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The ('He, t) and ('He, 'He') reactions on 'Be, &C, "C, "C L('He, f) reaction onlyg, '4N, and "N have been
investigated at 'He energies varying between 40 and 50 MeV. Angular distributions were obtained for all
prominent states up to excitations of 20 MeV. A microscopic analysis of these data has been carried out,
using a local two-body interaction with an arbitrary spin-isospin exchange mixture. Spectroscopic factors
were calculated, using intermediate-coupling wave functions for p-shell states, while simple j-j con6gura-
tions 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 eGective eecleoN-
twcleon interaction required to fit these data is in good agreement with recent analyses of the (p,p') and
(P,rs) reactions on light nuclei. In particular, dominant L=O transitions observed in the ('He, f) reaction
give values for the isospin-dependent (Ver= V&&) and spin-isospin-dependent (Vn) terms (converted to an
e8ective eecleoN-eeckoN interaction at a range of 1.0 F) of 20.6 and 16.5 MeV, respectively, while the
strengths required to 6t ('He, t) I.=2,3 transitions were generally enhanced. For inelastic transitions, the
average strengths obtained for Vpp assuming a Serber exchange mixture, varied from 47.2 to 67.3 MeV,
depending upon the L transfer involved. A comparison of the ('He, t) and ('He, 'He') reactions populating
analog 6nal states (where TJ =T;+1)is also presented. In general, these transitions were weak; however, it
was possible to observe the lowest 7=y levels in the mirror nuclei 'B-'Be and '3N-'3C, and several T=1
levels in &2N-&2C.

I. DI'TRODUCTIOH

HERE has been a growing interest recently in the
applications of a microscopic description to the

inelastic and charge-exchange scattering of various
projectiles by nuclei. ' '4 Utilizing the available experi-
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mental data from the (p,ss) and (p,p') reactions, several

attempts have been made to determine an effective
nucleon-nucleon interaction in terms of a simple local
potential with an arbitrary spin-isospin exchange mix-
ture ' " In particular, the population of ground and
excited isobaric analog states in the (p,n) reaction pro-
vides a direct measurement of the isospin Vqp= Vol. and
spin-isospin V~~ terms in the effective two-body inter-
action, while the levels which are strongly populated in
inelastic scattering are generally sensitive to the spin-

TABLE I. Energy levels observed in "N.

"C(SHe t) "N
Present work

Energy
(MeV+keV) J~

0 1+
0.96+20
1.20~3O (2 —) b

Not observed
Not observed
2.43+400
3.10a30
3.50+400
4.24~50 d

5.27&40

Previous data'
Energy

(MeV&keV) J
0 1+
0.969+7
1.198+9
1.65 +80

(2.0 ~100)
2.35 +80
3.15 ~80
3.55 +80

Dominant
shell-model

conaguration'

(Psls)$/s Pl/s

(PS/2) 3/2 Pl/2

ps
p7$

a See Refs. 41 and 42.
& Assignments made in present work.
e Angular distributions were not obtained for these levels.
d Broad level or group of levels.
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('He, t) AND ('He, 'He') REACTIONS

independent terms. So far, the (p,n) reaction has been
reasonably successful in determining the strength of
lsosplD-dcpcndcnt terms; however, thc lnclRstlc
transitions generally give values for Voo which are en-
hanced due to collective or core polarization cRects not
accounted for by the wave functions of thc initial and
6nal states. '~'

One of the main purposes of this work was to employ
the microscopic description in an analysis of the ('He, t)
and ('He, 'He') reactions on several Ip-shell nuclei-
speci6cally, 'Be, "C, "C, "C, '4N, and "N. These ex-
periments were carried out at 'He energies of 40—50 MCV
and therefore the population of well-known levels up to
an excitation energy of 15-20 MCV could be investi-
gated. Some experimental studies of the ('He, /) Is "
and (sHe, sHC') '" reactions on light- and medium-weight
nuclei have been reported previously. However, the rela-
tively few microscopic analyses of these data have been
generally limited to an investigation of the ground
Isobal'1c RllRlog tIR11s1't1011s obsel'vcd 111 tile ( Hc//) 1'cRC-

tlon on sevclR1 light Duclcl,
In p1111clplc, RI1 111vcs'tlgat1011 of tllc ( Hc, /) Rnd

('He, 'He') reactions on ip-shell nuclei has several
advantages which make it attractive for a microscopic
analysis. First, many of the levels which are strongly
populated ln thcsc rcRctlons corrcspond to tI'ansltlons
which mainly involve the promotion of a single nucleon
(i.e., almost pure single-partide 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 an.gular momentum transfer but also on the
speci6c shell-model transition involved. " This CRect
has been very useful in utilizing the ('He, /) reaction as
a spectroscopic tool."In particular, it was possible to
make most probablc spin and parity assignments for Rll

levels observed in "O below 8 MCV."
Finally, intermediate-coupling wave functions are
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Thax.z II. Energy levels observed in the
"C('He, 'He') "C reaction.

Energy
(MeV+keV) '

0.0
4.43
7.65
9.64

10.84'
11.83e
12.71
14.08
15.11
16.11
16.57

{17.26) ~

(1/. '/'/) s

18.40+60'
18.81 0

(19.2) '
f9.58+60 '

0+;0
2+;0
0+;0
3—;0
f oP

2—;0
1+;0
4+;0
1+;1
2+'1

1- 1

0+;1
( '1)'
2+'1

1~ 2~ e

( Il)'

DoIninant sheB-model
con6gurations~

(ps+) o'+(ps/s) o'(pur) e'

(pa /2)r/s pl/I
p'+p'(r &)

pl
p'(s; d)
p'(~;4

(pi /2)1/s pl/s
ps

(pr/r) 3/2'pus

(P3j2)8/2 Pl/2
pVg

pVg

p8

p8

P'(s; d)

Refs. 42-45).
E&er~ levels without error bars were weQ known prev1ouslPrev1ous y (see

b See Refs. l9, 40, 42~.
c Angular distributions were not obtained for these levels.d These levels were not observed in the (gHe, 'He') reaction.~ Tentative assignments made in present work.
& Broad level or group of levels,

r9 S. Cohen and D. Kurath, Nucl. Phys. 75, 1 (1965).so A. R. Poletti, E. K. Karburton, and D. Kurath, Phys. Rev.15$, 1096 (1967); G. A. Beer, P. Brix, H. G. Clerc, and B.Laube,Phys. Letters 26$, %6 (1968).» S. Cohen and D. Kurath, Nucl. Phys. AMI, 1 (1967);D. Kurath (private communication).

dictlng II1RIly IluclcRr plopel'ties for lp-shell states Is

Although these wave functions are unable to predict the
obscI'vcd E2 tI'RDsltloD rates without including Q;n

effective charge for the neutron" the collective en-
hancement required is much less than that for heavier
nuclei, As a result, the ability of a microscopic descrip-
tion to predict the shapes and relative magnitudes of
the angular distributions for well-known p-shell transi-
tions shouM provide a sensitive test of the Rpplicabihty
of a simple local potential for the inelastic and charge-
exchange scattering of complex projectiles.

In the present analysis, distorted-wave Born approxi-
mation (DWBA) calculations have been performed
using the microscopic descriptloD developed by
Madsen. 5 Spectroscopic factors were calculated using
the wave functions of Cohen and Kurath" "for p-shell
states, while simple j-j conigurations were assumed for
the levels which were populated by promoting a p
nucleon to the s-d shdl. The eRective interaction was
assumed to be a local Yukawa potential with an arbi-
trary spin-isospin exchange mixture. The strength of
the cRective nucleon-nucleon interaction required to 6t
these data is discussed in detail and also compared with
the results obtained from recent (p,p'), (p,n), ~rs and
('He, l) " '4 calculations.

