level is assumed to have the configuration [~(p 3/2, P 1/2)-1 ± ~ (s,d)]2+ T=l. 
. , 

cThese values for V
ST 

were obtained assuming that either the 10.89 or the 11.24 MeV level had the 

dominant configuration (p 3/2, p 1/2)~! 
(' , T=l 

., 

,. 
--J 
\J1 , 

c:::: o 
~ 
I:-i 
I 
t--' 
.():) 
f\) 
--J 
--J 
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Table XI. Experimental strengths for the effective nucleon-nucleon interaction 

at a-l =1.0 F . obtained from (3He ;3He , )pl/2 +s 1/2, d 5/2 transitions. 

VOO(MeV) 

Single-particle Energy Wigner Serber Force 
transition (MeV) Jlf T force force III , 

P 1/2 -+ d 5/2 15N 5.27 5/2+,1/2 1 
5.30 1/2+,1/2. 70.3 72.4 64.9 

5.27a 5/2+,1/2 b .b 
80.9 

b 
91.1 91.9 

7.15 5/2+,1/2 67.2 49.2 75.7 

7.56 7/2+,1/2 93.3 81.9 105.2 
14N 5.10 2-,0 68.8 67.0 67.0 

5.83 3-,0 89.8 86.4 86.4 
13C 3.85 5/2+,1/2 66.8 46.8 75.0 

Average 76.0±10 67.3±13 79.0±11 

p 1/2 -+ S 1/2 15N 7.30 3/2+,1/2 60.4 52.1 67.9 

8.31 1/2+,1/2 69.4 52.0 78.3 
14 . 

N 4.91 0-,0 53.6 52.8 52.8 

5.69 1-,0 46.3 45.3 45.3 
13C 3.09 1/2+,1/2 40.0 34.0 45.0 

Average 53.9±9 47.2±6 57.9±12 

aThe contribution from the 5.30 MeV, p 1(2 -+ d 5/2 transition is neglected. 

b . Not included in computing average strengths. 
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Table XII. Experimental strengths for the effective nucleon-nucleon interaction 

at a-l=LOF obtained from (3He ,t), l? 1/2-+ d 5/2 transitions. 

Dominant 
Energy L 

Reaction (MeV) J7r T transfer VOl (MeV) Vll(MeV) , . 

15N(3He,t)150 5.19
a 1/2+,1/2 

1~31 5.24 5/2+,1/2 57.8 57.8 

6.79
a 

3/2+,1/2 

1\\ 6.86 , 5/2+ ,1/2 23.1 23.1 

7.28 7/2+,1/2 3 39·7 39.7 

8.28 3/2+,1/2 1 15.5 

14N(3He ,t)140 6.28 (3-),1 1 . 22.7 22.7 

6.79 (2-),1 1,3 25.0 25.0 

14C(3He ,t)14N 5.10b 
2-,0 1 3LO 

5.83
b 

3-,0 3 43.0 43.0 

13C(3He,t)13N 3.51b ,c 3/2-,1/2 

1:31 3.56
b 

5/2+,1/2 18.2 18.2 

Average 32.8±l2 30·7±1l 

aThe contributions from these p 1/2 -+ S 1/2 transitions were included. 

bDWBA calculations for these transitions are shown in Ref. 38. 

cThe angu18,~ distribution for the 3.51 MeV level was calculated using CK 

,,'lave functions. 
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Table XIII. Experimental strengths for the effective nucleon-nucleon interaction 
-1 3 at a =1. 0 F obtained from ( He, t), p 1/2 -+ s 1/2 transitions. 

Energy 
J7T T Reaction (MeV) VOl (MeV) Vll(MeV) , 

15N(3He ,t)150 6.79 3/2+. l / 2 1 
6.86a 5/2+,1/2 23.1 23.1 

7.55 1/2+,1/2 19.4 15.5 

14N(3He ,t)140 5.17 1-,1 19.3 15.5 

14C(3He ,t)14N 5.69 1-,0 23.0 23.0 

13C(3He ,t)13N 2.37 1/2+,1/2 12.0 9.5 

Average 19.4±3 17.3±5 

aThe contribution from the 6.86 MeV, p 1/2 -+ d 5/2 transition is included. 



