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ABSTRACT
The (BHe,t) and (BHe,BHe') reactions on 9Be, 12C, lBC, th [(BHe,t)
5He energies varying
beﬁﬁeen 40.50 MeV. Angular distributions were obtained for all prominent
sﬁates up to excitations of 20 MeV. A microscopic analysis of these data hasv
been carried out using a local tﬁo-body interaction with an arbitrary spin-
isospin exchange mixture. Spectroscopic factors were ;alculated using

intermediate-ébupling wave functions for p shell states while simple j-j

configurations were assumed for the levels which were populated by promoting

a p nucleon to the s-d shell. A 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 gdod agreement with

recent -analyses of the (p,p') and (p,n) reactions on light nuclei. In

particular, dominant L = O +transitions observed in the (BHe,t) reaction

give valueé for the isospin V =V and spin-isospin V dependent

ST 0ol 11

" terms (converted to an effective nucleon-nucleon interacticm%at a range of

1.0 F) of 20.6 and 16.5 MeV, respectively, while the strengths required to
fit (BHe,t) L =2,53 transitions were generally enhanced. For inelastic
transitions. the average strengths obtained for. VOO , assuming a Serber

exchange mixture. varied—from 47.2 to 67.3 MeV depending upon the L transfer
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involved. A comparison of the (BHe,t) and (BHe,BHe‘) reactions populating

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

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

the lowest T = 3/2 levels in the mirror nuclei 9B - 9Be and 15N - 13C and ¥
12 12

several T =1 levels in N - C.
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I. INTRODUCTION
There has been a growing intérest recently in the applications of
a microscoplc description to the inelastic andrcharge-exchange scattering
of vafious projectiles by nuclei.l-llL Utilizing the available experimental
data from the (p,n) and (p,p') reactions, several attempts have been made
to detefmine an effectivé nucleon-nucleon interaction in terms of a simple

. . . 6-2
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 Vgn =V,

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

11

the levels which are strongly populated in inelastic scattering are generally
sensitive to the spin-independent terms. So far, the (p,n)_reaction has been
reasonably sucéessful in determining the strength of isospin-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

3,6-9

the wave functions of the initial and final states.

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

5

description in an analysis of the (BHe,t) and (BHe, He') reactions on several

: 2.1 1k ly
1p shell nuclei - specifically, 9Be, . cC, jC; - C, 1 N and 15N. These

experiments were carried out at 5He energies of 40-50 MeV and therefore the

population of well-known levels up to an excitation energy of 15-20 MeV
13-16

could be investigated. Some experimental studies of the (BHe,t)

and (BHe,BHe')17 reactions on light and medium weight nuclei have béen

reported previously. However, the relatively few microscopic analyses

of these data have been generally limited to an investigation of the ground

8,10-12
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isobaric analog transitions observed in the (3He,t) reaction on several light

13,1k ,

nuclei.

(3 3

In principle, an investigation of the (“He,t) and (5He, He') reactions
on lp shell nuclei has several advantages whichvmake it at%ractive for a
microscopic analysis. First, many of the levels which afs strongly populsted
in these reactions correspond to transitions which mainly;involve the pro;'

motion of a single nucleon (i.e., almost pure single-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 sheli-
model transition involved.l8 This effect has been very useful in utilizing
the (3He,t) reaction as a spectroscopic tool.16 In particular, it was
. possible to make most probable spin and parity assignments for all levels
observed in l40 below 8 MeV.18

Finally, intermediate-coupling wave functions are available which have
already been successful in predicting many nuclear properties for 1p shell
states.19 Although‘these wave functions are unable to predict the observed
E2 transition rates without including an effective charge for the neutron,2
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.

kv
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In the presenf analysis, DWBA calculations have been performed using

the microscopic descripﬁion developed by M'adsen.5 Spectrbscopic factors were
19,21

calculated using the wave functions of Cohen and Kurath for ? shell
states, while simple j-j configurations were assumed for the levels which

were populated by promoting é P nuCléon 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
13,1k
calculations.

0f additional interest in these experiments was-the'comparison of the

(5Hé,t) and (5He,5He') reactions populating analog final states where

Tf = Ti + 1. In general, these transitions were weakly populated; however,
it was possible to observe the lowest T = 3/2 levels in mass 9 and 13 and
several T = 1 levels in mass 12. As a result, a correspondence was established

between seven excited T =1 1evelé in 120 and lgN.

IT. THEORY
The inelastic or charge-exchange scattering of various projectiles
by nﬁclei can be described using elther a collective or a microscopic model.
Both of these deécriptions generally utilize the distorted-wave Born-approximation

(DWBA) expression for the transition amplitude given by:

B V) m) @ (1)
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where R' 1is a vector between the center of mass of the projectile and the
center of mass of the target nucleus. The X§+) and Xg_) 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
inelastié sca’ctering23 since it was known that the states which are strongly
excited by inelastic scattering are also strongly coupled to the ground |
state by.the electromagnetic field.gu Although this macroscopic description
" has been suécessfully 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 wéakly excited levels. Charge-exchénge reactions have also been
~described ih terms of an optical potential model in which the ground isobaric
analog (quasi-elastic) transition results from an isospin or symmetry term in

25-2T while the radial derivative of this symmetry term

the optical potential,
' 27,28

gives rise to quasi-inelastic transitions.
If a microscopic description is used, the nuclear wave functions

¥, and ¥, in Eq. (1) are expressed in terms of the motions of the individual

target and projectile nucleons while the effective interaction is reﬁresénted

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

In principle, this model is capable of describing all iﬁelastic and charge-

exchange transitions and alsé offers a means for testing nuclear wave functions

providing the effective interaction is known.
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For incident protons or neuﬁrons at sufficiently high energies

(> 100 MeV) the impulse appfoximation is valid and the cffective interaction
can be replaced by the free nucleon-nucleon scattering amplitude.l’29
However, at lower'enefgies 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 projecfile'
and target nucleons; however, an arbitrary spiﬁ;isospin exchange mixture is
included. Hopefully, a ccnsistent set of parameters can be obtained for the
effective interaction ﬁrovided'the nuclear wave functicns are well known.

| One final restriction usually imposed in a ﬁicrosccpic description
is_to neglect the contributions from exchange processes in which the projéctile
nucleon (nucleons) is capfured whiie 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 fecently based on a microscopicvdescription of the inelastie
and charge-exchange scattering of various-projecﬁiles 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 intéractions given by

: a A | '
sz Z Vi - %) (2)

p=1 i=1



-6~ - UCRL-18277

where r' and Ei are the space coordinates of the projectile and target
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 sbin-isospin coordingtes. As a result,

the nucleon-nucleon interaction V(gﬁ - ;i) can be expressed in terms of an

effective projectile-nucleon interaction

VRp,) = [ ae't (s} - x,) (3)

where f(&') is the internal wave function of the projectile.
The nucleori-nucleon interaction is assumed to have the form
- = + g, + T e + . - '
Virg - %) = Wog + Vo 9005 + 3503 (Vo + Vqy 9090 1e(z) - x;) 5
(4)

where the strengths V, (for spin S and isospin T +transfer) are expressed

ST
in MeV while the radial dependence. g(gﬁ —‘gi) is generally limited ip caleculations
to functional forms which yield analytic expressions for the multipole expansion.

In particular, the Gaussian
2
g(r) = exp(-pr") , - (5a)
and‘the Yukawa

g(r) = exp(-or)/or (50)

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

VST for potentials of different ranges and different strengths, Johnson
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et al.7‘suggest maintaining a constant volume integral of the potential

Agp = Vgp | 8lr) &, (6)
|
where
A =V._ X (ﬂ'/B)B/2 : Gauésian
e T Ter | _ .
| . | - | (7)
Agr = Vg g (hﬂ/aﬁ) i Yukawa .

In order to compute the effective projectile-nucleon interaction,

Eq. (3), the internal wave functions of the 5He and triton projectiles are
normaliy assumed to be Gaussian. If the nucleon-nucleon interaction, Eq. (%),
is also chosen to be a Gaussian, then the resulting expression for v(Bj’,Ei) v
ié a Gaussian with a longer range_and'lower depth but the same volume integral,
Eq. (7), as the nucleon-nucleonbinteracfion; !

5

In the present analysis of the (5He,t) and (BHe, He') reactions,

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

obtained for the effective projectile-nucleon interaction, Eq. (3), is very
' 1k

complex. Wesoclowski et al. have shown, however, that for large values of

(R e,;i)‘ this complicated expression can be approximated by a Yukawa with

o~

the same range a-l but normalized strengths VST giVen by:

Vg = Vgp ox(oF/18y7) o ®

where 7y is proportional to the size parameter or average size parameters

for the Gaussian wave functions of the 3He and/or t projectiles (i.e.,
(BHe,t) and (BHe,EHe') 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 lﬁf,' 311 > 3 F and only deviate strongly at distances

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

are strongly absorbed inside the nuclear surface, Eg. (8) can be expected to
be reasonably correct; however, it should not be as accurate in the lighter
nuclei due to théir much smaller radii. 1In fact, the DWBA calculations
performed for the (BHe,t) and'(5He,5He') reactions discussed herein were only
insensitive to lower radial cutoffs < 155 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

J1dp

coherent sum of single-particle transition amplitudes FLM (ﬁf)
a o \° Er 1
g - [_=H -
a <)+7T’f12> k, (&+)(27, 1) (25+1)(28+1)
JSIM
33 | 2
7 192 (2 -1/2
D, . . v K _){2L+
X E 313, (ISUT) Vg Frip -~ (kp)(2142) , (9)
319,T

where

Jqd N -'* N 33
FLD]/-[ 2\(kf) =<Xf(c‘ ) (kf’ﬁ')lYl\é (R) ng 2 (R')|X§+) (gi,§,)>,

Jod ' ‘
ng 2 (R') =j/@‘j2£2 (ri) é_L -(R',I‘i) ﬂ%lll (rl) I‘? dI‘i P

and
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D, . . 181/2 1/2 '
= + 3
313 (38U) = M2, 11)72 (23 YE oy i fley >
1
i 7 4
i E |
. e .« 3 s 1 1. 1
x|\ Jd2 3 o QT(JJiJf,lTin,Jlgg) S (s3r;aT)
J 8 L
T'+T, -P, P
' WPty L PP . - -
x YT T'1;P! Pf)C(Tinl,Pi Pf)( 1)
(10)
X B prp p, Opq t S IHO0T TS0, 3,)
i £7°f 71 .
, -1/2 -1/2
T 1. 1 + -1
X S ' (83';0T') SPiP% 5Pin (2Ti 1) .(2$ +1) ST,O

In the'above expreséions the subscripts 1 and £ label initial and
final states; primes indicate projectile coordinates and quantum numbers;
J, L, S, and" T denote total, orbital, spin and isospin trénsfer; the
quantum numbers labeled P represent 2z components of isospih; and 21 :jl
and 92,32_ represent the orbital and total angular‘momenta of the tgrget
nucleon in its initial and final states. The radial form factors ging (R')
are dependent upon the radial ﬁave 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 (Y,C and z?',C; represent target

dqd
1°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

5

He') reactions on 1lp shell nuclei correspond either
, - b A~
to p-shell hole states or levels which have the configuration 1s 1lp 52s or

lsul A=3

in the (BHe,t) and (BHe,

2d (froﬁ hére on we will assume a closed ls shell and suppress all
principal quantum numbers). Since simple Jj-j configurations will be assumed
for the levels which are formed by promoting a p nucleon tp the s-d_sheil,
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-particleqtranéitions (all with ll Lo l) contribute.

However,'since the single-particle transition amplitudes F 132 were found

M
to be relatively insensitive to the binding energies of the target nucleon in
3.3 o
its initial and final states, FLM 2 was calculated only for the dominant

single-particle transition predipted in the Jj-j limit.r The vaiidity of
this approximation will be discussed latgr.(see Section IV A-B).

Since in the present analysis FEMJ was computed for only one
single-particle transition jl—ajg, the expression for the differential cross

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

o _
%%= Z o(3,3,L0) Z ('}(TJ%IE—) VST , (11)

JSL T

where

2
c(jlngG) = < o ) Z Fiy 1 2 (k )(2L+1)‘l/2 (12)
M . .