Of additional 1DtcI'cst ln thcsc experiIIlcnts was thc
comparison of the ('He, t) and ('He, 'He') reactions
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TABLE III. Energy levels observed in "C and "N.
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»C(3He, 3He')»C
(Present work)

Energy
(MeV+keV)

13C

Previous data'
Energy

(MeV+1 ev)

13C(3He t)13N
{Present work)

Energy
{MeV+keV)

Previous
Energy

(MeV+keV)

data' Dominant
shell-model

conhguration'

0.0
3.09
3.68
3.85
6.87

7.55+30

8.86+30
9.50+30b

11.84+30
15.11b

0.0
3.086+3
3.681&3
3.852+3
6.866+7
7.490+15
7.550+15
8.86 &20
9.503&15

11.078+20
11.80 +30
15.113&5

1

4+
3
2

5
2
1
2

(-' —)
(k—)

3
2
3 —T=3

s 2

0.0
2.37

3.53+30

6.38
7.17
7.39
8.92+40

d

10.78~40b
11.85+40
15.07
15.98&50b

0.0
2.366+2
3.510+2
3.547&6
6.382
7.166+8
7.385~8
8.90 +40
9.48

10.80 +30
11.87 +30
15.068+8
15.96 +50

1
2

1+
3

5
2
1
2
3

1
2
3
2
3
2 T—

2

(P
(P3/2) 0'»/2

(P///2)N/s (pl/s)0
(P3/2) 0'dS/2

P8$

P8$
(P3/2)3/27(P1/2), 2

(P3/2) 3/2 (Pl/2)1

P9

{P3/2)3/2 (Pl/2) 1

(P3/2)3/2'(Pl/2)0'

-a See Refs. 36, 40, 43, 44, 47-49.
b Angular distributions were not obtained for these levels.

e These levels were weakly populated {see Fig. 3).

populating analog final states, where Tr ——7,+1. In
general, these transitions were weakly populated; how-
ever, it was possible to observe the lowest T= ~3 levels
in mass 9 and 13 and several T= 1 levels in mass i2.
As a result, a correspondence was established between
seven excited T= 1 levels in "C and "N.

II. THEORY

The inelastic or charge-exchange scattering of various
projectiles by nuclei can be described using either a
collective or a microscopic model. Both of these de-
scriptions generally utilize the D|A'BA expression for
the transition amplitude given by":

T= X,&-~*1„R' ~, V ~, X,&+&1;, 'dR',

500

400—

I0
I

C{ He, t) N

E3 a 49.8 MeV
He

eL =44.9 deg

Excitation (MeV)
5
i

0.96,R+

0
I

O

ga, I+

300—
I.20,(2-I

*- Qg J'f/y~
100-

I
200

I I

Channel
500

I

400

FIG. 1. Energy spectrum of the 12C('He, t)"N reaction
at a 'He energy of 49.8 MeV.

"G.R. Satchler, NucL Phys. SS, 1 (1964) and other references
given there.

where R' is a vector between the c.m. Of the projectile
and the c.m. of the target nucleus. The X;&+) and Xy& &

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 6nal states.

Until recently, the collective model was extensively
used to describe inelastic scattering" 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 6eld. " Although this macro-
scopic description has been successfully applied to
strongly excited states which can be characterized as
collective in nature, the information which is obtained
concerning nuclear structure is limited and in general
the model is not applicable to weakly excited levels.
Charge-exchange reactions have also been described in
terms of an optical potential model in which the ground
isobaric analog (quasi-elastic) transition results from an
isospin or symmetry term in the optical potential, " '
while the radial derivative of this symmetry term gives
rise to quasi-inelastic transitions. ' "

If a microscopic description is used, the nuclear wave
functions +;and 4'r in Kq. (1) are expressed in terms of

"R.H. Bassel, G. R. Satchler, R. M. Drisko, and E. Rost,
Phys. Rev. 128, 2693 (1962); E. Rost, ibid. 128, 2708 (1962);
B. Buck, ibid. 130, 712 (1963); G. R. Satchler, R. H. Bassel, and
R. M. Drisko, Phys. Letters 5, 256 (1963)."B.L. Cohen and A. G. Rubin, Phys. Rev. 111, 1568 (1958).

2' A. M. Lane, Phys. Rev. Letters 8, 171 (1962); Nucl. Phys.
35, 676 (1962)."J.D. Anderson, C. Wong, J. W. McClure, and B.D. Walker,
Phys. Rev. 136, B118 (1964); R. M. Drisko, P. G. Roos, and
R. H. Bassel, Oak Ridge National Laboratory Report No. ORNL-
4122, 1966 (unpublished), p. 63."R. M. Drisko, R. H. Bassel, and G. R. Satchler, Phys. Letters
2, 318 (1962); G. R. Satchler, R. M. Drisko, and R. H. Bassel,
Phys. Rev. 136, B637 (1964)."C. Wong, J. D. Anderson, J.W. McClure, and B.Pohl, Phys.
Rev. 156, 1266 (1967).
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IGQQ ——~
( ( H sH /) sC

I61132y
e T=I

E. =4, 9.8 Mey
+ 1511,1+

He
18.81,2+ T= I

deg
19'58

800—
(2-) T=I

18.4

o 14 08 4+
'12.71, I+

tD
O
r67

O

4.43, 2+

FxG. 2. Energy spectra
of the "C('He7t) ' N and

C(3He, He') 'C reactions at
a scattering angle of 31.5'. 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 "C represent an
a contamination in the 'He
spectrum.

4/I

C

0
C3

600—

200—

C( He, t) N

e„= 31.5 deg

4.24

3.50

g S
I+

I.'PP

3.10

1 2.43

0.96, 2+

10.8 4

9.64,

7.65, 0+

I60
6, 131

I 60
6.916

I I

C
4, 79

I I(

4.32

II

460
g. S

I

200 300 400 500 600
Channel

I

700
I

800 900

the motions of the individual tar t d
' 'lge an projectile

nucleons while the effective interaction is represented

y a sum of two-body interactions between the pro-
jectile and target nucleons. In principle, this model is

capable of describing all inelastic and charge-exchange
transitions and also offers a means for testing nuclear
wave functions providing the effective interaction is

nown.
For '

dor incident protons or neutrons at su%ciently hi h
energies (&100 MeV) the impulse approximation is
valid and the effective interaction can be replaced by
the free nucleon-nucleon scattering amplitude. ' "How-
ever, at lower energies multiple scattering becomes
more important and in addition the nucleon-nucleon
scattering is modified by the presence of other target
nucleons; therefore, the effective interaction is expected
to be very complex. For simplicity, the effective inter-
action is generally restricted to be real, local and only
dependent upon the distance between the projectile and

exchange mixture is included. Hopefully, a consistent
set of parameters can be obtained for the effective inter-
action provided the nuclear wave functions are well
known.

One final restriction usually imposed in a microscopic
escription is to neglect the contributions from exchange

processes in which the projectile nucleon (nucleons) is
captured while a target nucleon (nucleons) is ejected;
these eGects will be discussed further later.

A. General Discussion of the Microscopic Model

Several theoretical formalisms convenient for discus-
sion and calculation have been reported recently based
on a microscopic description of the inelastic and charge-
exchange scattering of various projectiles from nuclei. ~'

29 A
(N. Y.) 8, 551 (1959).

A. . Kerman, H. McManus, and R. M. Th l Aa er, nn. Phys.

TABLE IV. Energy levels observed in '4N.

'4N('He, 'He') '4N

Energy
(MeV&keV)

0.0
2.31
3.95
4.91
5.10
5.69
5.83
621 c

6.44c
7.03

(8.0—11.0) ~

11 22~504
12.77+504

'4C (3He, t) '4N
Energy'

(MeV+keV)

0.0
2.31
3.95
4.91 c

5.10
5.69
5.83
6 21c
6.44c
7.03

(8.0-9.5) &

10.43
12 49~40 c

12.83+50c

13.70&40

Jm. Tb

1+,0
0+7 1

1+,0
0—,0
2—,0
1—,0
3—,0
1+,0
3+,0
2+, 0

2+ 1

1+, 1

Dominant
shell-model

configurations

(P»2)'
(Pl /2)

(P312,P1(2)

(Pl/27~112)

(Pl/2g/t6/2)

(P1/27$1/2)

(Pl)2,&st 2)

(»»)'
($1/2 q/t 6/2)

(P3/2, P4/2) '

(P3/2 1PI /2) + (2 d)

(p312,plt2) l

a Energy levels without error bars werears were well known previously.

gular distributions were not obtained for these 1
Several unresolved levels were populated in th

4 Strong levels were also observed in the 14 (

The formalism developed by Madsen' has been used in

the present work.
The effective interaction V in Eq. (1) can be ex-

pressed as a sum of projectile nucleon-target nucleon
interactions given by

a A

~=K E V(r' —r'),
y=l i=j

where r ' an„' and r, are the space coordinates of the pro-
jectile and target nucleons and u and A hu an represent the
mass numbers of the projectile and target nuclei,

o e projects e isrespectively. If the wave function of the
assumed to be a pure s state, then it can be factored into
a part depending on space coordinates and a part
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200 -.

C( He, t} N

F3 = 39.6 MeV
He

8& = 2t.4 deg
(3.5l, 3.56)

Q,S.