Table XIV. A comparison of inelastic 3He and a-particle scattering on.lp shell nuclei. 

Integrated cross sections (8 = 20··80 deg.) 
Dominant 

c.m. 

single- Absolute (mb) Relative G
2

(LOLO) Relative 
particle Energy 

J'TT,T (3He , 3He , ) (a,a,)a (3He , 3He , ) transition (MeV) (a,a' ) (CK) (jj) 

p 3/2 -)- P 1/2 15N 6.32 3/2-,1/2 1. 70 3.80 1.31 1.56 1.03 1.0 
14N 3.95 1+,0 1. 30 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 0.289b c 0.22 d 
:: 0 

e 

11.84 3/2-,1/2 1. 58 c 1.22 d 0.0017 0.3 I 

12C 
--J 

4.43 2+,0 22.9 41.1 17.6 16.8 10.15 4.0 \.0 
I 

o /0
3 

= 1.88 G
2

/G
23 = 1. 78 

a He a He 

p 1/2 -+ d 5/2 15N 5.27 5/2+,1/2 } 
1.69

f 
5.30 1/2+,1/2 2.02 7.38 1.34 1.42 

7.15 5/2+,1/2 0.308 0.591 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 c:: 
0 

13C 3.85 5/2+,1/2 1.43 4.18 0.947 0.807 
~ 

1.12 t-' 
I 

12C 9.64 4.19 2.78 4.38 
I-' 

3-,0 22.7 co 
f\) 
--J 

o /0
3 

= 3.43 G2/G2 = 1. 78 --J 

a He a 3
He 

(continued) 



Dominant 
single­
partir::le 

transition 

P 1/2 ~ s 1/2 15N 

14N 

13C 

Energy 
(MeV) 

7.30 

8.31 

4.91 

5.69 

3.09 

aHarvey et al., see Ref. 56. 

b 8= 25-80 deg. 
c.m. 

cNot reported in Ref. 56. 

J1T T , 

3/2+,1/2 

1/2+,1/2 

0-,0 

1_,0 

1/2+,1/2 

Table XIV. Continued. 

Integrated cross sections (8 = 20-80 deg.) 
c.m. 

Absolute (mb) Relative G2(LOLO) Relative 

(3He , 3He , ) (a,a') 
a (3He , 3He , ) (a,a') (CK) (jj) , 

0.659 3.23 1.58 1.98 2.0 

0.109 0.747 0.262 0.458 0.25 

0.416 1.63 1.0 1.0 1.0 

0.464 1.82 1.11 1.12 2.0 

0.690 3.41 1.66 2.09 1.5 

° /03 = 3.92 
a He 

G2/G2 = 1. 78 
a 3He 

dThese levels are populated .in the (a,a') reaction at E = 64.5 MeV with approximately the same relative 
a 

intensit.ies as those observed in the (3He , 3He ,) reaction (see Ref. 38, 71). 

eForbidden in the j-j limit. 

f The contribution from the 5.30 MeV, 1/2+ level has been neglected. 
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Tb.ble AV. A comparison of the experimental strengths for the effective nucleon-nucleon interaction 

Energy 
(He'l) 

3.95 

7.03 

4.91 

5.69 

5.10 

5.83 

J1T 

1+ 

2+ 

0-

1-

2-

3-

-1 . 14 3 3 14 14 14 . at a. =1.0 F obtalned from the N( He, He') Nand N( 0.,0.') N reactlons at 

Dominant 
single-particle 

transition 

p 3/2 -+ pl/2 

pl/2 -+ s 1/2 

P 1/2 -+ d 5/2 

E3He == 44.6 and Eo. =40.5 JvIeV, respectively. 