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

. - . : 1/2 .
a(sstr) = | T(2I+1)(es+1) % D, (J81), for £ = 1,
(23 +1)(23,+1) | o 412
- ;__ . 1 JlJE
(13)
i 1/2
. | m(2s+1)(es+1) D, . (JsLT) , for 4y 1, -
| (25741) (23, 41) Jdq1dp

B. Selection Rules

The microscopic formalism which has been described in the previous

section implies several restrictions on the various quantum numbers:

g, - 9;1 <33, + 3, (1ka)

TP I B A M (14p)

S=0 or 1 | o (1ke)

112 - 1il SL<L +, : (1k4)

L -8] <J<L+8 (14e)

le -T,| < T‘E T, + T, (14f)

P -pilsT< | n (1hg)
‘- ' while the conservation of parity gives

mem = ()T B (P | (15)

i
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It is interesting to compare the restrictions on the isospin transfer

5

T as they apply to the (BHe,t) and (5He, He') reactions. First, for a

(5He,t) transition, T must be equal to one (lhg) and therefore this reaction
and spin-isospin V terms in the

11
(5 b)

He') reaction where

is only dependent upon the isospin VOl

_effective interaction, Eq. (4). Second, for a (“He,

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

contribute to the cross section, whereas if Ti'= Tf #+ 0, then T =0, 1 and

all four terms can contribute. -Pinally, if Tf = Ti + 1 +then only the

isospin-dependent terms are allowed (14f,g) for both the (5He,t) and (5He,5He’)

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
shcll-model configﬁrations unless some selection rule or accidental cancellation
‘of & nuclear matrix element inhibits the difect process.8 However, a com-
parison of the (BHe,jHe') and (@,Q') 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). v
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Exchange terms result both from antisymmetrization between projectile
and target nucleons and from exchange forces in thé effective interaétion;
iin general the overlap integrals are complicated and difficult to compute,
particularly fof complex projectiles. The féw calculations which have been

50-33

reported for nucleon projectiles indicate that the contributions from

31,33

exchange integrals are small for L = O transitions, though for higher

31-33

I transfers these terms become more important and in certain cases the

direct and excﬁange contributions can be of comparable magnitude.32 What the
situation would be for the (BHe,BHe‘) and (BHe;t) reactions to be considered
here is not known. ‘It is evident that more theoretical analyses are necessary
before the real impoftance of ekchange effects is fully understood.

Another important approximation concerns thé use of a simple locai
interaction which does not vary with energy and also neglects sbin—orbit
and tensor forces which are known to contribute to the interaction between

3l

free nucleons. The wvalidity of this assumption can only be determined

by a comparison with experiment; so far the evidence indicates that this
approach can be reasonable successful.6_'l2
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. Shoﬁld the
wave functions underestimate the observed electromagnetic transition ratés
(E2 and E3 especially), then the effective interéction required to fit the
corresponding inelastic scattering data would be enhanced. TFortunately,

accurate lp shell wave functions are available which have been successful _

in predicting several nuclear properties including M1 transition rates and
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19

Gamow-Teller beta decays. Furthermore, the effective charges required to
predict the observed E2 transition rates enhance the E2 matrix elements by

2
factors of only 1.5-2.0. 0 As a result, the contributions from collective

8,9

or "core polarization" effects should be smaller for these transitions

‘than those observed for heavier nuclei.

IIT. EXPERIMENT

13 14

5 c, ¢ [(BHe,t) reactions

The (5He,t) and (5He, Hé') reactions on 120,

L
only] . N and 15N were simultaneously investigated using 40-50 MeV 5He beams

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-
- tercns. 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 hecessary to rotate the E detectors

o) _ .
to an angle/go deg. in order to stop the high energy tritons. Detailed
36-38

discussions of the experimental equipment have been presented elsewhere.

59

A 5.0 in. diameter gas cell with a window of Havar foil 0.1 mil thick

) Ly, luN, and 93% pure T°C in

)

was used to contain isotopically pure (>98%
L. .12 1k )
the form of methane. In addition, solid C, C and adenine (C5H5N5
targets were used.
1k '
The = C target, obtained from Brookhaven National Laboratory, was
- 1k 2
prepared by depositing " C onto a 2 mg/cm gold backing. This target contained

12 6 '
large amounts of = C and ! 0 and the exact luC target thickness was unknown.

| | I
In order to obtain absolute cross sections, the t C(BHe,a)lBC(g.s,)



between these two nuclear reactions. Since the cross section for the (q,
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5

He) C(g S.) reactions were investigated at E3 = Lh.8 and
He

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

an C(a,

incoming 5He (outgoing Q) particle from the (BHe,a) reaction is the same as >
the momentum of the outgoing 3He (incoming @) particle from the (a,BHe).

reaction and therefore time reversal invariance implies a detailed balance

5He)

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

section forAthé (3He,a) reaction to * 15%; the results are discussed in

detail elsewhere.58’uo
. 5 2 . ,
Energy spectra for the 1 C(BH t) 1 N, L 0(5 3 " 1 .

: He, He

;50(5He,t) 13N, 13C(BHe, He' ) 150, c(5He,t§ hN (3 SHe ) th
' 15N(EHe;t) 15O and 15N(EH e, He'") 5N reactions are shown in Figs. 1-6; the
experimental data for 4N‘(BHe,t) MO reaction have been published previously

in Ref. 18. Typical energy resolutions (FWHM) for tritons and 5He 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
with previous datauo-56 is.presented in Tables I-V. In general, angﬁlar
distributions'between’l5 and 80 deg. in the center of mass were bbtained 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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5He') REACTIONS

IV. A MICROSCOPIC DESCRIPTION OF THE (BHe,t) AND (5He,
| A. Calculation
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 o(j L6) which was

lj2
defined in Eq. (12). Before a meaningfﬁl comparison with experiment could
be made, it was necessary to investigate the effects of various parameters
and approximations on the shapes and relative magnitudes 6f the predicted
angular distributions. In particular, optical model parameters, nuclear

structufe 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 5He elastic scattering data which was also
measured in these experiments. Optical model parameters for tritons were
assumed to be the same as those for 5He particles. The general form of the

optical potential was taken to be

-1
v (r) - VO(1+¢X)'l -1 Wb(l+ex )y (16)

1l

u(r)
where

e, Ve x e s, i.

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

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
of 40.5 MeV a particles from lLLN 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-1),] With the exception of leC (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 5He potentials for scattering from heavier
n;clei.

Unfortunately, when these parameters were used in the DWBA calculations
they were unable to give reasonable fits for those (BHe,t) pl/2, p3/2 - pl/2
transitions in which the total angular momentum transfér was zero. Sﬁecifically,
these calculations were unable to reproduce the strdng minima observed neaf’

2, em = 35-45 deg. for dominant L = O transitions with small negative Q
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 x Th.

b,

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

ré = 0.9% rO , were used in calculating the theoretical angular distributions

for all transitions observed in the A = 13-15 nuclei. Furthermore, since
3He particles is known

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

exéitatidn energy of the final state.
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Theoretical angular distributions are shown in Fig. 8 for several
éhell-model transitions which illustrate that a small decrease in ry does |
not strongly affect the magnitude of these transitions (i.e., the integrated
cross sections differ by < lO%). Further, with the exceptién of the
pl/2-pl/2, L = 0 and pl/2-d5/2, L =1 (S=1) transitions it has little
effect on the predicted shapes of these angular distributions. However, the

deep minimum which is now predicted for the L = O transition at Gc m = 35

'deg. is in good agreement with relevant experimental data.
The changed shapes of the pl/2-d5/2, L = 1 (S=1) transitions wére
‘not éonsidered to be as important. [Very few examples of pure or dominant
pl/2-d5/2, L = 1 (S=1) transitions were observed in these data since the
final stétes 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.]

3

2
a. He scattering from 1 C

59 3

Difficulties in fitting elastic proton and .He61 scattering data
for lEC have been reported elsewhere. In this énalysis the major difference
between the optical model parameters obtained for l2C and those obtained for
other p shell nuclei is the large imaginary depth Wb 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
ground ang?;irst excited 2+ state of l'EC, an analysis using coupled equations
for the scattering of L6 Mev protggs from 120 indicated that the coupling
59

effects produced only minor chﬁﬁées in the observed optical potential.

5

The large difference in WO required to fit the “He scattering data for 12C

seems unreasonable, particularly in view of the above evidence.
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If Wb is fixed at 12.58 MeV, the potential set F is obtained. This
potential set is similar to thosé 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 (compére 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 = O +transitions
léading to states in 12C(lgN) were best fit using unmodified optical potentials
(i.e., no change in ro). This may be due to the fact that the observed L =0
transitions in 12C(lgN) have lérge negative Q values compafed with those in

the other nuclei. The unmodified potential set ¥ 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 greétly from one nucleus to another (with the exception
of 12C), an average optical potential set could be usea for all nuclei to
permit a better comparison of ghe various strengths obtained for VST from
fitting different levels in different nuclei. In the presenf analyéis, the
inelastic angular distributioné 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 potentlal 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 completea&ﬁtﬁxai

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

earlier :
values of VST obtained/from reactions on a given target. These correction
12 1k 1
factors were 0.87, 0.89, 0.98, 1.19,and 0.98 for ~°C, 150,-luc, ~'N, and 5N,

38

respectively. In general it was found” 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

2
The nuclear structure factors G (JSLT) were computed using the
relationships given in Section II and are tabulated in Ref. 38. Target-

- nucleus spectroscopic factors é?(JJiJ ;TTin;J

£ 192

) defined in Eq. (A.6)

of Ref. 5 were calculated for p shell states using the coefficients of |
fractional parentage obtained from the wave functions of Cohen and Kurath21
(hereafter denoted CK); j-Jj coupling structure factors were also computed for
el éhell states to permif 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 (p5/2)8 core

plus an s1/2 or d5/2 nucleon for A = 13 nuclei; a (pl/2, sl/2)O 1720 i
To LT LTV

or <pl/2’d5/2)2-,5-;T=5,1 configuration for A = 14 nuclei; and a

r 22 o 2 '
L(Pl/d)o, Sl/d]l/2+;T:l/2,3/2’ [(pl/Q)o s d5/2]5/2+}T=l/2,5/2

3

;«
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2 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
25

4 .
of True51 for levels in L N and of Halbert and French for levels in

N and 15

0 indicate that the above should be reasonably good approximations
since these 1evels only contain small admixtures of other configurations.
For example, the wave functions for the (pl/2, sl/E)l_;T:o.’l and (p1/2,
d5/2)2_;T=O’l levels of luN (see Ref. 51), which have been reasonably
successful in prédicting gamma-ray tfansition rétes,6u’65 only contain

(pl/2 , d3/2) admixtures of < k4.

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

As- mentloned previously, in order to s1mpllfy the theoretical
calculations only one radial form factor ng (R! ) was computed
_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 Al/5 F, a
diffuséness of a = 0.65F, and a spin-orbit coupling‘of 25‘times the Thomas
term; a Coulomb potential with a radius of 1.25Al/5 F was élso‘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 EB of the particle

1,2
+ Q(p,n)
3

in its initial and final j2 states given by EB2 = EB

I1 1
for -the (BHe,t) reaction and EB, = EB, + Qlpp') for the (BHe,

*

He') reaction.
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In order to obtain absolute values for EB it is necessary to

1,2
determine the parent state in the (A-1) nucleus which has the dominant
configuration of the inactive (A-1) core of the target nucleus. In general,
| for pl/2-da5/2 , pl/2-sl/2, and pl/2-pl/2 transitions in the j-j
1limit, the parent state corresponds to the ground state configuration of the

" (A-1) nucleus and therefore EB, 1is simply equal to the appropriate nucleon

15N(l5

1

binding energy of the target nucleus. The transitions to levels in 0)

with the configuration (pl/2)§ as/2 or (pl/2)§ s1/2 are exceptions to this

rule (see Fig. lO). (When this method gave negative values for EB, , 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 1limit) does not always overlap with the ground state configuration

of the (A-1) nucleus but instead may have lérge coefficients of fractional

parentage for several excited states. In this case the radial fqr@ factor

should in principle be the sum of-severél radial form facﬁors ging(R’) R

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

separation energies corresponding to excited states in the (A-1) 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

valso contribute to the population of a givep final state. In the present

analysis, when several excited states ih the (A-i) nucleus were involved

in the j-j 1imit (for p3/2-pl/2 +transitions in mass 13 [(BHe,t) reaction

was chosen to be equal to the

only], 14 and 15 nuclei), the binding energy EB,

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 stgtes depends upon the sensitivity
of the predicted anguiar distributions to changes in the binding energies of
the single-pafticle wave functions. Integrated theoretical croés sectioné
are ploﬁted in Fig. 11 as a function of EBl (the définite reiationship'
betyeen EBl and EB2 was maintained) for several different single-particle
transitions. 1In 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 EBl'

One additional assumption was made in calculating the radial form

factors for inelastic transitions where the excitation of protons'and neutrons

1k

both contribute; as is the case for transitions in 12C, N, and 15N (the
5.27 MeV, 5/2+ and 5.50 MeV, l/2+ leveis 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

N, calculations assuming that neutrons were excited gave almost identical

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

ﬁransition to the 3.68 MeV, 5/2-level in 130 also involves both proton and
néutron excitations. However, since the neutron and proton binding energies
of 15C differ by 12.586 MeV, the theoretical angular distribution for fhis
transition was computed by averaging those calculated assuming that either
protons or neutrons were excited;) |

L. Range Effects of a Yukawa Interaction

The théoretical 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 @ in order to compare
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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

luN, 2.31 MeV (L=0) transition varies by

integrated cross section) of the
+ 10% between a_l = 0.5 and 1.6 F while the strength of the th, 5.95 MeV
(L=2) transition decreases by a factor of five. Similar effects were also

9OZr(p,p') 0% reaction.7

observed in an analysis of the
A range of at - 1.2F vas 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 VS which were measured in these experiments with

T
-1
those obtained from analyses of the (p,p') and (p,n) reactions at &~ = 1.0 F,

it is first necessary to convert the values of VST from an effective

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

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 (BHe,t) and (BHé,BHe’) 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, fhe wave functions calculated using an equivalent local
potential should actually be reduced inside the nuclear surface.66 This
feduction can be produced using a damping factor obtained from the local

67

energy approximation,

o(r) = Cl1 - (u8?/2e?) u(x)1" M2 | . | (17)

where [ is the reduced mass of the particle, B is the nonlocality range,
U(f) is the gquivalent local potential,and C 1is unity for scatteriﬂé wave
fuﬁcﬁions.