I 5.98

l5.07
T=—3

l 00—
J ), l078

7.t7

7,3S

500

300—

I I I

E3 = 39.6 MeV
He

8&= 35.3 deg

o.so)

o (7.5a, 7.49 l

l2

4 43

P.37

(3.68, 3.85)

FIG. 3. Energy spectra
of the "C('He, t) "N and
"C('He, 'He') "C reactions at
a 'He energy of 39.6 MeV. The
spectra vrere recorded on
separate analyzers rvith dif-
ferent gains. The peaks corre-
sponding to the 15.11- and
16.11-MeV levels of "C repre-
sent an u contamination in the
'He spectrum.

200—

3.09

l60
g. S.

0 '- t

300 400
C hannel

500

A sr= Usr g(r)dr,

depending on spin-isospin coordinates. As a result, the a constant volume integral of the potential
nucleon-nucleon interaction V(r '—r ) can be expressed
in terms of an effective proj ectile nlcleort -interaction (6)

F(R',r)= jdk f (r)V(r't';), ,' —

V(r„' r~) = [Voo+—V io(r), (r'

+~. ~*(Voi+V»n. o')jg(r. '—r'), (4)

where the strengths Ver {for spin 5 and isospin T
transfer) are expressed in MeV while the radial depen-

dence g(ro —r;) is generally limited in calculations to
functional forms which yield analytic expressions for
the multipole expansion. In particular, the Gaussian

g(r) = exp( —Pr')

g(r) = exp( nr)/nr—
(Sa)

(5b)

are two suitable 6nite-range forms. In order to compare
the strengths V8p for potentials of diferent ranges and

different strengths, Johnson et al. ' suggest maintaining

where f($') isIthe~internal wave function of the
projectile.

The nucleon-nucleon interaction is assumed to have
the form

A er ——Ver &((w/P)"'. Gaussian,

~ er = Ver && (4~/n'): &u~awa

In order to compute the effective proj ectile r(ucleoe-
interaction, Eq. (3), the internal wave functions of the
'He and triton projectiles are normally assumed to be
Gaussian. If the nucleon-nucleon interaction, Eq. {4),
is also chosen to be a Gaussian, then the resulting
expression for V(R',r;) is a Gaussian with a longer range
and lower depth but the same volume integral, Eq. (7),
as the nucleon-nucleon interaction. '

In the present analysis of the {oHe,t) and ('He, '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 complex.
Kesolowski eI, a/. '4 have shown, however, that for large
values of (R'—r,) this complicated expression can be
approximated by a Yukawa with the same range o. '
but normalized strengths Vay given by

Ver ——Ver exp(n'/18''), (g)

where y is proportional to the size parameter or average
size parameters for the Gaussian wave functions of the
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'He and/or t projectiles f i.e. , y=0.318 and 0.291 for
the ('He, t) and ('He, 'He') reactions, respectivelyj. ' At
a range of 1.0 F the simple Yukawa and the exact
expression are almost identical for

I

R' —r;I &3 F and
only deviate strongly at distances less than 2 F (i.e.
=20% at 2.0 F).'4 Since complex projectiles are
strongly absorbed inside the nuclear surface, Kq. (8)
can be expected to be reasonably correct; however, it
should not be as accurate in the lighter nuclei due to
their much smaller radii. In fact, the DWBA calcula-

tions performed for the ('He, t) and ('He, 'He') reactions
discussed herein were only insensitive to lower radial
cutoGs & j..5 P, However, a comparison of the absolute
strengths obtained in these experiments with those
obtained in an analysis of the (p,p') and (p,tt) reac-
tions should provide a test of the validity of this
approximation.

The expression for the diGerential cross section can
be written as a coherent sum of single-particle transition
amplitudes Ii i,i4'»'(kg):

do f 2tt )'kr 1
(2J+1)(2S+1)I & Dt» 4(JSLT)'VsrFz, v"'(kr)(2L+1)-'"I' (9)

dQ (4)r)tt') k, (2J'+1)(2J,+1)zsctr 2»2~

where
Pr)iti»'2(kr) = (x,(-&'(k„R')

I Fr.M(R')

gran»i(R')

I
x;(+)(k;,R')),

g i"'(Z') =fgt;,„(r)t„(Z',r)@;„,(r)r 4r;,

D;„,(JSLT)=4(2j i+ 1)'t'(2jr+ 1)»a(lill Fi II li)

X j2 & li [$(JJJf,' 1T,Tf,' jiji) 8'(SJ'; 1T')C'(T'T'1; P, '—P&')C(TT&1;&,—pf)( —1)&'+&' P' Pr- —

.J S I..
X ep' py', pt p sT,1+—&(JJ—Jp'', 0T'Tp,' jij 2) 3 (SJ OT )f)p py'5p. pg(2T4+ 1) '"(2T'+ 1) 't~()r o]. (10)

In the above expressions, the subscripts i and f label
initial and 6nal states; primes indicate projectile
coordinates and quantum numbers; J, I., S, and T
denote total, orbital, spin, and isospin transfer; the
quantum numbers labeled I' represent s components of
isospin; and l&,j& and l2,j2 represent the orbital and total
angular momenta of the target nucleon in its initial and
final states. The radial form factors gl, '»'(R') are de-
pendent upon the radial wave functions (R,g of the
bound particle in its initial and final state while the
nuclear structure information is contained in the
quantity D;„„where S,c and S',C' represent target and
projectile spectroscopic factors and isospin Clebsch-
Gordan coeKcients, respectively.

As was mentioned previously, the levels which are
strongly populated in the ('He, t) and ('He, 'He') reac-
tions on 1p-shell nuclei correspond either to p-shell hole
states or levels which have the configuration 1s'1p" '2s
or 1s41p" '2d (from here on we will assume a closed 1s
shell and suppress all principal quantum numbers).
Since simple j-j configurations will be assumed for the
levels which are formed by promoting a p nucleon to
the s-d shell, only one single-particle transition j&~ j2
contributes to the cross section. If intermediate-coupling
wave functions are used for the p-shell states, then
several different single-particle transitions (all with
li= lq= 1) contribute. However, since the single-particle
transition amplitudes FL~&»& were found to be rela-
tively insensitive to the binding energies of the target
nucleon in its initial and final states, FL~&'»2 was calcu-

lated only for the dominant single-particle transition
predicted in the j-j limit. The validity of this approxi-
mation will be discussed later (see Sec. IV A3).

Since in the present analysis FL~'&'& was computed
for only one single-particle transition j&~j2, the
expression for the differential cross section, Eq. (9),
can be written as

da. G(JSLT)—= Z -(j jLt)l Z &sr I',
dQ JsL

where

-(j j.«)
( 2tt ')ikf

I

—& I~~M""(kr)(2L+I) '"I' (12)
(4trh') k, 4r

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

ir(2J+1)(2S+1)
—'t'

G(»LT) = g D,„,(JSLT),
-(2J'+ 1)(2Jt+ 1)— i»i

for

ir(27+ 1)(2S+1)- it'
D;„,JSLT,

(2J'+ 1)(2J,+1)
for hi&i, . (13)
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while the conservation of parity gives

x m"——"+"= —~

(14a)

(14b)

(14c)

(14d)

(14e)

(14g)

It is interesting to compare the restrictions on the

isospin transfer T as they apply to the ('He, t) and

('He, 'He') reactions. First, for a ('He, t) transition, T
must be equal to one (14g) and therefore this reaction

is only dependent upon the isospin Vo& and spin-isospin

Vrr terms in the effective interaction, Eq. (4). Second,
for a ('He, 'He') reaction where T;= Tr=O, T must be
equal to zero (14f) and only the Vee and Vre terms
contribute to the cross section, whereas if T,= Tt+0,
then 7=0,1. and all four terms can contribute. Finally,
if Ty= T;&1 then only the isospin-dependent terms are
allowed (14f,g) for both the ('He, t) and ('He, 'He')
reactions.

B. Selection Rules

The microscopic formalism which has been described
in the previous section implies several restrictions on
the various quantum numbers:

C. Critical Analysis of Assumptions of Simple
Microscopic Description

Several of the simplifying assumptions and possible
i~adequacies of a simple microscopic description deserve
further comment. For example, since the mechanism is
assumed to be direct, any contributions from exchange
and multiple excitation processes are neglected. It is
expected that multiple excitation should be relatively
unimportant for levels which have simple shell-model
con6gurations unless some selection rule or accidental
cancellation of a nuclear matrix element inhibits the
direct process. ' However, a comparison of the ('He, 'He')
and (rr, n') cross sections for transitions restricted to be
5= 1 indicates that while the contributions from
multiple excitation may be small they are not negligible
for these transitions (see Sec. IV B2).