VOO(MeV) 

(3He , 3He , ) 

Wigner force 
(jj) 

48.9 

59.9 

53.6 

46.3 

68.8' 

89.8 

(CK) 

49.5 

63.7 

Serber force 
(jj) 

47.0 

50.9 

52.8 

45.3 

67~0 

86.4 

(CK) 

49.3 

52.2 

(0.,0.') 

Wigner force 
(jj) (CK) 

53.4 54.2 

54.6 58.0 

58.5 

45.4 

82.7 

112.0 

-------~------ -------

I 
(Xl 
I-' 
I 

c:: 
(') 

~ 
t-< 
I 
I-' 
():;J 
I\) 
--.J 
--.J 
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'I8.r~le XVI. A comparison of the experimental strengths for the effective nucleon-nucleon interaction 
-1 . 12 3 3 12 12 3 12 12 12 

at a =1.0 F obtalned from the C( He, He') C, C( He,t) N,and C(p,p') C 

reactions at E3He = 49.8 MeV and Ep = 46 MeV,respectively. 
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'lIable XVII. A comparison of V
ST 

for various exchange mixtures used in nucleon-nucleon scattering and 

shell-model calculations. 

x crT 
v(rl) = Vo (WHIP +BP -HP ) exp(-ar12 )/ar12 

-1 3 where a = 1. a F and V = -135 MeV (A = 1691 MeV F ) 
r:xchange o 0 

mixture W M B H ATE ASE A
TO ASO VOO 

a 
VIa Val V

11 

1. Serber 0.5 0.5 0.0 0.0 1.0 1.0 0.0 0.0 -50.6 16.9 16.9 16.9 

2. Glendenning 
& Veneronib,c 

0.4 0.4 0.1 0.1 1.0 0.6 0.0 0.0 -40.5 6.8 20.2 13.5 

3. True 
d 0.406 0.406 0.094 0.094 1.0 0.625 0.0 0.0 -41.1 7.4 20.0 13.7 

4. Ferrell- 0.317 0.5 0.0 0.183 1.0 0.634 -0.366 0.0 -13.5 16.9 29.2 16.9 
Visscher'e 

" 

5. Rosenfeldf -0.13 0.93 0.46 -0.26 1.0 0.6 ~0.34 ..,.1.78 0.0 0.0 13.5 31.0 

(3He , t) 120.61 116.51 
Effective nucleon-nucleon interaction 

(3He ,3He ,) 160.21 1 (11-27) 1 

aAll values of VST were calculated using a Yukawa potential with a-l =1.0 F and Vo=-135 MeV. 

bA Yukawa with a-l =1.13 F and V =-84 MeV (Jl. =1523 MeV F3 )reproduces the proton-proton scattering length and 
. 0 0 

effective range (see Ref. 82). 

cUsed by Glendenning and Veneroni 3 in a microscopic analysis. of (p,p') reaction on even nickel isotopes; 
radial dependence: Gaussian, S-1/2=1.85 F, V =-52 MeV (A =1835 MeV F3). 

o 0 

dUsed by True 51 in a shell-model calculation for levels in 14N; radial dependence: Gaussian, 13-1 / 2=1. 82 F, 
Vo=-52 MeV (Ao=1760 MeV F3). 

eUsed in a shell-model calculation of 0+ states in 160 (see Ref. 81); radial dependence: 
Gaussian, 13-1 / 2=1.732 F, Vo=-51.9 MeV (Ao=1502 MeV F3). 

fAYukawa with a-l =1. 37 F and V 0=-50 MeV (Ao=1615 MeV F3 ) gives the singlet-triplet separation for the 
deuteron. 83 
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Table XVIII. A comparison of the (3He ,t) and (3He ,3He ,) reactions populating 
analog states in the mass 14 'triad. 

Cross sections 

( e 
--c.m. 