A nonlocal correction was included in this anélysis for the 5He and
1 triton optical potentials only, using a nonlocality range of B =.O.25 F.68
From Fig. 8 it can be seen fhat the nonlocal damping factor has very little
effecf on the shapes of the angular distributions but reduces the integrated

cross sections for various single-particle 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 (BHe,t) and (5He,5

He') 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 usiﬁg the correction factors given in Section
IV A-1. The values quoted in this report will refer to those obtained from
the average optical potential unless otherwise stated. 1In 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 distribﬁtions 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 transitioh, it was necessary to assume
some relationship among the relative strengths of the individual terms in fhe
effective interaction. Threé different exchange mixtures-including the Wigner

>

interaction (VOO only) and the Serber force-were used for (BHe, He') transitions,

ol

the (BHe,t) reaction; this will be discussed further later.

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

1. The (5Hé,t).p1/2, p3/2-pl/2 Dominant L = O Transitions

Since the stréngths of the higher multipole transitions decrease
répidly with increasing range (see Fig. 12), the ratio of the theoretical
cross sections o(jlngG) for L =0 to L =2 transitions is = 12 to 1
at a range of ot =127 Asa result, most (BHe,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
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(pB/E ,’pl/2)l+’T=l levels in lLLO and the 1+ ground state of lMN are the
only exceptions to this rule; these levels all have L = 0 structure factors
which are quite small.

Theoretical angular distributions for these dominant L = O +{ransitions
are compared with experimen£ in Figs. 13 and 14; the so0lid curves were calculated
using the mixed CK wave functions. In general the fits’to these angular distfib-
utions are reasonably good, particularly for those levels which have small
negative Q values.

Dominant L = O 'transitions should provide the most accﬁrate 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-
particulafly the ground isobaric analog-traﬁsitions-are very insensifive to
configuration mixing. Secondly, L = 0 +transitions are not expected to be

9

enhanced by collective or éore polarization effects. Among the transitions
which are observed in these experiments, five have been selected which should

they are transitions to the

provide the best measurement of VOl and Vll H

g.5., 1/2- and 6.18 MeV, 3/2- levels in lbO; the 2.31 MeV, O+ and 3.95 MeV,
1k 1

1+ levels in © N; and the g.s., 1/2- level in 51\1.

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

VOl while the other two are primarily (or only) dependent upon 'Vil. A

ratio of Vll/V01.E 0.8 gave the best overall agreement for these transitions
(compare Table VII). This ratio was often used in subsequent calculations

~for other transitioné and L +transfers. However, whenever enhanced strengths
were oObserved for V and V

01 11’

= 1.0) was used. Consequently, VOl and Vll were assumed to be equal

the ratio predicted by the Serber force

(v, ./
11 01

for all pure L =2 and all pl/2-5d5/2 transitions.
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o1 and Vll from all L = 0 +transitions

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

The values obtained for V

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

v [16.5£1.1 MeV] which are in excellent agreement with those obtained

11
8,10-12

from an analysis of (p,n) reactions. In particular, the (p,n)

5

, 1k 2
reactions on several target nuclei including = C,.” Cr and 9OZr (see Ref. 8,

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

1
the spin-isospin strength to the isospin strength is determined to be

11,12

= 0.6-1.0. An independent measurement from the 7Li(p,n)YBe(MBI keV)

reaction at Lh.7 Mev© gave a value of V.. = 15 MeV.

11

It is also interesting to compare the present results with those

obtained previoﬁsly in analyses predominantly concerned with ground isobaric

(5 17, 18, 27,. 30 39

‘analog'state transitions in (“He,t) reactions oh o, 0, Al, Si, K
13,1h

and u8Ti at Ez = 18-25 MeV. Using a Yukawa potential with a range
He

of 1.0 F, values were obtained for V., = 31 6 and V.. =20 + L Mev

0l 11

[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 méy be due to a possible energy dependence of the effective
interaction.

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

transitions to the 8.92, ll.85,and 15.07 MeV levels in lBN and to the 13.70
1k
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 13

5 15

He, He')

N, since it will be shown later that the

15

C reaction, which populates the mirror level in ~~“C at 11.8k

MeV, predicts a value for- VOO which is several times larger than the
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values obtained for other transitions. 1In addition, evidence from an analysis

36

of the 15N(p,t)lBN reaction”” indicates that the wave functioné of CK under-
estimate the cross section for the 8.92 MeV, 1/2-level in 13N by a factor of
six hundred.

2. The (5He,5He') p3/2- pl/2 (Tf=Ti) Transitions

In general, the (5He,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-nucleon (see Section

7-9 scattering data indicates that VOO is probably

two to three times larger than VlO’ VOl and Vll . . Consequently, if VOO

is allowed, the (JSIT) = (I0I0) emplitudes are predicted to be the dominant

IV C-3) and nucleon-nucleus

terms for all inelastic transitions.

For p3/2->pl/2 transitions, the (IOIO) = (0000) eamplitude is gener-
‘ally forbidden by the selection rules, Eg. (1l4a,b,e), and therefore most of
these transitions are predicted to have dominant L =2 distributions. The
experimental angular distributions obtained for p3/2-;p1/2 transitions are
shown in Figs. 15 and 16; only those transitions in which ‘I‘f = Ti will be dis-
cussed in this section. A comparison with those tfansitions which are restricted,
to be pure L =2 (i.e., the 4.43 MeV, 2% level in 124 and the 7.55 MeV, 5/2-
level in 13C) indicates that all p3/2;>pl/2 transitions have a characteristic

L = 2 distribution with the exception of transitions which must be 8 = 1,

(i.e., the 12.71 MeV, 1% level in 126 and the 8.86 MeV, 1/2-1eve169'in 150).
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In order to investigate the sensitivity of these (and other (BHe,BHe') )
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 onlyv VOO contributes to the experimental cross sections (denoted

Wigner force). Secondly, a Serber exchange mixture was used; this force

predicts relative strengths in the ratio

VOO : Vlo : VOl : V11 =<3 :1:1: 1.

9

Finally, a recent analysis of the (p,p') reaction” indicated that the proton-

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

action, implying that V and VO have the same sign; more tentative

00 1

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

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

Ve (i.e., T =0 and 1 transfers are both allowed, see Eq. (14f,g) ), an

empirical exchange mixture denoted force IIT was also used;> This:force was

assumed to give strengths in the ratio

VOO : VlO : VOl : Vll =-3: «<1: -1:1.

This sign convention was chosen to satisfy the normalization condition:
. v‘

Voo * V10 = 3 (Vop *+ V)

The solid curves shown in Figs. 15 and 16 for p5/2—>pl/2 (dominant

= - 1.

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
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other exchange mixtures were almost identical. In order to obtain independent
values of VOO for eath transition and each exchange mixture, the theoretical
curves have been normalized to give the best overall fit to the experimental
.data; the results are swmarized in Table VIII.

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

obtained for VO are generally insensitive to the particular exchange

0
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 ll.8u MeV levél

'in 15C which will be discussed later), the relative agreement for all trénsitions
is‘noticeably'improved and the strengfh required for VOO is smaller using(the
mixed CK wave functions.

One of the most importaﬁt results, however, is the magnitude of the
strength obtained here for VOO [60.2410 MeV](the values quoted for VOO
wiil 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 ot 1.0 F)

18 ) 520r 54 9 208

for inelastic transitions in 0 5 Fe, OZr and Pb when thé 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 8O.MeV.9 Regarding the present analysis

for p shell transitions, the wave functions of CK are unable to predict the
obéerved E2 rates without including effective charges of pe for neutfons

and (1 + B)e for protons where B = 0.5.20 However, the resulting enhancement

factors fof E2 transition matrix elements only range from 1.5 to 2.0. Therefore,
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core polarization effects should be less important but not negligible for 1p

shell transitions.
Without specifically including core polarization in the microscopic

analysis, it is difficult to determine how much this effect would alter the
3

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

obtained for VOO indicate that core polarization is definitely less
important in this treatment of 1p shell '‘nuclei. Further evidence from an
investigation of the 7Li(p,p')7Li(h78 keV) reaction supports this conclusion:lO

at an incident proton energy of Lk.7 MeV the strength required to fit the total

12 1.0F). In addition,

cross section was V = 90 MeV (for a Yukawa with

00
. _ o . :
an analysis of the lgC(p,p')lVC'(M.43 MeV) reaction at Ep = 46 Mev 0 (see

Section IV C-2) gave a value .of V.. = 86.9 MeV to be compared with VO = 56.0

00 0
MeV obtained from the (“He, He') reaction.
a. The 11.84 MeV, 3/2= level in 20

‘The wave functions of CK predict that the lBC(BHe,BHe‘)l3C(ll.8M 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 sectién for this transition is several times larger than
those obtained for other p3/2¥>pl/2 transitions. In addition, evidence
from the ch(a,a')lBC reaction at B, = 6h.5 MVt indicates that the 11.84
level is populated with approximately the same relative intensity as observed
(5 3

in the (“He,”He') reaction. Since the (,Q') reaction is only dependent

upon V 0’ it is evident that the mixed CK wave functions are definitely

0

unable to account for the population of this state.
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b. The 120 12.71 MeV, 1+ and 13

Since the l20 12.71 MeV, 1+ and 130 8.86 MeV, 1/2- levels are predicted

C 8.86 Mev, 1/2- levels

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

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

10
~upon vVli ). Unfortunately, both of these levels are populated in the (a,a')
feaction56 with almost the same relative intensity as in the (BHe,BHe‘)

2
reaction. The 12.71 MeV, 1+ level in . C is an example of the well-known un-

natural parity states which have been investigated extensively in the

2,735 -

In some cases it has been showﬁ that the'populatidn-of

>

(') reaction.

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

.the values obtained for V in the present analysis only provide an upper

10

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 ummodified optical potentials; however, the agreement is not as

>

good as that generally obtained for the (5He,t) L'=0 and (3He, He') L. = 2

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

. ) _ otential -
(Only the values obtained using the average optical/%et will be presented in

Table IX and in all subsequent tables; those obtained using independent
optical potentials are tabulated in Ref. 38.) If a Serber exchange mixfure is
used, the 15C(5He,5He')13.C(8.86 MeV, 1/2-) transition is severely restricted
ﬁsing CK wave functions; however, if force III is used both transitions

predict strengths of VlO ~ 27 MeV wusing CK wave functions. No conclusive

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

results give |V ~ 1o MeV.9 ‘

lOl
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3. The (BHe,t) p3/2—$pl/2 Dominant L = 2 Pransitions

The transitions which are discussed in this section can be divided into
two groups: (1) those transitions which are resﬁriéted 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 predictedvto be relatively small

- transitions to the O+ ground state and the (p3/2, p1l/2) ‘levels in

1h

1+,T=1
0 and the 1+ ground state in th. The second group will be discussed

_later.