Exchange terms result both from antisymmetrization
between projectile and target nucleons and from ex-
change forces in the effective interaction; in general the
overlap integrals are complicated and di6icult to com-
pute, particularly for complex projectiles. The few
calculations which have been reported for nucleon
projectiles" "indicate that the contributions from ex-
change integrals are small for I.=O transitions, ""
though for higher L transfers these terms become more
important" " and in certain cases the direct and ex-

"C.A. Levinson and M. K. Banerjee, Ann. phys, (N. Y.) S,
67 (1958); A. Agodi and G. Schiffrer, Nucl. Phys. 50, 337 (1964).

"T. Une, S. Yamaji and H. Yoshida, Progr. Theoret. Phys.
(Kyoto) 35, 1010 (1966)."K. A. Amos, V. A. Madsen, and l. K. McCarthy, Nucl. Phys.
A94, 103 (1967)."Jay Atkinson and V. A. Madsen, Lavvrence Radiation Labora-
tory Report No. UCRL-70635, 1967 (unpublished); Bull. Am.
Phys. Soc. 13, 631 (1968).
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change contributions can be of comparable magnitude. '~

What the situation would be for the ('He, 'He') and
('He, t) reactions to be considered here is not known. It
is evident that more theoretical analyses are necessary
before the real importance of exchange effects is fully
understood.

Another important approximation concerns the use
of a simple local interaction which does not vary with
energy and also neglects spin-orbit and tensor forces
which are known -to contribute to the interaction be-
tween free nucleons. '4 The validity of this assumption
can only be determined by a comparison with experi-
ment; so far the evidence indicates that this approach
can-be reasonably successful. ' "

Finally, one of the most important criteria for the
success of a microscopic description is the reliability of
the shell-model wave functions which describe the
properties of the initial and 6nal states. Should the
wave functions underestimate the observed electro-
magnetic transition rates (E2 and E3 especially), then
the e6'ective interaction required to 6t the correspond-
ing inelastic scattering data would be enhanced.
Fortunately, accurate ip-shell wave functions are
available which have been successful in predicting
several nuclear properties including M1 transition rates

~4 J..L. Gammel, R. S. Christian, and R, M. Thaler, Phys. Rev.
10~, 311 (1957};J. I . Gammel and R. M. Thaler, ibid. 107, 291
(1957); 107, 1337 (1957); P. S. Signel and R. E. Marshak. , ibid.
109, 1229 (1958);E. K. Lassjla, M. H. Hull, H. M. Ruppel, F. A.
McDonald, and G. Breit, ibid. 126, 881 (1962);T. Hamada and
I. D. Johnston, NueL Phys. 34, 382 (1962).

and. Gamow-Teller P decays. "Furthermore, the effec-
tive charges required to predict the observed E2 tran-
sition rates enhance the E2 matrix elements by factors
of only 1.5—2.0."As a result, the contributions from
collective or "core polarization" effects" should be
smaller for these transitions than those observed for
heavier nuclei.

III. EXPEMMEmT

The ('He t) and ('He 'He') reactions on "C "C "C
L('He, t) reactions only], '4N, and "N were simul-
taneously investigated using 40-50 MeV 'He beams
from the Berkeley 88-in. cyclotron. Particles were de-
tected using two (dE/Ch) Ecounter telesco—pes which
fed Goulding-Landis particle identilers"; in general,
almost complete separation was obtained between
tritons and deuterons. The (dE/dx) counters consisted
of 8.5-mil (212-y) or 11.8-mil, (295-p) phosphorus-
diGused silicon detectors, while the E counters were
120-mil (3-mm) lithium-drifted silicon detectors. In
some experiments it vras necessary to rotate the 8 de-
tectors to an angle of 30' in order to stop the high-
energy tritons. Detailed discussions of the experimental
equipment have been presented elsewhere. ""

"F.S. Goulding, D. A. Landis, J. Cerny, and R. H. PeM,
NueL Instr. Methods 31, 1 (1964).

36 D. G. Fleming, J. Cerny, C. C. Maples, and N. K. Glenden-
ning, Phys. Rev. 166, 1012 (1968).

'~ G. W. Butler, J. Cerny, S. W. Cosper, and R. L. McGrath,
Phys. Rev. 166, 1096 (1968),

'8 G. C. Ball, Ph.D. thesis; Lavmence Radiation Laboratory
Report No. UCRL-18263, 1968 (unpublished).
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A 3.0-in. -diam gas ce11 with a window of Havar foi1
0.1 mil thick" was used to contain isotopically pure
()98%) "N, "N, and 93% pure "C in the form of
methane. In addition, solid "C, "C, and adenine
(CsHsNs) targets were used.

The ' C target, obtained from Brookhaven National
Laboratory, was prepared by depositing "C onto a
2 mg/cms gold backing. This target contained large
amounts of "C and "0 and the exact "C target thick-
ness was unknown. In order to obtain absolute cross
sections, the '4C('He, n) "C(g s ).an. d "C(n, 'He)'4C(g. s.)
reactions were investigated at &H,=44.8 and E =64,5
MeV, respectively. At these energies, the momentum of
the incoming 'He (outgoing n) particle from the ('He, n)
reaction is the same as the momentum of the outgoing
'He (incoming n) particle from the (rr, 'He) reaction and
therefore time-reversal invariance implies a detailed
balance between these two nuclear reactions. Since the
cross section for the (n, 'He) reaction was accurately
measured, it was possible to determine the cross section
for the ('He, rr) reaction to &15%; the results are
discussed in detail elsewhere. ""

Energy spectra for the "C('He&t)"N "C('He, 'He')
"C, ' C('He, t)"Nl "C('He, 'He') "Cy ' C('Hept)'~N,
"N('He, 'He') "N "N('He, t)"0, and "N('He&'He') "N
reactions are shown in Figs. 1—6; the experimental data
for the '4N('He, t)"0 reaction have been published pre-
viously in Ref. 18.Typical energy resolutions, full width
at half-maximum (FWHM), for tritons and'Heparticles
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 experi-
ments and a comparison with previous data'~" are

"Hamilton Watch Co., Metals Division, Lancaster, Pa."G. C. Ball and J. Cerny, Bull. Am. Phys. Soc. 12, 1144 (1967);
G. C. Ball and J. Cerny, (unpublished).

4'C. D. ZafIratos, F. Ajzenberg-Selove, and F. S. Dietrich,
Nucl. Phys. 77, 81 (1966)."F.Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. A114, 1
(1968).

4'F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1
(1959).

44 T.Lauritsen and F. Ajzenberg-Selove, in SNcleur Data Sheets,
compiled by K. Way et al. (Printing and Publishing Ofhce,
National Academy of Sciences—National Research Council,
Washington 25, D. C., 1962), sets 5 and 6; F. Ajzenberg-Selove
(private communication).

4'R. E. Segel, S. S. Hanna, and R. G. Alias, Phys. Rev. 139,
8818 (1965).

46I. Talmi and I. Unna, Phys. Rev. Letters 4, 469 (1960);
N. Vinh-Mau and G. E. Brown, Nucl. Phys. 29, 89 (1962); D. E.
Alburger and D. H. Wilkinson, Phys. Rev. 153, 1061 (1967).

47D. Bachelier, M. Bernas, I. Brissaud, P. Radvanyi, and
M. Roy, Nucl. Phys. 88, 307 (1966);R. L. Kozub, L. A. Kull, and
E. Kashy, ibid. A99, 540 (1967); F. Hinterberger, G. Mairle,
V. Schmidt-Rohr, P. Turek, and G. J. Wagner, ibid. A106, 161
(1968).

48 G. C. Ball and J. Cerny, Phys. Letters 21, 551 (1966).
41) F. C. Barker, Nucl. Phys. 28, 96 (1961); T. Sebe, Progr.

Theoret. Phys. (Kyoto) 30, 290 (1963).
~0 E. K. Warburton and W. T. Pinkston, Phys. Rev. 118, 733

(1960); H. J. Rose, Nucl. Phys. 19, 113 (1960); H. J. Rose, F.
Riess, and W. Trost, ibid. 52, 481 (1964).

W. W. True, Phys. Rev. 130, 1530 (1963}.
'~ G. W. Phillips, F. C. Young, and J. B. Marion, Phys. Rev.

159, 891 (1967) and references given there.

presented in Tables I—V. In general, angular distribu-
tions between 15' and 80' in the c.m. system were
obtained for all prominent levels and are shown in
Ref. 38; theoretical distributions for well-known
transitions are compared with experiment in Sec. IV B.