= 15-80deg.) Vll(MeV) 

E3He Absolute Adjusteda 

Reaction (MeV) (l1b) ( I1b) (jj) ( CK) (VF) 

14 3 14 ] ( He, t) 0 (g. s ., 0+) 44.6 117±18b 126±19b 
15.i 20.8 23.7 

14N(3He,3He,)14N (2.31 MeV, 0+) 44.6 68±17b 140±35b 14.7 20.2 23.3 

14 3 14 
C ( He, t) N (g. s ., 1+) 44.8 569±1l3

b 189±37b 
17 .7 23.7 - 25.9 

aSee Fig. 26. 

bEstimated errors include uncertainties in the absolute differential cross section plus statistical 

errors. 
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Table XIX. T = 1 levels in the mass 12 triad. 

12 
B l2C 

Dominant 
Energy a Level shift Energy shell-model 

J7f a (MeV) (keV)b (MeV) J7f;T configuration 

1+ 0.0 15.11 1+;1 7 
(p 3/2)3/2 P 1/2 

2+ 0.953 (+47) 16.11 2+;1 ·7 
(p 3/2)3/2 P 1/2 

2- 1.674 214 16.57 2-;1 p7s 

1- 2.62 470 17.26 1-;1 p7s 

(S3+) 2.72 60 17.77 0+;1 
8d 

p 

(s3+) 3.39 100 18.40e ( ; l)c 

8 d 
3.76 60 18.81 2+ 2+;1 P 

(1-) ·4.30 210 19.2 1-;2-;1 p7(s,d) 

3- 4.54 70
c 

19.58 ( ; 1) 
c 

a(See Ref. 42-44, 87). 

bThe level shifts are calculated relative to the ground state multiplet. 

cTentative assignments made in the present work. 

dTentative assignments (see Ref. 40). 

Level shift 
(MeV)b 

40 

260 

500 

230 

190 

200 

230 

Energy 
(MeV) 

0.0 

0.96 

1.20 

1.65 

2.43
c 

3.10c 

3.50
c 

4.24c 

l2N 

JTf 

1+ 

2+ 

(2_)c 

eA level observed previously in l2C at 18.40 MeV is known to have JTf = 0-; however, the isobaric spin of 

this level is unknown (see Ref. 45). 
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'i.'8.ble XX. Average strengths for the effective nucleon--nucleon interaction at ex -1=1.0 F obtained 

from (3He ,3He ,) and (3He ,t) transitions. 

Vsrr 

VOl 

V11 

p 1/2,p 3/2 ~ p 1/2 

( L=O) 

(CK) 

20.6±0.4 

16.5±1.1 

(3He ,t) Present work 

p 3/2 ~ p 1/2 p 1/2 ~ d 5/2 

(L=2 ) (L=1,3) 

(CK) ( j j ) 

42.4±5 32.8±12 

42.4±5 30·7±1l 

3 3 ( He~ He l
) Present work 

p 1/2 ~ s 1/2 

(L=l) 

(jj) 

19.4±3 

17.3±5 

(Previous work) 

(p,n)a 
L=O 

19-26 

~ll~o. 6-1. 0 
01 

(3He ,t)b 
L=O 

3li6 

20±4 

i£iE1) Previous work 

p 3/2 ~ p 1/2 P 1/2 ~ d 5/2 P 1/2 ~ s 1/2 

V
ST 

Voo 
VOO 

VOO 

Exchange 
mixture 

Vligner 

Serber 

Force III 

V 10 Serber 

V 10 Force III 

a See Ref. 8, 10-12. 

(L=2) 

(CK) 

60.3±6 

60.2±10 

54.2±5 

(L=O) 

%27 

%27 

(L=3) 

(jj) 

76.0±10 

67.3±13 

79.0±11 

(L=l) 

%22 

b See Ref. 13,14. 

(L=I) 

(jj) 

53.9±9 

47.2±6 

57.9±12 

cSee Ref. 8,10. 

Without With 
core core 

Target . polarization c polarization 

7Li 

12C 

180,90,92zr} 
208pb 

89y ,90Zr 

208pb 
} 

d See Ref. 9. 

90 

86.ge 

z200 ::::::80 

~40d 

eSee Section IVC-2. 

d 
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This report was prepared as an account of Government 
sponsored work. Neither the United'States, nor the Com­
mISSIon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

:As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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