‘The pure L =2 (BHe,t) transitionsball-have characteristic angular

5

distributions which are similar to the L = 2 (3He, He') distributions but
‘have muéh less structure and are not as well reproduced by theoretical cal-
cglations (see Fig. 17). The values obtained for V., and Vll shown in
1.Table X are consistently higher than tﬁose required for L = 0 +transitions.
It would be neceséary to use a range of 3_0.5 F to obtain agreement between

~the relative strengths required for the L = O and the L = 2. transitions;

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

(3

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

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

3

for (BHe, He') p3/2—9pl/2 transitions. The gtructureless features of the

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

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

1uN

L .
The (jHe,t)l 0(g.s.,0+) and lL+C(5He,‘t)lu1\1(g.s.,l+) transitions

L 14 1L
The = N(BHe,t) O(g.s.,0+) reaction and the inverse of the luC(BHe;t) N
(g.s.,1+) 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
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distributions for these transitions should be identical (see also Section V).
Evidence from the well-known P decay of . C predicts that the I = 0 amplitudes
63

fbr these traﬁsitions are very small. It was experimentally observed - as’
will be further discussed and illustrated in Section V B - that béth of‘thése'
transitions have a distinct angular distribution which is neither pure L =0
nor pure L =2 in character. The th(5He,t)luN (g.s.,1+) 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 additionallyv
include a sﬁrong L = 0 component; none of theée permit a good fit to the
experimental data. The values obtained for Vll are shown in Table X; both
th.e _luN(BHe,t)luo (g.s.,0+) and ll‘c(BHe,t)l”N (g.s.,1+) transitions predic£
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
recént microscopic analysis of the lLLC(p,n)lul\T reactién at Ep = 13.3 MeV.ll
When a Yukawa interéction with a ranée of 1.4 F was used, comparison with

- experiment showed not only a poor fit to the ground state transition but aiso

(using mixed VF wave functions) which was three times

1

a strength .or Vll

larger (or ~ 58 MeV at o = = 1.0 F) than the value of 19.2 MeV required to fit

the (p,n) transition to the 3.95 MeV level. 1In contrast, the corresponding
13 |

1k _
values required 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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y
b. The 10.89 and 11.24 MeV levels in L 0

The 10.89 and 11.24 MeV levels in lL-LO are both candidates for the analog

to the 13.70 MeV, (p3/2, p1/2)ii’T:l level in th which should occur near 11..4

MeV in luO if level shifts are neglécted. 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
3 ' '
(

are both weakly populated in the He,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.

3

L. The ( He,BHe') pl/2— d5/2 Transitions

In principle,.an L = 1 (8=1) and/or L =3 (8=0,1) transfer is allowed

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

enhanced for complex projectiles (see Section IV B-2), the (BHe,BHe')

pl/2-d5/2 transitions are all predicted to have dominant L = 3 distributions

1
~ (the 3/2 + level in 2

N at 8.57 MeV is the only exéeption; it is restricted by

the selection rules, Egs. (14a,b,e) and (15), to be pure L=1 (S=l) and will be discussed
further later). The angular distributions for these .L = 3% transitions

shown in Figs. 18 and 19 héve a similar.shape which is féirly well reproduced

by the‘theoretical”calculations; The values obtained for VOO are,sumﬁarized' )
in Table XI. Once again, they are relatively insensitive to the spin-and
'isospiﬁ-depeﬁdent terms in the éffective interaction. The overall agreement
is very good considering the siﬁple model which Was'éssumed for the wave

-functions of these states. The average strengths obtained for VbO are
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somewhat larger than those computed earlier for L = 2 traﬁsitions using the
wave functions of CK; however,'they are in better. agreement with the values
computed for L = 2 : transitions using simple Jj-j wave functions. Such
results are consistent with those obtained from an analysis of E3 transition

64,65, 7h

rat (see discussion in Ref. 38).

The 8.57 MeV, 5/2+ 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 sét; the latter appears to give a better over-
all aécount of the experimental data. The values obtained for VIO = 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,Q') reaction5 with
approximately the same relative intensity as in the (3He,5He') reéction (see
Section IV C).

5. The (5He,t) pl/2—d5/2 Transitions

In contrast with the (5He,5He') pl/2;>d5/2 transitions, the corresponding

(BHe,t) transitions are predicted to have mixed (L -1 and/or L = 3) amplitudes
ranging from almost pufe L=1 topure L =3 (compare Table XII). 1In
general, the experimental angular distributions for these transitions have
similar shapes (compare Fig. 20 and Ref. 18) while the theoretical curves vary,
dependent upon the relative strengths of the L = l_'and 3 components and do
not reproduce experiment very well. (When two levels were unresolved, the
theoretical curves were obtained by adding the contributions from each level.) -

- The éurves shown in Fig. 20 for dominant I = 1 transitions were
calculated using both modified and unmodified optical potentials. Although

the latter give a better fit to the data in the region Qc n

.

=~ 40-60 deg.,



~38- ' _ UCRL-18277

both potential sets predict minima at Gc o

= 20 deg. while the experimental

" 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—particlé

transitions. In addition, the average strengths predicted for 'VO (328 +12 MeV]

1

and Vll [30.7+11 MeV] are larger than the values required for L = O transitions,

indicating that the experimental cross sections for (BHe,t) pl/2- d5/2 transitions

are also enhanced.

6. The (EHe,BHe’) pl/2— sl/2 Transitions

The experimental angular distributions for pl/2- s1/2 transitions which
are shown in Fig. 21 have more struqture than those observed.for other single-
parﬁicle transitions. Theoretical calculations predict a well-defined .

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

3

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

Predicted values for V

00 are summarized in Table XI. The overall

agreement is surpriSingly gbod considering the simple j-j cdnfigurations
which were assumed for thése states. Since core polarization effects for L =1
transitions should be small, it i1s of interest that the average value obtained

for VOO [47.246 MeV] 1is =« 10-20 MeV. smaller than those obtained for L = 2

and L =I5 trénsitions.
3
(

7. The (“He,t) pl/2—sl/2 Transitions

In general, the levels which are populated in the (BHe,t) reaction
- by the promotion of a pl/2 nucleon to the s1/2 shell have much smaller cross
sections than the other single-particle transitions to low-lying'orbitals}l6’l8

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

less structure than is theoretically predicted. However, the values obtéined
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[19.4%3 MeV] and V [17.3%5 MeV] (see Table XIII) are approxi-

for V 1

01
mately equal to those for I = 0 +transitions, indicating that these transitions

are not collectively enhanced. -

C. Turther Analysis

"It is interesting to compare the effective nucleon-nucleon interaction
reQuired to fit the (BHe,t) and (5He,3He') scattering data with those obtained
from an analysis of available experimental data for the (a,c') and (p,p') re-

actions on 1lp shell nuclei. In particular, an analysis of the (0,Q') reaction

56

on several p-shell nuclei at Ea = 40.5 MeV~~ and the (p,p') reaction on-lQC

70

at Ep = L6 MeV'™ will be discussed below. Further, a comparison of the ef-

fective and free nucleon-nucleon interactions is presented.

3

1.: A Comparison of the (BHe, He') and (@,a') Reactions

The microscopic analysis of the (BHe,EHe') 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 étrong-
1y excited states are determined primarily by the (IOIO) amplitude. Sinée the
(a,a') reaction is only dependent upon this term, é direct comparison of these
two reactions populating the séme final states could provide further evidence
to support this conclusion. |

An investigation of the élastic and‘inelastic scattering of 40.5 MeV

13C 14 6

o particles from several targets including 12C; 5 N, 15N and 1

.56

0 has been
reported‘by Harvey et a Tt 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 (5He,3He')

and (o,0') angular distributions indicates that the shapes are very similar,
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especially for L =2 and L = 3 transitions; however, the magnitude of the
(a,d') distribution is always appfoximately two to three times larger.

In Table XIV, relative integrated cross sections are compared for
transitions observed in the (BHe,BHe') and {(Q,a') reactions on several 1lp
shéll nuclei. The transitions have been grouped by specific shell-model
transition, and in each case the cross sections have been arbitrariiy normalized
relative to the one single-particle transition in that group which was pre-
dicted to be the most insensitive to spin- and isospin-depenaent terms."The
overal} agreement is excellent considering the éimplicity'of the comparison
which is made. In addition, the nuclear structure factors G?(LOLO) are
generally able to reproduce the observed ﬁrends in the relative magnitudes
without actually carrying out a DWBA calculation.

If these reactions were only dependent upon thé 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. 1In Table XIV it
can be seen that the ratio of the integrated cross sections UQ/GBH ranges
from 1.88 - 3.92 while the predicted value is 1.78. ©

In order to provide a better comparison for these reactions, a micro-
scopic analysis was carried out fof the th(a’a,)th feaction using the éptical

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

chosen for the effective projectile-nucleon inte;action while a nonlocality
range B = 0.25 was assumed for the « particle) The results are shown in
Fig. 23; 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. V 0’ which have been converted to an effec-

™

0
tive nucleon-nucleon interaction at a_l = 1.0 F (i.e., Eq. (8) was used

5

with v = 0.329” and a range correction from 1.2 to 1.0 F was applied), are
compared with those determined fo} the (3He,5He‘) reaction in Table XV. Rea-
sonably consistent results are obtained for the p3/2 —7pl/2 and pl/2- sl/2
transitions; however, the strengths required to fit the (a,a') pl/2-d5/2
transitions are somewhat larger. | .

l2C(5He,3He')120 Reactions

2. A Comparison of the lgC(p,p’)lQC and

An investigation of the 12C(p,p')lEC'reaction'at Ep = 46 MeV has been
0

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

exﬁended version of the collective model which included spin and.iSOSpin

59,76

oscillations and also a micrbscopic description which made use of the

distorted-wave impulsewapproximation'(DWIA).YO In the DWIA procedure, the

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

1,29

nucleon-nucleon scattering. 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

7

this energy. TFair agreement was obtained whgn the wave functions of Gillet
were used to describe the levels of 12C. | |

A comparison of the effective'interac£ion required to fit the (p,p')
data using the wave functions of CK with that required to fit the corresponding
(BHe,BHe')‘data should provide a test of the approximations made in determining
the'absplute strength of the effective nucleon-nucleon interaction from the
scattering of complex projectiles (see Eq. (8) ). The calculations were per-

29

formed using the optical parameter set V1 (see Table VI). A Yukawa potential



hoo UCRL-18277

with a range of 1.0 F was chosen for the effective interaction while the non-

78

locality range for a proton wés assumed to be B = 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

29

collective angd microscopic7o-models, while the calculations for the dominant

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

3

angles. The values obtained for V are compared with those from the (5He,-He‘)

ST
and (BHe,t) reactions in Table XVI. Fair overall agreement 1s seen, indicating

5He') analysis are probably

that the approximations which were made in the (BHe,
reasonable.

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

It is interesting to compare the‘effective nucleon-nucleon ihteraction
required to fit the (5He,t) and (3He,5He') scattering data with those used in
simple shell-model calculations and those required to fit low-energy nucleon-
nucleon scattering data. In order to faciiitate 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
grbitrary spin-isospin exchange mixture can be written in one of three

equivalent forms given by:

V( = VW + wp* + BpY - HPT] g(rip) » ‘ (18)

r1p)

where VO is in MeV; W, M, B, and H are constants; and Px, PG, and P*

are space, spin, and isospin exchange operators; or

V(ryp) = Vo AmPrg + AgpPep + ApPrg * AggPgpl 8(r i) » (19)
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where. ATE’ ASE’ ATO and ASO are constants and P 1is a projection operator

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

b

V(ryp) = W *+ Yy 98 + 375, (Vo 1Yy 979,01 elryp) ,  (20)

where the V., are in MeV (i.e., V, is included in the values of VST)'

3,4

Expressions have been given elsewhere which relate the coefficients of

the individual terms for different parametrizations.

3,51,79-61

The coefficients predicted for several different exchange mixtures
are given in Table XVII. Although most of these pbtentials havé been used in
 shell-model éalculations, their strengths were chosen fo fit low-énergy
nucleon-nucleon scattering data. All of these exchange mixtures, with the
exception of the Serber force, have a singlet-even potential which rebroduces

51,81-83

low energy proton-proton scattering data and possess a ratio of the

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

5) 51183)8h‘

reproduce the binding energy of the deuteron.

In order to compare the absolute values for V, arising from these

ST
exchange mixtures with those obtained in the present analysis, a Yukawa
ihteraction with a range of 1.0 F and VO = =135 MeV was chosen. This
potential gives a volume integral, Eq. (7), of A = 1697 MerF3 (where
AO = AST and VO E_VST) which is similar to those used previously for all
exchange mixtures.