IV. MICROSCOPIC DESCRIPTION OF ('He, t)
AND ('He, 'He') REACTIONS

A. Calculation

The theoretical calculations described in this work
were carried out using a slightly modified version of
the program oRc which has been described elsewhere. "
This program calculates the quantity o(j &j sLO) which
was defined in Eq. (12).Before a meaningful comparison
with experiment could be made, it was necessary to
investigate the effects of various parameters and
approximations on the shapes and relative magnitudes
of the predicted angular distributions. In particular,
optical-model parameters, nuclear structure factors,
binding energies and bound-state wave functions, range
e6ects 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 htting" the 'He
elastic scattering data which was also measured in these
experiments. Optical-model parameters for tritons were
assumed to be the same as those for 'He particles. The
general form of the optical potential was taken to be

U(r) = U, (r)—Vs(1+e*) '—iWs(1+e") ' (16)

where
~= (»—«0'")/ , ax'= (r r,A'Is)/b—

and U, is the Coulomb potential between a light particle
of point-charge and a uniformly charged sphere.

The parameters obtained in this analysis are sum-
marized in Table VI; typical fits are shown in Fig. 7.
LAlso shown is a fit to the elastic scattering of 40.5-MeV
a particles i'rom "N using the potential set N (see
Table VI); this potential set was used in DWBA calcu-
lations for inelastic (n,n') transitions (see Sec. IV Ci).j
With the exception of "C (the difhculty in fitting

"M. Lambert and M. Durand, Phys. Letters 248, 287 {1967);
R. D. Gill, J. S. Lopes, B. C. Robertson, R. A. I. Bell, and H. J.
Rose, Nucl. Phys. A106, 678 (1968).

~' K. K. Warburton, P. D. Parker, and P. F. Donovan, Phys.
Letters 19, 397 (1965); C. R. Gruhn and E. Kashy, Bull. Am.
Phys. Soc. 11,471 (1966)."E.C. Halbert and J. B.French, Phys. Rev. 105, 1563 (1957).

"B.G. Harvey, J. R. Meriwether, J. Mahoney, A. Bussiere
de Nercy, and D. J. Horen, Phys. Rev. 146, 712 (1966).

'7 W. R. Gibbs, V. A. Madsen, J. A. Miller, W. Tobocman,
K. C. Cox, and L. Mowry, National Aeronautics and Space
Administration Technical Note, NASATND-2170, 1964 (un-
published).

"A modi6ed version of the computer program sEEK LM. A.
Melkanoft, J. Raynal, and T. Sawada, szzx, Department of
Physics, University of California, Los Angeles, Report No. 66-10
(unpublished) j was used in this analysis.
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elastic scattering data from this nucleus is vrcB
known'~sI and will be discussed later), the sets of
parameters obtained for each nucleus are almost
identical and resemble the 'He potentials for scattering
f

lorn

heavier Duclcl.
Unfortunately, when these parameters were used in

the DKBA calculations they were unable to give
I'casonablc fits fol' those ( Hc&f) pI/I, ps/s ~ pI/s tl'Rllsl-

tions in which the total angular momentum transfer
was zero. Speci6caOy, these calculations were unable to
I'cpI'oducc the strong 1mnlIQa obscrvcd Gear He, m,—35—
45' for dominant 1.=0 transitions with small negative Q
values. Identical results %'crc obtained foI' several
parameter sets in the same family possessing real mcH

» G. R. Satchier, Nuci. Phys. A100, 49/ (196/).
'0 K. B. Carter„G. E. Mitchell, and R. H. Davis, Phys. Rev.

DB, 3142I (I964); E. M. Kellogg and R. VV. Zurmiihle, ibid. I52,
890 (j.966).

fl' D. J. Haugh, G. J.B.Pyle, P. M. Rolph, and S. M. 5carrott,
Nucl. Phys. A95, 155 (I967)."K.F, gibson, B. %. Ridley, J. J. Kraushaar, M. E. Rickeys
and R. H. Bassel, Phys. Rev. 155, 1194 (1967).

depths which varied from 160 to 200 MCV. Further
investigation showed, however, that the predicted
Shape of these I=0 transitions %'as vcPj scnsltlve to
small changes in the real radius, and good I'Its couM be
obtalllcd lf this pRIR11Mtcl' was decreased bv =7%.
The IHc(f) optical-model parameters shown in Table &I,
IYlod16ed by setting 'f'0 =0.93f0~ werc used ol calculating
the theoretical angular distributions for all transitions
observed in the A = j.3-15 nuclei, Furthermore, since
the energy dependence of the optical potentials for 'Hc
particles is known to be weak, '~ these parameters mere
assumed to be independent of the excitation energy of
the 6nal state.

Theoretical angular distributions are sbovrn in Fig. 8
for several shcB-model transitions which illustrate that
a SMaB decrease in fo docs Got strongly aBcct the
magnitude of these transitions (i.e., the integrated cross
scc'tlolls d18cr bf (10/o). Fill'tllcl' wlthtllc cxccp'tloII
of tllc PI/s~PI/I, I =0 Rnd PI/s~ds/g~ I= 1(S=1)
transitions it has httle CEcct on the predicted shapes of
these angular dlstrlbutlons. However, the deep Imm-
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TAPI.v. V. Energy levels observed in '"N and "0,

"N('He, 'He'} "N
(Present work)

Encl gy
(MeV+keV)

Previous data'
Energyb

(MeV&keV) J

15+(7(3He ])15O

(Present work)
Energy

(MeV~ keV)

Previous data'
Energyb

(MeV&keV} J
Dominant
shell-model

conaguration'

0.0

6.32
7,15
7.30
7,56
8,31
8.57

9.17+30

9.79+40

10.03+40

10.71+40

11.34+40
11.92&40
12.52&40
14.12+40
15.11+40

0.0

(
5.27
5.30
6.32
7.15
7.30
7.56
8.31
8.57
9.05

9.22

(9.'M

( 9.93
10.07
10.45
10.54

10.80

2+
1.+
3.
2

f+

2+ ($+)
R2+

k+, (~2+)
:(-'),'(;}
2, (k)

2+, 2+
2+
3 5
2I 2I 2
5
2

+

0.0

7.28
7.55
8.28

8.94+40

10.30+40
10,49+40
10.97+50

11.21+60
11.69+40
12.34+40
13.78+40

(5.24

6.18

(6.86

7.28
7.55
8.28

9.485
9.49m 40

(tI.6i

10.28
10.46

(10.94
11.02

2(+}

3(
2+
+

-''(+)
+

2'+
2+
-3(+)

2

(I, tl)-

P 1/2

(pi/2) 02d'5/2

(Pi/2) 0 $1/2

P3/2

(pi/2) 12d'5/2

(Pl/2)1 Sl/2

(Pl/2}1 d5/2

(Pl/2)1 Sl/2

(Pl/2)1 d5/2

Refs. 43, 44, 52-55.
b Energy levels without error bars were well known previously.
e See Refs. 52, 54, SS.
d Several levels have been reported above 11 MeV in both 15N and»0 (see Refs. 43 and 44).

munx which is now predicted for the I.=() transition
at 8, —35' is in good agreement with relevant
experimental data.

The changed shapes of the PItq-+d.-t~, I.= I(5=1)
transitions were not considered to be as important.
[Vcr}r few exaIIlples' of pul'e ol doIIIIllallt, prt2~dgtI
L=1(5=1) transitions were observed in these data
since the final states mere either weakly populated or
poorly resolved. I'oor fits were obtained using either the
modified or unmodified optical potentials and these
results will be discussed in Sec. IV B.f

c. 'He scattering from "C.Difhculties in fitting elastic
proton" and 'He"' sca, ttering data for "(".have been
reported elsewhere. In this analysis the major difTerence
between the optical-model parameters obtained for "C
and those obtained for other p-shell nuclei is the large
imaginary depth tI"0 which was required in order to
give the best 6t (potential set E) to the elastic scattering
da, ta (see Table VI). Although there is known to be a
strong coupling bet wccn thc ground an(i thc first,
excited 2+ state of I2(.', an analysis using coupled
equations for the scattering of 46-MCV protons from

TABLE VI. Optical-model potentials.

Potential Channel

15N+'He
"N+'He
"C+'He
"C+'He

Average set
12C+3He
'2C+3He
14N+u'
12C+p

39.8
44.6
44.8
39.6

49;8
49.8
40.5
46.3

ISO

(MeV)

160.0
160.0
160.0
160.0
160.0
160.0
160.0
195.0
41.5

1.23
1.29
1.31.
1.31
1.29
1.40
1.39
1.28
1.143

0.595
0.565
0.569
0,565
0.574
0.572
0.542
0.654
0.643

12.44
11.37
12.58
14.86
12.82
20.31
12.58
21.00
9.7

1.80
1.78
1.82
1.73
1.78
1.70
1.96
1,28
1.143

0.858
0.811
0.795
0.826
0.822
0.537
0.571
0.654
0.643

1.3
1.3
1.3
1,3
1.3
1.3
1.3
1.3
.1.2

a In order to fit the reaction data these potentials were modified by setting ro' =0.93ro.
b This potential set was used in calculating the theoretical angular distributions for transitions leading to states in»C and»N.
e Data obtained by Harvey etl Ol. (Ref. 56).
d Optical potential set obtained from Ref. 59.
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The nuclear structure factors G2{JSI.T) were com-
puted llslng thc relationships glvcn ln Sec. II Rnd Rlc
tabulated in Ref. 38. Target-nucleus spectroscopic
factols g(JJ Jf,'TT;T/, jljs) defined in Eq. (A6) of
Ref. 5 were calculated for p-shell states using the
coeKcients of fractional parentage obtained from the
wave functions of Cohen and Kurath" (hereafter
denoted CK); j-j coupling structure factors were also
computed for p-shell states to permit comparison with
the predictions of CK. )For certain transitions in
mass 14, nuclear structure factors were also calculated
using the intermediate-coupling wave functions of
Visscher and Ferrell {VF)."j

Simple shell-model conigurations consisting of a
{Ps/2)' core plus an sl/2 or ds/2 nucleon for A = 13 nuclei;

(pl/2r&1/2) 0—,I—;T=0,1 or (pl/2)If 5/2) 2,2-;I'=0, 1 coI16glll'R-
tion for A = 14 nuclei; and a $(pl/2)0', sI/2 jl/2+;T-I/2. 0/2

L(PI/2) 0 )If5/2]5/2+; T=1/2, 3/2) L(PI/2) I Pl/2 jl/2+, 2/2+; T I/2)
Ol' D pl/2)I qd5/2 js/2+, 5/2+, I/2+;T I/2 COI16glll'a'tloll fol
A=15 nuclei were assumed for levels which were
formed by promoting a p nucleon to the s-d shell. The
shell-model calculations of True" for levels in '4N and
of Halbert and French" for levels in "N and "0
indicate that the above should be reasonably good
approximations since these levels only contain small
admixtures of other con6gurations. For example, the
WRve fllllctlolls fol' tile (PI/2, $1/2) I;T=0,1 alld
(pl/s, d5/2)2, T 0,1 levels of "N (see Ref. 51), which have
been reasonably successful in predicting y-ray transition
rates, ""only contain (Pl, l,ds/2) admixtures of &4/ro.

00 I I l I l I l I l I I I l I I I l I

20 40 60 80 I00
8 ( deg )

FIO. 9. DWBA predictions forrepresentative ('Het, L15N 2.31-
MeV, 0+; and "N g s. $—]and ('He, 'He') L14N 3.93-MeV, 1+;
»N /36-MeV q+. and "C 309-MeV &+j transitions obtained
using the independent optical potentials {IOP) and the average
optical potential (AOP) (see Table VI), The curves have been
normalized to give the best over-all 6t to the experimental data.

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 complete additional analysis, to
obtain Rvcl Rgc correction fRctols w'hlch could be Rpplled
to all values of Vgp obtained earlier from reactions on
a given target. These correction factors w'ere 0.87, 0.89,
0 98 $ $9 and 0 98 for 12C 13+ 14C 14+ and 15+

respectively. In general it was found" that the values
of Vap obtained in this manner were in somewhat better
relative agreement than those obtained from the
independent optical potentials (see also Sec. 0/8).

3. Bognd-State 5'ave Iignctions, BinCing Energies,
and Eadha/ Forte Factors

As mentioned previously, in order to simplify the
theoretical calculations only one radial form factor
gl, /»2(E') was computed corresponding to the dominant
shell-model transition in the j-j limit )this resulted in
Eq. (11)j. Single-particle radial wave functions were
calculated using a %oods-Saxon well with a radius of
1.25A'" F, a diffuseness of a=0.65 F, and a spin-orbit
coupling of 25 times the Thomas term; a Coulomb
potential with a radius of 1.25A'" F was also included.
The well depths were adjusted to give the binding
energies computed from the separation energy scheme
illustrated in Fig. 10. If this method is used a definite
relationship exists between the binding energies E~i,g of
the particle in its initial ji and 6nal j2 states given by
EII2=EIII+Q(p, n) for the (0He, t) reaction and EII2
=Esl+Q(p, p') for the ('He, 'He') reaction.

In order to obtain absolute values for Egg, 2 it is
necessary to determine the parent state in the (A —1)
nucleus which has the dominant con6guration of thc

63 gl. M. Visscher and R. A. Ferrell, Phys. Rev. 107, 'tp'8f (f957).
«D. E. Alburger, A. Gallmann, J. B.Nelson, J.T. Sample, and

K. K. Warburton, Phys. Rev. 148, foSO (f966).
05 K. P. Lieb and R. Hartmann, Z. Pbvsik 200, 432 (196/}.
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inactive (A —1) core of the target nucleus. In general,
for p», ~d«„pt/s~st/s, and pt/s + pi/s transitions
in the j-j limit, the parent state corresponds to the
ground state configuration of the (A —1) nucleus and
therefore E~I is simply equal to the appropriate nucleon
binding energy of the target nucleus. The transitions to
levels in "N("0) with the configuration (pt/s) s'ds/s or
(pt/s)QSt/s are exceptions to this rule (see Fig. 10).
(When this method gave negative values for Ees, the
nucleon in its final state was assumed for convenience
to be bound by 400 keV. )

For ps/s +pi/s transitions, the removal of a ps/s
nucleon (in the j-j limit) does not always overlap with
the ground-state configuration of the (A-1) nucleus but
instead may have large coeKcients of fractional
parentage for several excited states. In this case the
radial form factor should in principle be the sum of
several radial form factors gc'»'(E'), each calculated
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 pt/s, ps/s~ ps/s
transitions also contribute to the population of a given
final state. In the present analysis, when several excited
states in the (A —1) nucleus were involved in the j-j
limit (for ps/s + pi/s transitions in mass-13 [( He, t)
reaction only7, -14, and -15 nuclei), the binding energy
E~j was chosen to be equal to the appropriate nucleon
binding energy of the target nucleus plus the excitation
energy of the final state in the product nucleus.

The validity of the above for p-shell states depends
upon the sensitivity of the predicted angular distribu-
tions to changes in the binding energies of the single-
particle wave functions. Integrated theoretical cross
sections are plotted in Fig. 11 as a function of Eet (the
definite relationship between A~I and EI32 was main-
tained) for several different single-particle transitions.
In general it was found that both the shapes and the
magnitudes of the predicted distributions for L=O and

(orfs+

1.N[(&1),'1] s'

$5.27[(&l) ~I] a+

3.95 1+

2.31 0+

E82
/

3.95 I+

23I(ls 2) 0+

E82 121 3
6.79 [(~I),'I] r+

14
N+p

s.t4 [(~k),"0] '
1 (or)'

(p
1)3 0

$5N

FIG. j.0. The separation energy scheme used to determine the
binding energies of the target nucleons involved in typical single-
particle transitions [i.e., the "N('He, 'He') "N(5.27-Mev, q+) and
5N( He, t) 50(5.24-MeV, ~~+)p&g2~d5~2., and the "N( He, He') ' N

(7.30-MeV ~+) and "N('He, t)"O(6.79-MeV, y+)p1 /2 ~ s1/2
transitions). Lie~(Ze~ ) represents the binding energy of the p&/r
nucleon in its initial j1 state while 8~2(B~2 ) represents the binding
energy of the d&q2(s&~2) nucleon in its final j2 state.

t/s

'c I .8—
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I.O
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p 0 ~p I
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N, 756
p- d—I 5
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.c' I.O
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1.0
b
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Fro. 1I. Integrated single-particle cross sections as a functIon
of the binding energy EI (the fixed relationship between 8» and
Jig2 was maintained) for several representative single-particle
transitions. The cross sections have been normalized relative to
those obtained using the binding energies predicted by the
separation energy scheme described in Sec. IV A3.

L=2 p-shell transitions were relatively insensitive to
moderate changes in the binding energy E».