Since the Rosenfeld mixture is charge symmetric, while the Ferrell-
Vischer exchange mixture was chosen to fit additional properties in uHe and
160 (see Ref. 81) the first three exchange mixtures listed in Table XVII

shoula provide the best comparison with the present data. It can be seen
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that the values predicted for VOl[l6.9-20.2 MeV] and Vll[15.5-16.9 MeV]
are in very good agreement with the values of V01[20.6 MeV} and Vll[16.5 MeV
obtained in the (BHe,t) analysis, while the values predicted for VOO[MO.5-

>

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

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

00
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

Vool60.2 MeV] is reduced to +30.1 - 40.2 MeV.

V. THE (5He,t) AND (5He,5He') REACTIONS
POPULATING ANALOG FINAL STATES
3

A comparison of the (jHe,t),and-(BHe, He') reactions populating analog

final states where Tf = Ti + 1 was also of interest in these experimentsf
In general, these transitions were weakly populated, however it was possibie
to observe the lowest T = 5/2' levels in mass 9 and 13, the ground iéobaric
triad in mass 14, and several T = 1 levels in mass 12.

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

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

(20)1:

_ ' 2
c (P.T 1;P.-P) {°
. . H 1 ] . H - 1 t . s .
: d0(3He’t) i k, Ct(T T'1;P; Pf) 5He’t iTETLr
3. 3., - c. (T'T'1;PI-PL) c (T.T _1;P.-P.)
ao(’He, He") k5He 3o i-Fr L
. , P
o
2k 3
t He,t
"k Cp— ’ ' - (21)
He 3He,BHe' '
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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(5He,t)9B and 9Be(BHe,5He’)9Be reactions were investigated at
B = 39.8 MeV; typical energy spectra are shown in Fig. 25. The well known

3He 9 9
3/2-, T = 3/2 levels in “Be at 14.39 MeV and in

B at 14.67 Mev®? are ‘both
weakly populated in these reactions. Isospin-coupling factors predict that
the differential cross sections for T = 3/2 levels populatéd in the (BHe,t)
and (BHe,BHe') reactions should be essentially identical. Although angular
distributions were not obtained for these transitions, the observed intensities

were approximately equal at three forward angies between QL = 13.4 and 16.h'

deg.

The lowest T = 3/2 levels in 150 and l3N were also weakly populated

: J
in the (5He,t) and (3He,5

He') reactions (compare Fig. 3). - Unfortunately, an
accurate comparison of the differential cross séctions 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 50 impossible at forward

angles.

B. The luN(BHe,t)luO(g.s.,O+), luN(BHe,BHe')luN(2.3l MeV, 0+)

and luc(iHe,t)th(g.s.,l+) Reactions
lMN(B

luN(BHe,t)luO(g.s.)/ He,3He')14N(2.51 MeV ) and the

14k .3

I
C(»He,t)l N(g.s. ) reactions all correspond to transitions

The
E
inverse of the
between identical initial and final states if charge indépendence is assumed.

The experimental angular distributions which were obtained for these transitions

are compared in Fig. 26; the magnitudes have been adjusted to correct for
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detailed-balance, isospin-coupling and. phase-space factors. 1In 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 Vl are in good relative agreement.

1
A similar comparison of the cross sections observed in the lul\l(p,n)luo
Yiip,on) (e 31 M), Mi(n,n') (2,31 Mev) ana Te(p,n) u(e.s.)

(g.s.),
reactions at Ep = 5-14 MeV has been reported;86 comparable results were
obtained.

C. T =1 Levels in 12C'and 12N

Several T = 1 levels were populated in both the 12C(5He,t)121\1

nd 12C(BHe,BHe')lEC reactions (compare Fig. 2). In addition, accurate

a
angular distributions were obtained for the ground and first excited T = 1
levels in 120 andvlgN; thESe‘provide the best comparison of fhe (BHe,t) and
(5He,5He') reactions ﬁopulating analog final states. The two iowest T=1
levels in 120 located at 15.ll‘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 lEN are presumed to be the ground and first ex-
cited <0.96 MeV) states,hl the spin and parity of the latter have not been
definitely determined. A comparison of corresponding (BHe,BHe') and (BHe,t)

angular distributions for these levels is shown in Fig. 27; the (BHe,EHe’)

‘distributions have been multiplied by 1.90 in order to correct for phase-space and
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isospin~-coupling factors. In general the agreement is very good; however, the
(5He,5He') transitions appear to be approximately 10% larger. Although this
| 3

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

transitibns, the detailed microscopic analysis suggests that this différence
might be real. |

First,‘DWBA calculations predict éimilgr_(differing in magnitude by
< 5%) single-particle cross sections o(jlngQ)/kf for the corresponding |
(5He,t) and (BHe,BHe‘) transitions. 'Theréfore, the effects of the differing
energies and Coulomb scattering in the exit channels are émall. However, a
comparison of the theoretical effective projectile-nucleon interaction for
tritons or 3He particles indicates that the.internal wave functions of the

complex progectiles may slightlyaffect the experimental ratio of these ( He,t)

St ) transitions. In particular, Eq. (8) predicts that the values
5

and (BHe,

for V.. should be 1.07 times larger for ( He, He') transitions (i.e., the

ST

cross sections of ( He,BHe') transitions should be 1.15 times larger.) As
a result, the observed increase in the experimental cross sections for these
(BHe,BHe') transitions can be accounted for and the values obtained for

VST from both reactions are in essentially perfect agreement (compare

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

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

2
in 1 C.

' 1 12 3 '
All T =1 1levels observed in the C(5He,t)12N and . C(BHe,BHe')lec
reactions are summarized and compared with nrevious:datauo-u6 in Tables
T and II. With the exception of the 17,26, 17.77,and 19.2 MeV levels, all

Well-known T =1 states in 120 were observed up to an excitation energy

I3
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of 20 MeV. 1In addition, all well-knowﬁ levels in 12N were observed with the
exception éf the 1.65 MeV level. Since the spins and parities of several -
T =1 levels in lQthave been established, tentative assigmments can be
made for some excited states in lgN by a comparison of the excitation

energies (see also Ref. L41) and relative intensities - see Fig. 2 and Fig.

(BHe,t) and (BHe,3

28 - of the T =1 1levels populated in the He') reactions.

The results are summarized in Table XIX and also éompared with known levels
in 1eB_u2-uu,87

Unfortunately, in most cases a meaningful comparison of the

(BHe,B

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

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

12

levels (in ~7C). The individual assignments are discussed in detail in

Ref. 38.

VI. CONCLUSIONS

'(3 3

A microscopic analysis of the (“He,t) and (3He, He') reactions on 1p

shell nuclei has been carried'out:using a local potential with an arbitrary

spin-isospin exchange mixture. Spectroscopic factors were calculated using

9

. 1
~the intermediate-coupling wave functions of Cohen and Kurath for p shell

» states while simple J=3 configurétions were assumed for the levels which

were formed by promoting a”pl/EAnucleon to the s1/2 or as/e shell. A yykawa
interaction with a range of a-l = 1.2 F was found to éive the best overall -
agreement for all transitions. The average strengths obtained for VST

are summarized in Table XX and also compared with the results obtained in

710 8,10-12

13,14
previous analyses of the (p,p'), p,n), and (BHe,t) 55 reactions.

In all cases, the values obtained for the effective projectile-nucleon
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interaction at a-l = 1.2 F have been converted to an effective nucleon-

1

nucleon interaction at a" = 1.0 F using the relationships given previously

T

. LI- . .
by Wesolowski et al.l and Johnson et al.

Several interesting results were obtained from this analyeis. First,
the average values computed for VOl[20,6 MeV] and Vll[l6.5 MeV] from the
(BHe,t) p3/2, pl/2->pl/2, dominant L = O transitions were in excellent

agreement with those obtained previously in analyses of (p,n) L = O

~8,10-12
transitions. ’ 0

In addition, the strengths required to fit the (3He,t)
pl/2-sl/2,, = 1 transitions agreed ﬁell with these L'= 0 strengths.
Second, the strengths required to fit the (5He,t) p3/2-pl/2, L = 2 and
pl/2—9d5/2, L=1,73 transitionSVWere enhanced, while the experimeﬁtal
bangular distributions for these transitions hed iess structure than those
predicted by the theory. This suggests that core polarization effects or
particle-exchahge could. be eoﬁtributing to the cross eections for these
transitions. A similar effect has been observed for FL = 2 transitions in
the (p,n) reactiorl.ll’l2

As expected, it was found that thevtransitions which were strongly

3

populated in the (5He, He') reaction were generally insensitive to the spin-

and isospin-dependent terms in the effective interaction. However, the

00

required to fit the inelastic transitions observed in the (p,p') reaction

“absolute strengths obtained herein for V were much smaller than those

. 8 ,

on several heavier nuclei. As a result, it can be concluded that core
polarization effects are much less important for 1lp shell nuclei though,

as noted above, they may still be contributing. Unfortunately, an accurate

determination of the spin dependent Vlo term could not be obtained from
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these data. In particular, those (BHe,BHe') transitions which were restricted
to be pure S = 1 were also populated in the (o,') reaction with
approximately the same relative intensity, indicating that other mechanisms
such as multiple excitation also céntribute significantly to the cross sections
for these transitions.

Finally, it was shown (see Table XVII) that the.effective interaction
obtained in the present aﬁaljsis is very similar to those used in simple
shell-model calculations and thosé required to fit low-energy nucleon-

nucleon scéttering data.
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FIGURE CAPTIONS

1. Energy spectrum of the l20(3He,t)121\1 reaction at a e energy of
49.8 MeV.

' 2
2. Energy spectra of the 12C(BHe,t)l N and 12C(BHe,BHe')lQC reactions

2
at a scattering angle of 31.5 degrees. The . N spectrum has been adjusted
to align the T = 1 analog states populated in both reactions. The peaks

corresponding to the g.s., 2;00, 4.32, and 4.79 MeV levels of llC represent
; .

an O contamination in the “He spectrum.
3, Energy spectra of the 15C(5He,t)13N and 15C(BHe,BHe’)EC reactions
at a 5He energy of 39.6 MeV. The spectra were recorded on separate

analyzers with different gains. The peaks corresponding to the 15.11

3

and 16.11 MeV levels of 12C represent an O contamination in the “He

spectrum.

b, Energy spectrum of the lLLC(5He,’f,)]'LL1\I reaction at a 3He energy of

4,8 Mev.
1k

5. Energy spectrum of the N(BHe,BHe')luN reaction at a -He energy of

44,6 MeV. The peaks corresponding to the 7.39 and 11.86 MeV levels in
3

13N represent an & contamination in the “He spectrum.

15

6. Energy spectra of the 15N(BHe,t)]jO and 15N(5He,3_He’) N reactions

at a 5He energy of 39.8 MeV. The 5

O spectrum has been adjusted to align
the mirror levels populated in Both reactions.
7. Typical optical‘model fits obtained for the elastic scattering of

5He and @ particles from 1lp shell nuclei using the parameters given

in Table VI.
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Fig. 8. Single-particle cross sections c(jljeLG) for typical pl/2-pl/2,

L=0 [;MC(iHe,t)th(E.Bl MeV, O+)] ;

It

p3/2-pl/2, L = 2 [luN(aHe,BHe')luN(3.95 MeV, 1+)1;
pl/2-a5/2, L = 3 ["N(PHe, He ' ) 7N(7.56 Mev, T/2 +)1; '

pl/2-d5/2, L =1 [luN(EHe,t)luO(6.28 MeV, (3-) )}]; and

pl/2-81/2, L = 1 [¢( e, He' ) 2C(3.09 MeV, 1/2 +)]
transitions calculated using: a,b) modified (ré = 0.9% ro) optical
potentials (see Table VI) with a nonlocality range B = 0.25 and B =Q, respectively.
and c) unmodified (ré = ro) optical potentials with a nonlocality range
B = 0.25. |
) s . 3 1k
Fig. 9. DWBA predictions for representative (“He,t) [T N 2.31-MeV, O+;

13 3 1L 15

and °N g.s., 1/2- ] and (5Hé, He') [T'N 3.95-MeV, 1+; "N 7.56-MeV,

150 3.09-MeV, 1/2+] transitions obtained using the independent

7/2 + ; and
optical poténtials IOP 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 detefmine the binding energies
of the target nucleons involved in typical single-particle transitions
(i.e., the 15N(5He,5He')l5N(5.27 MeV, 5/2+) and lsN(BHe,t)15O(5.2h MeV,
5/é+) pl/2—d5/2; and the.15N(5He,5He')l5N(7.50 MeV, 3/2+) and 15N(5He,t)15o
(6.79 MeV, 3/2+) pl/2-ssl/2 transitions. EBl(EBi) represents the
Binding energy of the pl/2 nucleon in. its initial j, state vhile EBE(EBé)
represents the binding energy of the d5/2(sl/2) nucleon in its finalv -

s state. -
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Fig. 11. Integrated single-particle cross sections as a function of the

Fig.

binding energy EBl (the fixed relationship between EBl and EB2 was

ﬁaintained) for several representative single—pérticle‘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.

lé. Singlé-particle cross sections c(jlngQ) for.typical pl/Q—apl/Q,
L =0 [luC(3Hb,t)14N(2.51 MeV, o+)]; pl/2-p3/2, L = 2 [luN(BHe,BHe')th

(3.95 MeV, 1+)); p1/2-d5/2, L = 3 [*ON(°He,’

1
He' )N (7.56 MeV, 7/2 +)1; ana
pl/2-sl/2, L = 1 [150(3He,5He')15c (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 in

Table VI and have been multiplied by oé in order to compare the strength

" of a given single;particle transition {and L transfer) as a function of

Fig.