One additional assumption was made in calculating
the radial form factors for inelastic transitions where
the excitation of protons and neutrons both contribute,
as is the case for transitions in "C, '4N, and "N (the
5.27-MeV, -', + and 5.30-MeV, -';+ levels only). Since
the neutron and proton binding energies are approxi-
mately 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
transition to the 3.68-MeV, ~

—level in "C also in-
volves both proton and neutron excitations. However,
since the neutron and proton binding energies of "C
differ by 12.586 MeV, the theoretical angular distribu-
tion for this transition was computed by averaging
those calculated assuming that either protons or
neutrons were excited. )

4. Eartge Egects of I'ukawa Ittte'racttort

The theoretical angular distributions for different
single-particle transitions and L transfers are shown
in Fig. 12 for various ranges of the effective Yukawa
interaction between 0.5 and 1.6 F. The predicted
differential cross sections have been multiplied by 0.' in
order to compare the strengths of different multipole
transitions as a function of the range of the interaction
[see Eq. (7)7. It can be seen from Fig. 12 that varying
the range of the interaction has two general effects on
the predicted cross sections. First, the angular distribu-
tions 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
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where p is the reduced mass of the particle, P is the non-
locality range, U(r) is the equivalent local potential,
and C is unity for scattering wave functions.

A nonlocal correction was included in this analysis for
the 'He and triton optical potentials only, using a non-
locality range of P=0.25 F."From Fig. 8 it can be seen
that the nonlocal damping factor has very little CBect
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
ptp ~ stgs transition wh1ch ls reduced by only 1%.

CI. I

0.05

I
1

I j t j 1 [ I j I [

( He, t) p e~p-3 I

Transitions
ont L=O)

6.60, 2+

0 778, 2+

B. compariso with Experiment

In order to simplify the comparisons with experiment,
the transitions observed in the (sHe, f) and ('He, '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.

As mentioned previously, the theoretical curves which
Rlc compared with cxpcllmcnt werc all cRlculRtcd using
independent optical potentials; however, strengths were
obtained for both independent optical potentials and
an average optical potential using the correction factors
given in Sec. IVAN. The values quoted in this report
will refer to those obtained from the average optical
potential unless otherwise stated. In all cases, the
theoretical curves were normalized to give the best
over-all fit to the experimental data; hence, independent
values of V8~ were obtained for each transition. When
two levels were unresolved experimentally, the theo-
retical angular distributions were computed by summing
the contributions from each transition.

Since more than one term in the elective interaction
usually contrlbutcd to thc cross scctlon of Rn lndlvldual
transition, it was necessary to assume some relationship
among the relative strengths of the individual terms in
the CGective interaction. Three di6'erent exchange
mixtures —including the Wigner interaction (Vss only)
and the Serber fore" were used for ('He, 'He') transi-
tions, while Vpy and Vpp were generally assumed to be
equal in the analysis of the (sHe, t) reaction; this will be
discussed further later,

1. (sHe, t) Pr~s, Ps~s —+ Pt~s Donsinatst I.=O Transitions

Since the strengths of the higher multipole transitions
decrease rapidly with increasing range (see Fig. 12), the
ratio of the theoretical cross sections o(jrjs18) for
I.=0 to I.= 2 transitions is —12/1 at a range of n ' = 1.2
F. As a result, most (sHe, f) transitions which are
allowed by the selection rules to be I.=O and/or 2 are

«R. H. Bassel, Phys. Rev. I49, 791 I'1966); R. Stock, R. Bock,P. David, H. H. Duhm, and T. Tamura, Nucl. Phys. AI04, 1&6
(1967); R. H. Sassel (unpublished).
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predicted to be dominant I.=O transitions. Transitions
to the ground state and the (ps~s, pries)t+, r t levels in"0 and the 1+ ground state of "N are the only
exceptions to this rule; these levels all have I.=O
structure factors which are quite small.

Theoretical angular distributions for these dominant
I.=O transitions are compared with experiment in
Figs. 13 and 44; the solid curves were calculated using
the mixed CK wave functions. In genera1 the 6ts to
these angular distributions are reasonably good, par-
ticularly for those levels which have smaO negative
Q values.

Dominant I=0 transitions should provide the most
accurate determination of the isospin V0~ and spin-
isospin Vjy terms in the effective interaction. There are

[ t I t j t j t j t j t j

20 00 60 80
8 (deg)

Fro. 14. Angular distributions for ('He, t) pl fr~ pg/Q (dominantI=0) transitions. The solid curves are D%BA predictions ob-
tained using CK wave functions and the 1QdepeQdeQt optical
potentials given in Table VI. The dashed curve shown for the
11.85-MeV level in "N was calculated using j-jwave functions.
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two reasons for this: First, many of these transitions—
particularly the ground isobaric analog transitions —are
very insensitive to con6guration mixing. Second, 1-=0
transitions are not expected to be enhanced by collective
or core polarization effects. ' Among the transitions
which are observed in these experiments, 6ve have been
selected which should provide the best measurement
of VOI and VII, they are transitions to the g.s. , ~~ —and
6.18-MeV, -,'—levels in "0; the 2.31-MeV, 0+ and
3.95-MeV, 1+ levels in '4N; and the g.s., -', —level

in "N.
Three of these transitions are primarily (or only)

dependent upon V02 while the other two are primarily
(or only) dependent upon Vn. A ratio of Vnf Voi=0.8

gave the best over-all agreement for these transitions
(compare Table VII). This ratio was often used in
subsequent calculations for other transitions and I
transfers. However, whenever enhanced strengths were
observed for Voi and VII, the ratio predicted by the
Serber force (V~~/Vo~=1. 0) was used. Consequently,
VOI and VII were assumed to be equal for all pure I-= 2
and all py~2~ ds)2 transltlons.

The values obtained for V01 and Vii from all I-=0
transitions are summarized in Table VII. The agree-
ment among the above 6ve transitions is reasonably
good and leads to average values for Vox 120.6&0.4
MeVj and V~~ L16.5&1.1 MeVj which are in excellent
agreement with those obtained from an analysis of (p,n)
reactions. ' '0 " In particular, the (p,u) reactions on
several target nuclei including "C "Cr, and "Zr (see
Refs. 8, 11, 12) yield values for Voi which range from
19 to 26 MeV and the ratio for the spin-isospin strength
is determined to be —0.6—I 0 "'2 An independent
measurement from the rLi(P,n)~Be(431 keV) reaction
at 44.7 MeUIO gave a value of VII= 15 MeV.

It is also interesting to compare the present results
with those obtained previously in analyses predomi-
nantly concerned with ground isobaric analog state
transitions in ('He, f) reactions on '~0 "0 '~A1 'OSi

"I,and' Tiat &H,=18—25MeU "' Using a Yukawa
potential with a range of 1.0 F, values were obtained
for Vo~ ——31&6 and Vn=20+4 MeV Lcorrected to an
effective nucleon-mucleoe interaction at 1.0 F (see
Eq. (8))j. These strengths are somewhat larger than
those obtained in the present analysis; this may be
due to a possible energy dependence of the effective
1Ilteraction.

The relatively large values of VOI and VII which are
predicted for transitions to the 8.92-, I1.85-, and 15.0/-
MeV levels in 23N and to the I3.70 MeV level in '4N

TABLE VII. Experimental strengths for the e6'ective nudeon-ngcleon interaction at 0.' '= I.o F
obtained from ('He, t) pIq2, peg2~ pIg2 I,'doIninant 1.=0) transitions.

Reaction

1~+(~He, t)»O

14C ('He, t)'4N

&4N (3He t)14O

&3C (sHe, t) &&N

»C {~He,t)"N

Energy
(MeV)

0.0
6.18
2,31
3.95

13.70
660
7.78
0,0
3.51
3.56
8.92

11.85
15.07
0.0

0+, Ia
I+, Oa

I+, I
2+, Ie
2+, fe

, $a

4-. k)~

s

I+, I

21.6
(22 2)
20.4

~ ~ ~

(14 2)
(13.8)
22.6

21.6
(22.2)
20.4

(14.8)
(24.4)
23.3

(I7,3)&
18.1

21.0
17.8
11.3
11.f

(18.1)

(f7.3)b

18.1
~ ~ ~

f5.7
28.4
11.8
If.4

(18.7)

(22.2)
(21.4)

~ ~ ~

(44.6)
(31.0)

18.2
19.7
21.4
11.6

31.6
44.6
31.0
28.0

Independent optical potentials
Voi (MeV) V1y (MeV)

(~~) (cK) (gy):
-

'.
, (cK)

21.2
(21.7)
20.0

~ ~ 0

(16.9)
(16.4)
20.1

~ ~ ~

{19.8)
{19.0)

21.2
(21.7}
20.0

~ ~ s

(17.6)
(27.1)
20.7

18.2
~ ~ 1

(39.7)
(27.6)