Fig.

the range of the interaction.

'13. Angular distributions for (5He,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 opticél potentials given in Table VI.
14. Angular distributions for (BHe,t) p3/2-pl/2 (dominant L = 0)

transitions. The solid curves are DWBA predictions obtained using CK

wave functions and the independent optical poténtials given in Table

VI. The dashed curve shown for the 11.85 MeV level in 13N was éalculated

using j-j wave functions.
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Fig. 15. Angular distributions for p5/2—apl/2 transitions observed in the
12,.,3. 3 12 . s s e .
C(“He,”He')  C reaction. The solid curves are DWBA predictions obtained
using CK wave functions, a Serber exchange mixture,and the optical potential.
set F (see Table VI).

5He') p3/2- pl/2 transitions. The

Fig. 16. Angular distributions for (BHe,
solid curves are DWBA predictions obtained using CK wave functions, a
Serber exchange mixture,and the independent optical potentials given in
Table VI. The dashed curve shown for thev7.05 MeV level in luI\T vas
calculated using a Wigner force. The dotted curves for 15C transitions
were computed using the unmodified (ré ='ro) potential set D (see Table

13C, while

VI); furthermore, force ITI was used for the 8.86 MeV level of
a Wigner interaction ﬁas assumed for the 11.84 MeV level.

Fig. 17. Angular distributions for the (BHe,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
VI. The dashed curve shown for the ground state of llLN was computed
using VF wave functions.

5He’) pl/2, p3/2- d5/2 transitions.

Fig. 18. Angular distributions for (EHe,
The solid curves are DWBA predictions obtained wusing j-j wave functions,
a Serber exchange mixture, and the independent optical‘potentials given

. o |
in Table VI. (The 9.64-MeV, 3-level in 2q was assumed to have the

configuration (pB/E);/2 ds/2 ).
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19. Angular distributions for pl/2-d5/2 transitions observed in the
15N(BHe,5He')15N reaction. The solid curves are DWBA predictions obtained
using-j—j‘wave functionéﬁ a Ser%er exchange mixture,and the modified
optical potential set A (éee Table VI). The dashed curve shown for thé
unresolved levels at 5{27 and 5.30 MeV was computed neglecting the
contribution from the 5.30 MeV, 1/2+ 1evel.» The dotted curve shownbfor
the 8.57_MeV, 5/2+ level was computed using the unmodified potential set A.

20. Angulér distributions for typical (5He,t)'pl/2—>d5/2 transitions. |
The solid curves are DWBA predictioné obtained using j-j wave functions
and the independent optical potentials given in Table VI. The dotted
éurves were calculated using unmodified optical potentials. The theoretical

curves for unresolved levels were obtained by summing the predicted

. distributions for each level.

Fig.

Fig.

Fig.

3He') pl/2- s1/2 transitions. The

21. Angular distributions for (BHe,
curves are DWBA predictions obtained using j-j wave functions, a Serber
exchange mixture,and the independent optical potentials given in Table
VI.

22. Angular distributions for (5He,t) pl/2-81/2 transitions; The
curves are DWBA predictions obtained using j-j wave functions and the
independent optical potentials given in Table VI. |

23, Angular distributions from the luN(a,a')luN reaction at 40.5 MeV.
The solid curves ére 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.

Fig.

Fig.

Fig.
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' 2 2
2L, Angular distributions from the . C(p,p')l C reaction at Ep = 46 MeV.

The solid curves are DWBA predictions obtained using CK wave functions,

a Serber exchange mixture, and the optical potential set V1 (see Table

vI).
25. Energy spectfa of: the 9Be(BHe,t)9B and 9Be(aHe,BHe')9Be reactions
at E = 39.8 MeV and a scattering angle of 16.4 degrees. The 8

3He v
spectrum has been adjusted to align the mirror levels populated in both

reactions.

I i
26. Angular distributions for the © C( He,t)" W(g.s.,1+); lhN(BHe,t)ll‘o_

' L
(g.s.,0+); and luN(5He,5He’)l N(2.31 MeV, O+) transitions. The cross

sections have been corrected for detailed-balance, phase-space, and isospin-

coupling factors. The soiid and dashed curves are DWBA fits to the
1k
c(5

L |
He,‘t:):L N(g.s.,1+) transition computed using CK and VF wave functions,

respectively.

, o ' o .
27. Angular distributions for the 1 C(BHe,t)l N ground, 1+ and 0.96-

12 2
MeV, 2+ states and for the C(BHe,aHe')l C 15.11-MeV, 1+ and 16.11-MeV,
5.3

(

2+ states. The He,”He') 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 (BHe,t) transitions computed using mixed

CK wave functions and the optical potential set F.

28. Angular distributions for the 12C(BHe,t)leN 1.20-MeV, (2-) and

L. 24h_MeV states and for the 120(5Hé,5He')120 16.57-MeV, 2~ and 19.58-

MeV states. The (3He,3Hef) cross sections have been multiplied by 1.9

to correct for phase-space and isospin-coupling factors.
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TableII, Energy levels observéd in
leC(?He,t)l2N
Present work Previous dataa Dominant
Energy Energy shell-model

(MeV t keV) " (MeV * keV) J" configurationa
0 | Bt o 1+ (p 3/2);/2 p 1/2
0.96 * 20 4P 0.969 + 7 (p ‘3/2);/2 p 1/2
1.20 ¢ 30 (2-)P 1.198 * 9 p's
Not observed | 1.65 t 80 pTS
Not observed (2.0 ¢ lbO)
2.43 = uo¢ 2.35 * 80 R
3.10 * 30 3.15 * 80
3.50 + Lo° 3.55 * 80 pO °
b2k ¢ s50%
5.27 ¢ 40
a

“See Refs. 41, k2.

Assignments made in present work.

CAngular distributions were not obtained for these levels. -

dBroad level or group of levels. -
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Table II. Energy levels obsérved in the ;20(3He53He')120 reaction.
Dominant
(Mggeigiev)a o | Jﬁ;Tb:_ L _C§E§1§£§Z§§ins
0.0 | 0+30 (p 3/2)2 + (p 3/2)g (p 1/2)3
b3 : 2+30 (0 3/2)},, D 1/2
T7.65 ; ‘ : ' 0+30 P8+ p6(s,d)
‘9.64 , 3-3;0 .p7d
10.84¢ 1-30 pl(s;a)
11.83¢ 230 p (s;d)
| 12.71 | 1+3;0 - (p 3/2);)(/2 p 1/2
14.08 | 0 p°
15.11 | 1431 (p'3/2‘)g/2 p 1/2
'16.11 | | 2+;1 (p 3/2)2/2 p‘l/2
16.57 ' ' 2-31 pTS
v(17.26)d | S 11 p's
St 0+31 -~
18.40 * 60° ;e
18.81° | - 2431 -
(19.2)¢ | 1-,2-;1 ' p7(s;d)
19.58 + 6of - C(50)°

“Energy levels without error bars were well known previously (see Refs. L2-45).
PSee Refs. 19, ko, k2-k6.
CAngular distributioné were not obtained for these levels.

3He') reaction.

d.., . 3
These levels were not observed in the ( He,
e . 3 s

Tentative assignments made in present work.

f
Broad level or group of levels.
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Table IITI. Energy levels observed in 1 C and "N.
13, 13y
l3c(3He,3He')l3c l30(3He,t)l3N _
(Present work) Previous data® (Present work) ‘Previous data? Dominant
Energy Energy Energy Energy - shell-model 4
(MeV * keV) (MeV * keV) J" (MeV t keV) (MeV * keV) J configuration
0.0 0.0 1/2- 0.0 0.0 o 1/e- (p_3/2)§ p 1/2
3.09 3.086 + 3 1/2+ 2.37 2.366 * 2 1/2+ - (p 3/2)? s 1/2°
3.68 3.661: 3 3/e- 3.510 =2 3/2- (0 3/2)] ), (0 1/2)]
3.85 3.852 £ 3 5/2+ 3.547 * 6 5/2+ (p 3/2)O da5/2
6.87 6.866 + 7 5/2+ 6.38 6.382 5/2+ o0 ‘ L
.\]
T7.490 * 15 T/2+ 7.17 7.166 * 8  T/2+ pla '
7.55 * 30 7 5
7.550 * 15 5/2- 7.39 7.385 * 8 5/2- (p 3/2)3,, (» 1/2)]
8.86 * 30 8.86 t 20 1/e- 8.92 * Lo 8.90 * Lo 1/e- (p 3/2)2/2 (p'l/Z)i
9.50 * 30° 9.503 ' 15 (3/2-) c 9.48 3/2-
¢ 11.078 + 20 (1/2-) 10.78 * 4o®  10.80 * 30 1/2- o’
11.8% * 30 11.80 * 30 3/2-- 11.85 * Lo 11;87_ t 30 3/2- (p 3/2)2/2.(p 1/2)?
15.11° 15.113 * 5 3/2-,T=3/2 15.07 15.068 * 8 3/2 -,T=3/2 (p 3/2);)(/2 (p 1/2)5
15.98 * 50°  15.96 * 50 E
- [
a, 1 -
See Refs. 36, 40, L3, 4L, L7-k9, S
bAngular distributions were not obtained for these levels. 3

“These levels were weakly populated (see Fig. 3).
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Table IV. Energy levels observed in l&N;
lL‘I\I(?’He,31{e'):I')J'N th(3He,tgth ' Dominant
Energya Energy” T b _yshe}l—modgl
(MeV * keV) (MeV * keV) J.,T . ‘configurations
: 2
0.0 0.0 1+,0 - (p 1/2)
2.31 | 2.31 0+,1 (p 1/2)°
o . : - l
3.95 3.95 1+,0 (p 3/2, p 1/2)
.91 . 5,91 0-,0 (p 1/2, s 1/2)
5.10 5.10 2-,0 (p 1/2, 4 5/2)
5.69 5.69 1-,0 (p 1/2, s 1/2)
5.83 - _ - 5.83 3-,0 (p 1/2, 4 5/2)
6.21° 6.21° 1+,0 (s 1/2)°
6.44°¢ 6.u0° 3+,0 (s 1/2, a 5/2)
7.03 7.03 24,0 (p 3/2, p 1/2)7"
(8.0 - 11.0)¢ (8.0 - 9.5)%
10.43 2+,1 (p 3/2, p‘.l/e)"l + (s,d)
11.22 ¢ 50° .
. 12.49 = Lo
12.77 * 50
12.83 ¢ 50°
13.70 * 4o 1+,1 (p 3/2, p 1/2)"l

aEnergy levels without error bars were well known previously..
Pgee Refs. 18, Lo, L3, 4k, 48, 50, 51.
cAngular distributions were not obtained for'theﬁe levelé.
Several unresolved levels were populated in these reéions (see Figs. 4,5).
eStrong levels were also observed in the th(a,d')luN reaction56 at ll.SIand

12.9 MeVv.




Table V. Energy levels observed in 15N and 15O.
SN(3He,3He')15N 15N(3He,t)150
(Present work) Pregious data® (Present work) Pr%vious data® Dominant
Energy : Energy o Energy Energy . shell-model
(MeV t keV) (MeV * keV) J (MeV * keV) (MeV # kgV) J configurationc
0.0 0.0 1/2- 0.0 0.0 1/2- P :L/z’l
5.27 . 5/2+ | 5.2 5/2(+) (p 1/2)5 a 5/2
5.28 * 30 . : 5.24 * 30 5
5.30 1/2+ . 5.19 1/2+ (p 1/2)O s 1/2
6.32 6.32 3/2- 1 6.18 6.18 3/2(-) o 3/27%
7.15 7.15 5/2+ o [6.86 5/0+ (p 1/2)i a5/2
' S _ 8U £ Lo
7.30 1 7.30 3/2+ 16.79 3/2+ (p 1/2)§ s 1/2
7.56 7.56 T/2+ 7.28 7.28 T/2(+) - (p 1/2)? a 5/2
8.31 8.31 1/2+,(3/2+) 7.55 7.55 ‘1/2+ : (p 1/2)i s 1/2
8.57 8.57 3/2+ | 8.28 8.28 3/2+ (p 1/2)? da s5/2
' ' . r :
[b.os 1/2+,(3/2+) 8.75 1/2+
9.17 + 30 9.16 3/2(=),(5/2) 8.94 £ 4o | 8.98 3/2-
9.22 3/2,(1/2) - |8.92 3/2(+)
[9.76 5/2- 9. 485 5/2-
9.79 + Lo o ' 9.47 * 50
[9.83 T/2(-) | | [9.49 + b0 3/2+
) 9.93 . ... 1/2+,3/é+' - - [9.61 . 3/2-
10.03 * ko 9.63 * 4o : ‘
- 10.07 3/2+ | [ 9.67 (1/2,9/2)-

'69;

LLegT-Tv00

(continued)



Table V. Continued.

153 3He')l5N : lSN(3 15

“N("He, He,t) 0
(Present work) . Previous data® (Present work) Previous data® - "Dominant
Energy Energyb T Energy Energyb T shell-model o
(MeV * keV) (MeV t keV) J (MeV * keV) (MeV t keV) - J ~configuration
10.45 - 3/2,5/2,7/2 10.30 * kLo 10.28
10.54 5/2 "10.49 £ Lo - 10.46
. [10.70 3/2+ ' : 10.9% - 23/2
10.71 * ko ' ' 10.97 * 50 .
‘ 10.80 : 3/2 11.02
11.3k4 ¢ 4o d | 11.21 * 60 a
, A _ . .
11.92 £ 4o ' 11.69 * Lo 3
: ]
12.52 ¢ Lo , 12.34 ¢ 4o
1k.12 = 4O , 13.78 + Lo
15.11 * ko
83ee Refs. 43, Lk, 52-55,
bEnergy levels without error bars were well known previously.
®See Refs. 52, 5k, 55.
a , . 15 15
Several levels have been reported above 11 MeV in both "~“N and

0 (see Refs. 43, Lk},

LL2gT~-TddN



iTable VI. Optical model potentials.

W

_ Energy Vo ry a Wy r, b re
Potential Channel (MeV) (11eV) (F) (F)- (MeV) (% (F) (F)
a 15..3 i
A N+~He 39.8 . 160.0 1.23  0.595 1244 1.80  0.858 1.3
B e 3te k.6 160.0 1.29  0.565 11.37 1.78  0.811 1.3
c® o3 44,8 160.0 1.31  0.569 12.58 1.82  0.795 1.3
p® 1304306 39.6 160.0 1.31  0.565 14,86 1.73  0.826 1.3
X Average set 160.0 1.29  0.5Th 12.82 S 1.78 © 0.822 1.3
123 ,
E C+ Be 49.8 160.0 1.50  0.572 20.31 ~1.70 - 0.537 1.3
o 120430e 49.8 160.0 1.39  0.5L2 12.58 1.96 0.571- 1.3
M et 40.5 195.0 1.28  0.65L 21.00 1.28  0.654 1.3
a 12 , -
V1 C+p 46.3 h1.5 1.1k3  0.643 9.7 1.143. 0.643 1.2

aIn order to fit the reaction data these potentials were modified by setting ré = 0.93 ro-

bThis potential set was used in calculating the theoretical angular distributions for transitions
leading to states in L

®Data obtained by Harvey et al.

¢ and 12w,

56

dOptical potential set obtained from Ref{ 59.

--[L_
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Table VII. Experimental strengths for the effective nucleon-nucleon interaction at a_l=l.0 F
obtained from (jHe,t) p 1/2, p 3/2 + p 1/2 (dominant L=0) transitions.

Independent optical potentials Average optical potential
Enerey . Vol(M?V) Vll(MeV) ) vOlfMev) Vll(MeV)
Reaction (MeV) I, (33) (cK) (43 (cx) NEHD] (cx) (VF) (33) (cK) (VF)
BuCre,0)P0. 0.0 1/2-,172% 2146 21.6 (17.3)°  ar.3® a2 21.2 (17.00°  (27.0)°
6.18 3/2-,1/2% (22.2) (22.2) 18.1 18.1 (21.7) (21.7) 17.7 17.7
th(3He,t)th 2.31 0+,1 % - 20.4 20.4 - - 20.0 20.0 20.0 - - -
3.95 1+,0 & - - 21.0 15.7 - - - 20.6 15.4 16.5
13.70 141 - 17.8 28.4 - - 17.4 27.8
MyGhe,t) 0 6.60 24,1¢ (14.2) (14.8) . 11.3 11.8 (16.9) (17.6) 13.h 14.0 -
7.78 2+,1° (13.8) (1h.1) 111 11.% (16.4) (17.1) 13.2 13.6
130(3He,t)13N 0.0 1/2-,1/2% 22.6 23.3 {18.1) (18.7) 20.1 20.7 (16.1) (16.6)
3.51  3/2-,1/2¢ .
—— 3.56 5/24,1/2 27.7 20.4 27.7 20.4 k.7 18.2 2k.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) (4k.6) 19.7 4l 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
L2eCre, )y 0.0 1+,1 - - 11.6 28.0 - - 10.1 24,y
Average  21.5:0.8 21.8+#1.0 19.6*1.5 16.9:1.2 20.4*0.5 20.6*t0.k 19.2%1.5 16.5:1.1

..3)‘_

aOnly these transitions were included in computing average strengths.

°In some cases the calculated angular distributions are relatively insensitive to the values of either VOl or»Vll. In these cases the

strengths which are obtained are enclosed in brackets.

“These levels were assumed to have the configuration [l (p 3/2, p 1/2)_l . (s,d)] .
T ) > Vo V8% lo, pmy

%4 theoretical fit to these unresolved transitions is given in Ref. 38.

LLegT-Tdon



Table VIII. Experimental strengths for the effective nucleon-nucleon interaction at

a_l=l.0 F obtained from (BHe,3He'), p 3/2 > p 1/2 transitions.

_QL_

VOO(Mer
Wigner force Serber force Force ITI
Energy . . . ; I —
(MeV) J",T (33) (CK) (33) (CK) (33) (CK)
- A. Independent Loy 6.32 3/2-,1/2 68.8 68.8 77.3 7.3 L9.3 k9.3
;ﬁziﬁiials By 35 1+,0 hr.a b1.6 39.5 41.1 39.5 §1.1
7.03 2+,0 50.3 53.5 Lo.8 k3.9 42.8 k3.9
Be  3.68  3/2-,1/2 822 61.1 71.2 58.1 83.14 59.7
7.55% 5/2-,1/2  112.6 76.3 © 126.5 82.0 98.3 T1.1
11.84°  3/2-,1/2  150.2 2010  168.4  332.4 77.0 157.8
B w3 240 ~ 106.6 67.8  105.8 67.8 105.8 67.8
Average = T76.9%2h  61.5t9  T7.1%26 61.Ttlh  69.9:26  55.5%11
B. Average Ly 632 3/2-,1/2 67.h 67.4  75.8 ~  75.8 48.3 48.3
Siﬁiﬁiial th 3.95 1+,0 148.9 49.5  47.0 49.3 47.0 49.3
7.03 2+,0 59.9 63.7 50.9 52.2 50.9 52.2
Be 368 3/2-,1/2 - T73.2 5L,k 63.4  51.7 Th.2 53.1
7.55% 5/2.,1/2  100.2 67.9  112.6  T3.0 87.5 63.3
C11.84°  3/2-,1/2  133.6 1790  149.8 296.0 68.5 140.3
2o yus 2+,0 92.7 59.0 92.0 59.0 92.0 59.0

Average  T3.7tl5 60.3t6 73.6%*20 60.2*10 78.1t19 54.2%5

aThe contribution from the T7.49 MeV, 7/2+ level has been neglected.

bNot included in computing average strengths.

LlegT~T¥dn




- Table IX. Experimental strengthsa for the effective nucleon-nucleon interaction

at a—l=l.0 F obtained from (3He,3He') transitions where VOO is forbidden.

Dominant .

single : ‘ _ Serber force Force III

particle Energy . : .
transition (MeV) J,T (33) (cK) (33) (CK)

. 15 b . c
p 1/2 -~ d 5/2 N 8.57 3/2+,1/2 V92711 22.0 | -
' 1k ‘

p l/2 »p 1/2 N 2.31 0+,1 Vi, 14,7 20.2 1k.7 20.2
p 3/2 > p 1/2 13: 8.86 1/2-,1/2 ViosV11 -¢ '7 294 14.3 26.5
p3/2+p1/2 ¥ 1272 1+,0 v, 10.6 27.0 10.6 27.0
p 3/2 »p 1/2 15.11 1+,1 v, 10.2 24.3 10.2 2L.3
p 3/2 - p 1/2 16.11 24,1 Vo12V11 29.h 46.1 29.4 6.1

*The values given here and in all subsequent tables were obtained using'the average optical
potential.
l for both-a Serber exchange-mikture and Force III.

“Forbidden in the j-j limit.

_.'_(L..
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Table X. Experimental strengths for the effective nucleon—nucleon interaction

at u_l=l.0 F obtained from (3He,t), p 3/2 >~ p 1/2 (dominant L=2) transitions.:

Energy S Vol(MeV) Vll(MeV),
- Reaction - (MeV) J,T (33) (CK) (VF) (33) (ck) - (VF)
PeChe, )™ 0.0 1+,0 - - - 17.7 23.7  25.9
7.03 04,0 35.5 35.2 . 34.8 35.5 35.2 34.8
10.43P 04,1 hh.9 48.3 v . 449 48.3
th(3He,t)luO 0.0 14,0 - - - 15.1  20.8 23,7
10.89°  (1+) 1k.0 17.7 11.2 1h.2
11.24°  (1+),1 19.3 24.6 ’ 15.5 19.6
BeCGhe, )3y 7.39 5/2-,1/2% 331 %0.3. | 33.1  40.3
2eCre,t)®n  0.96 2+,1® 29.3 45.8 29.3 k5.8
) ‘ | Average 35.7%5 ho Lkts : 35.7%5 k2 khts5

aOnly these transitions were included in computing average strengths.
' -1
)

b . . . 1 1
. - . . +
The 10.43 MeV level is assumed to have the configuration [75_(p 3/2, p 1/2 s (s,d)]2+, o

)—l.

‘dominant configuration (p 3/2, p.l/2\l+’ p=1

/

7

were obtained assuming that either the 10.89 or the 11.2L4 MeV level had the o

- =G)-

LL2gT-1¥0n




6

UCRL-18277

Table XI. Experimental strengthszfor the effective nucleon-nucleon interaction

at a—l=l.0ZFqutainedtfﬁémf(sHégsHef):ptlzg'ffs 1/2, d 5/2 transitions.
VOO(Mev)
Single-particle Energy . Wigner Serper Force
transition . (Mev) . J,T .. force . force IIT
15
p 1/2 » 4 5/2 N 5.27 5/2+,1/2]|
5.30  1/2+,1/2] 70.3 T2.4 6k.9
5.27%  5/24,1/2 91.1 91.9° ' 80.9°
7.15  5/2+,1/2 67.2 b9.2  T5.7
7.56 T/2+,1/2 93.3 81.9 105.2
lFN 5.10 2-,0 -68.8 67.0 67.0
5.83 3,0 89.8 86.L 86.L
3¢ 3.85  s5/24,1/2 66.8 k6.8 75.0
Average  76.0%10 67.3t13 79.0*11
p l/2 ~s 1/2 Loy 7.30 3/2+,1/2 60.4 52.1 67.9
8.31 1/2+,1/2 69.4 52.0 78.3
th 4.91 ' 0-,0 53.6 52.8 52.8
5.69 1-,0 L6.3 45.3 45.3
3¢ 3,00 1/24,1/2 40.0 34.0 45.0
Average 53.9%9 - Lh7.0t6 57.9ii2

®The contribution from the 5.30 MeV, p 1/2 + d 5/2 transition is‘neglecfed;

b . . .
"Not included in computing average strengths.
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Table XII. Experimental strengths for the effective nucleon-nucleon interaction

at o 7=1.0 F obtained from (°He,t), p 1/2 > d.5/2 transitions.

Dominant
Energy 0 L
Reaction - (MeV) J., T transfer VOl(MeV)_ Vll(MeV)
3 (3ke, )0 5.19% 1/2+,1/2 1
5.2L 5/2+,1/2 1,3 57.8 57.8
6.79° 3/2+,1/2 1
7.28 T/2+,1/2 3 39.7 39.7
8.28 3/2+,1/2 1 j - 15.5
th(3He,t)lhO 6.28 (3-),1 1 22.7 22.7
6.79 - (2-),1 1,3 25.0 25.0
6 3ge 1)ty 5.10° 2.0 1 - 31.0
5.83b 3.,0 3 k3.0 43.0
Be(3te, )y 3.51°°¢  3/2-,1/2 0 |
3.56° 5/2+,1/2 1,3 18.2 16.2

Average 32.8t12 . 30.7%11

#The contributions from these p 1/2 »~ s 1/2 transitions were included.

bDWBA calculations for these transitions are shown in Ref. 38.

wave functions.
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Table XIII. Experimental strengths for the effective nucleon-nucleon interaction

at o™1=1.0 F cbtained from ( He,t), p 1/2 > s 1/2 transitions.-

Energy -
Reaction (MeV) JLro VOl(Mev) | o Vll(MeV)
Dyn3he, )0 6.79 3/2+,1/2 -
6.86% 5/2+,1/2 23-1 . 23.1
7.55 1/2+,1/2 o 19. 15.5
My 3ae, 1) Mo 5.17 1.1 19.3 15.5
B 5.69 1-,0 23.0 | 23.0
130(3e,t) B 2.37 1/2+,1/2 12.0 9.5
Avérage 419.&13 : 17;315

®The contribution from the 6.86 MeV, p 1/2 -~ d 5/2 transition is included.




A comparison of inelastic 3He and o-particle scattering on lp shell nuclei.

Table XIV.
Integrated cross sections (6 = 20--80 deg.)
Dominant , c.m -,
single- Absolute (mb) Relative G~ (LOLO) Relative
particle Energy ' . : :
transition (MeV) g, (3te, e (0,0)%  (CHe, He') (a,a') (CK) (33)
p 3/2 > p 1/2 Loy 6.32 3/2-,1/2 1.70 3.80 1.31 1.56 1.03 1.0
hy 3.95 1+,0 1.30 2.y 1.0 1.0 1.0 1.0
7.03 2+,0 1.61 2.59 1.2k 1.06 0.91 1.0
130 3.68 3/2-,1/2 4. o5 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 0.289° ¢ 0.22 d =0 €
11.8k 3/2-,1/2 1.58 ¢ 1.22 0.0017 0.3 1
20 b3 24,0 22.9 b1.1 17.6 16.8 10.15 bo ¥
o, /o . =1.88 . Gi/GEBHe =1.78
p1/2+as/z x 5.27 5/2+,1/2 )
5.30 1/2+,1/2 i} 2.02 7.38 1.3k 1.h2 1.60%
7.15 5/2+,1/2 0.308 0.591 0.20k 0.11L 0.ko2
7.56 T/2+,1/2 1.91 9.16 1.26 1.76 1.28
8.57 3/2+,1/2 0.17h 0.516 0.115 0.10 ©
thy 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 =
13¢ 3.85 5/2+,1/2 1.43 4.18 0.947 0.807 1.12 ?
e 9.6k 3-,0 k.19 o 22.7 2.78 4.38 - &
: =3
3
o /o - 3.43 Gi/G23He = 1.78

(COntinﬁed)



Table XIV. Continued.

Integrated cross sections (90 _— 20~80 deg.)

Dominant,

single- Absolute (mb) Relative G2(LOLO) Relative
particle Energy . 3 3 _ a 3 3
transition (MeV) J T (“He, He') (a,0') (“He, He')/ (a,a') (CK) (33)
p1/2 +s 1/2 v 7.30 3/2+,1/2 0.659 3.23 1.58 1.98 2.0
8.31 1/2+,1/2 0.109 0.ThT 0.262 0.458 0 0.25
ey )01 0-,0 0.5416 1.63 1.0 1.0 1.0
5.69 150 0. 46k 1.82 1.11 1.12 2.0
3¢ 3.09 1/2+,1/2  0.690 3.41 1.66 2.09 1.5
- 2,42 -
qa/o3He = 3.92 G /6 ;3 = 1.78

He

-og-

aHarvey et al., see Ref. 56.

b = -
6, = 25-80 deg.
°Not reported in Ref. 56.

dThese levels are populated in the (a,a') reaction at Ea = 64.5 MeV with approximately the same relative

(3He,3He’).reaction (see. Ref. 38, T1).

intensities as those observed in the
®Forbidden in the j-j limit.

fThe contribution from the 5.30 MeV, 1/2+ level has been neglected.
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Table V. A comparison of the experimental strengths for the effective nucleon-nucleon interaction
at o =1.0 T obtained from the luN(SHe,3He')th and th(a,a')th reactions at
B3y, = Lh.6 and E, = L0.5 MeV, respectively.
VOO(MeV)
(Coeret) | (a,0")
Dominant : , '
Energy . single-particle Wigner force Serber force Wigner force
(Miev) J transition (33) (CK) (33) (CK) (33) (CK)-
3.95 1+ p3/2-+pl/2 48.9 49.5 . 47.0 493 53.4 54,2
T.03 2+ 59.9 63.7 50.9 52.2 . 5L4.6 58.0
b.91  0- pl/2 s 1/2 53.6 - 52.8 58.5
5.60  1- 46.3° - 45.3 | 45,4
5.10 - pl/2->as/e 6£8.8 - 67.0 . 82.7
5.83 3- 89.8 -

86 .k - 112.0

LLegT-Taon
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6
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<
H

A comparison of the experimental strengths for

at o Y=1.0 F obtained from the

(3He,3He')12

reactions at E3He = 19.8 MeV and Ep

the effective nucleon-nucleon interaction

120(3 )12

He.,t

N, and C(P’P

12

46 MeV, respectively.

12

Energy (lieV)

(3

He, He')

Wigner force

Serber force

(3He2t)

Serber force

(p.p')

Wigner force

Serber force

oo Bn vy G () G (0 (33) (@) () () () ()
boh3 - 2+,0 ,Vob '92.7  59.0 92.0  59.0 - - 137.0  87.1 127.0  86.9
12.71 - 14,0V - - 10.6  27.0 - - 9.4 23.7
15.11 0.0 +,1 vV, - - 10.2 24,3  10.1 2h.h - - 10.8 26.1
16.11  0.96 2+,; VOl,Vll - - '29.4 46.1  29.3 45.8 - - 20.2 31.6

-88-
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Table XVII. A comparison of V for various exchange mixtures used

in nucleon-nucleon scattering and

ST
shell-model calculations.
. - oXanpd_upT
](rlQ) VO (W+MP™+BP -HP ) exp(.arl2)/arl2
o where o1 = 1.0 F and V_ = =135 MeV (A, = 1697 MeV FO).
yxchange : ’ : . a

o y ,
mixture W M B _ H . ATE ASE , ATO ASO VOO VlO VOl Vll
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 0.4 0.4 0.1 0.1 1.0 0.6 0.0 0.0 -40.5 6.8 20.2 13.5

& VeneroniPsC
3. Trued 0.406 0.406 0.094  0.094 1.0 0.625 0.0 0. ~h1.1 T.4 20.0 13.7
4. PFerrell- - 0.317T 0.5 0.0 0.183 1.0 0.634 -0.366 0.0 -13.5 16.9 29.2 16.9

Visscher® : _ . |
N _ . &
5. Rosenfeldf -0.13 0.93 0.46 -0.26 1.0 0.6 -0.3k -1.78 0.0 0.0 13.5 31.0 N
' . (e, t) - - |20.6| |16.5]
Effective nucleon-nucleon interaction 3 3
' : (°He, He') |60.2] |(11-27)1
aAll values of VST were calculated using a.Yukawa potential with u—l=l.0 F and VO=—135 MeV.

A Yukawa with a=1=1.13 F and V =-84 MeV (4 =1523 MeV‘F3)'reproduces the proton-proton scattering length and
effective range (see Ref. 82). © © : ' -
cUsed by Glendenning and Veneroni3 in a microscopic analysis. of (ﬁ p') reaction on even nickel isotopes;
radial'dependence Gaussian, B-1/2=1.85 F, v o=-92 MeV (A ”1835 MeV F3). _

Used by True®l in a shell-model calculation for levels in th radial dependence: Gaussian, g-1/2=1.82 F,
Vo=-52 MeV (A,=1760 MeV F3). _ -
eUsed in a shell-model calculation of 0+ states in 160 (see Ref. 81); radial dependence: 3
Gaussian, B-1/2=1.732 F, Vy=-51.9 MeV (A_=1502 MeV F3). E
A Yukawa with a~1=1.37 F and v o==50 MeV (A =1615 MeV F3) gives the singlet-triplet separation for the 1
deuteron.83 3




Table XVIII. A compa

rison of the
analog states in the mass 1L ‘triad.

(3He,t)-and (3He,3

He') reactions populating

"Cross sections

{6, = 15-80 deg.) Vll(MeV)
E3He Absolute Adjusteda
Reaction (MeV) (ub) ‘ (ub) (33) (CK) (VF)
Uy Bhe )0 (gos., 0+) b6 117+18° 126+19° 15.1 20.8 23.7
Uy 3ge, 350 )My (2.31 Mev, 0+) 44,6 68:17° 140%35° 14,7 20.2 23.3
e Bhe, ) (g.s., 14) uh.8 569+113° 189+37° 17.7 23.7°  25.9

" 85ce Fig. 26.

bEstimated errors include uncertainties in the absolute differential cross section plus statistical

‘errors.

LLegT-Td00



Table XIX. T

= 1 levels in thé mass 12 triad.

125 12y
Dominant
_— Energya Level shift Energy shell-model Level shift Energy .
J (MeV) (keV)P (MeV) JTsT configuration (MeV)Pb (MeV) J
1+ 0.0 - 15.11 1+;1 (p 3/2)2/2 p 1/2 - 0.0 1+
2+ 1 0.953 (+47) : 16.11 2+31 (p 3/2);/2 P 1/2 4o 0.96 2+
o 1.674 21k 16.57 231 pls 260 1.20  (2-)°
1- .62 470 17.26 1-31 p's 500 1,65
(<3+) 2.72 60 17.77 0+;1 p8'd 230 2.43¢
(53+) 3.39 100 18.40° (51)° 190 ©3.10° ,
' (0¢]
2+ 3.76 60 18.81 2+31 84 200 3.50° v
(1-) 4.30 210 9.2 1-,2-31 pl(s,d)
3-  L.sh 70° 19.58 (;1)° 230 4.24°
#(see Ref. ho-hk, 87).

bThe level shifts are calculated relative to the ground state multiplet.

“Tentative assignments made in the present work.

dTentative assignments (see Ref. L40).

®A level observed previously in 12

this level is unknown (see Ref. L5).

C at 18.40 MeV is known to have J11 = 0 -; however, the isobaric spin of

L12gT-T80n




zble XX. Average strengths for the effective nucleon-nucleon interaction at a_l=l.0 F obtained

from (3He,3He') and (3He,t) transitions.
(3He,t) Present work (Previous work)
p 1/2,p 3/2>pl/2 p3/2+>pl/2 pl/2~>4da5/2 pl/2~+>s1l/2
L= = =1 L= | b
| | (L=0) (L=2) (1=1,3) (L=1) (p,n)® (Cie ,t)
Vo (cK) (cK) (33) (33) L=0 L=0
VOl 20.6*0.4 Lo, lixg 32.8t12 19.hk=3 19-26 31%6
A4
v 16.5%1.1 Lo, L+5 30.7+11 . 17.3%5 —llgb.6ul.0 20t 4
‘11 Vo1
(3He,3He') Present work (p,p') Previous work
p3/2+pl/2 pl/2+>da5/2 pl/2~+s1/2
Without With
=2 = =
Exchange (1=2) (L=3) (L=1) _ core core
vVST ‘mixture (CK) (33) (33) ‘Target ‘polarization  polarization
VOO Wigner 60.3%6 76.0%10 53.9%9 YLi _ 90 -
Voo Serber 60.2:10 67.3%13 47.2%6 2 86.9° -
Voo Force IIT  5k.2:5 79.0¢11 57.9t12 l80,90’92&«}
. 508 2200 =80
Pb
(L=0) - (L=1)
V10 . Serber AT A2 '89Y,9OZr } a
. ) ] =ho _
V10 Force III 27 208y,
a b, ' c a _ e .
See Ref. 8, 10-12. See Ref. 13,1k, See Ref. 8,10. See»Ref. 9. See Section IVC-2.
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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.