~ ~ ~

20.0

(27.0)b

17.7
~ ~ ~

20.6
27.4
13.4
13.2

(16.1)

16.2
I'l.5
19.0
10.1

(17.0)b

17.7
~ 0 ~

15.4
27.8
14.0
13.6

(16.6)

28,1
39.7
27.6
24.4

Average optical potential
Vo1 (MeV) V11 (MeV}

(ii) (c&) (v~) (ii) (c&) (VF)

Average 21.5 +0.8 21.8+1.0 19.6~1.5 16.9&1.2 20.4 +0.5 20.6 %0.4 19.2 +1.5 16.5 +1.1

a Only these transitions were included in computing average strengths.
b In some eases the calculated angular distributions are relatively insensitive to the values of either Va& or V». In these cases the strengths which are

obtained are enclosed in parentheses.
o These levels were assumed to have the con6guration t.(2j~ (p3js,@xi') '+(I/) (s,d)12+ F 1.
d A theoretical fit to these unresolved transitions is given in Ref. 38.
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( He, He ) p z p z Transitions
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5.0—
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/
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I
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i
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s 2

FIG. 16. Angular distribu-
tions for ('He, 'He') P3/2 + pi/2
transitions. The solid curves
are DWSA predictions ob-
tained using CK wave func-
tions, a Serber exchange mix-
ture, and the independent
optical potentials given in
Table VI. The dashed curve
shown for the 7.03-MeV level
in '4N was calculated using a
Wigner force. The dotted curves
for "C transitions were com-
puted using the unmodified
(ro'=r0) potential set D (see
Table VI); furthermore, force
III was used for the 8.86-MeV
level of "C, while a Wigner
interaction was assumed for the
11.84-MeV level.
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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 ' N,
since it will be shown later that the rsC(sHe, sHe')"C
reaction, which populates the mirror level in "C at
11.84 MeV, predicts a value for Voo which is several
times larger than the values obtained for other transi-
tions. In addition, evidence from an analysis of the
"N(p, t) "N reaction" indicates that the wave functions
of CK underestimate the cross section for the 8.92-MeV,

~
—level in '3N by a factor of 600.

Z. ('He, 'He') ps/s~ pt/s (T/ T~) Trartsitiorts——

In general, the ('He, 'He') reaction is expected to be
relatively insensitive to the spin- and isospin-dependent
terms in the effective two-body interaction. 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 Sec. IV C3) and
nucleon-nucleus' ' scattering data indicates that Vpo is
probably two to three times larger than V&0, V», and
Vll. Consequently, if Vss is allowed, the (JSLT)
= (LOLO) amplitudes are predicted to be the dominant
terms for all inelastic transitions.

For ps/2 + pt/2 transitions, the (LOLO) = (0000)
amplitude is generally forbidden by the selection rules,
Eqs. (14a), (14b), (14e), and therefore most of these
transitions are predicted to have dominant I.= 2

distributions. The experimental angular distributions
obtained for ps/s + pt/s transitions are shown in

Figs. 15 and 16; only those transitions in which Ty= T,
will be discussed in this section. A comparison with
those transitions which are restricted to be pure 1.=2
(i.e. , the 4.43 MeV, 2+ level in "C and the "/. 55 MeV,
s
—level in "C) indicates that all ps/s ~ pt/s transitions

have a characteristic I.= 2 distribution with the
exception of transitions which must be S= 1, (i.e., the
12.71-MeV, 1+ level in "C and the 8.86-MeV, st-
level" in "C).

In order to investigate the sensitivity of these Land
other (sHe, sHe')) transitions to the spin and isospin
dependence of the effective interaction, three different
approximations were Inade concerning the exchange
mixture in the central two-body force. First, calcula-
tions were carried out assuming that only V«con-
tributes to the experimental cross sections (denoted

"A (JSI.T) = (0000) amplitude is allowed for the 8.86 MeV,
-', —level in "C if CK wave functions are used. However, nuclear
structure factor calculations predict that this amplitude is
approximately zero.
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TABLE VIII. Experimental strengths for the e6'ective sudan-nlcleon interaction at a '= 1.0 F
obtained from ('He, 'He'), p3/2~ p1/2 transitions.

12C

B. Average
optical
potential

15N

'4N

13C

12C

Independent 'eN

optical 14N

potentials
13C

Energy
(MeV)

6.32
3.95
7.03
3.68
7.55'

11.84b

4.43

6.32
3.95
7.03
3.68
7 55a

11.84b

4.43

Jx
3 X
2 7 2

1+,0
2+, 0
3 1
2 l 2
5 1
2 p 2

2+, 0

Average
3
2 p

1+,0
2+) 0
3 1
2 j
5
2 f
3 1
2

2+, 0

76.9+24
67.4
48.9
59.9
73.2

100.2
133.6
92.7

61.5&9
67.4
49.5
63.7
54.4
67.9

1790.
59.0

signer force

(jj) («)
68.8 68.8
41.1 41.6
50.3 53.5
82.2 61.1

112.6 76.3
150.2 2010.
106.6 67.8

Vpp {MeV)
Serber force

(jj) (CK}

77.3 77.3
39.5 41.1
42.8 43.9
71.2 58.1

126.5 82.0
168.4 332.4
105.8 67.8

77.1+26 61.7+14
75.8 75,8
47.0 49.3
50.9 52.2
63.4 51.7

112.6 73.0
149.8 296.0
92.0 59.0

49.3
39.5
42.8
83 4
98.3
77.0

105.8

69.9&26
48.3
47.0
50.9
74.2
87.5
68.5
92.0

49.3
41.1
43.9
59.7
71.1

157.8
67.8

55.5+11
48.3
49.3
52.2
53.1
63.3

140.3
59.0

Force III
(jj) (CK)

Average 73.7+15 60.3+6 73.6+20 60.2+10 78.1+19 54.2+5

a The contribution from the 7.49-MeV, 7/2+ level has been neglected.
b Not included in computing average strengths.

Wigner force). Second, a Serber exchange mixture was
used; this force predicts relative strengths in the ratio

Vop'. Vzp'. Vp1. .'Vyy= —3:1:1:1.
Finally, a recent analysis of the (p,p') reaction' indi-
cated that the proton-proton interaction was appreci-
ably stronger than the proton-neutron interaction,
implying that Vpp and Vp& have the same sign; more
tentative results showed that possibly V~o and Vl.~ have
opposite signs. ' Since the inelastic transitions in mirror
nuclei are dependent upon the signs of Ver Li.e., 2'=0
and 1 transfers are both allowed, see Eqs. (14f), (14g)j,
an empirical exchange mixture denoted force III was
also used. This force was assumed to give strengths in
the ratio

Voo' Vxp' Vpx. Vr» ———3:—1:—1:1.
This sign convention was chosen to satisfy the nor-
malization condition'. Voo+ Vio—3(Voi+ Vii) = —1.

The solid curves shown in Figs. 15 and. 16 for
po/o + pg/o (dominant I = 2) transitions were calculated
using mixed CK wave functions and assumed the Serber
exchange mixture (the 5= 1 transitions will be discussed
later). In general, the shapes of the theoretical distribu-
tions calculated using other exchange mixtures were
a1most identical. In order to obtain independent values
of Vpp for each transition and each exchange mixture,
the theoretical curves have been normalized to give the
best over-all fit to the experimental data; the results
are summarized in Table VIII.

Several conclusions are evident from these results.
First, the values obtained for Vpp are generally in-
sensitive to the particular exchange mixture used, and

therefore little information can be obtained from these
transitions concerning the spin and isospin dependence
of the central interaction. Second, as was anticipated
(with the exception of the 11.84-MeV level in "C which
will be discussed later), the relative agreement for all

transitions is noticeably improved and the strength
required for Vop is smaller using the mixed CK wave
functions.

One of the most important results, however, is the
magnitude of the strength obtained here for Vpp

L60.2+10 MeVj (the values quoted for Voo will refer
to those obtained using a Serber exchange mixture
unless otherwise stated) without core polarization
effects. In previous analyses of the (p,p') reaction
values for Voo—200 MeV were obtained (for n ' = 1.0 F)
for inelastic transitions in "0,"Cr, ' Fe, ' Zr, and "'I'b
when the ground and lower excited states were assumed
to be well described by simple shell-model configura-
tions. ' If core polarization effects were included, how-

ever, Vpp was reduced to approximately 80 MeV. ' Re-
garding the present analysis for p-shell transitions, the
wave functions of CK are unable to predict the observed
E2 rates without including effective charges of pe for
neutrons and (1+P)e for protons where P= 0.5."How-

ever, the resulting enhancement factors for E2 transi-
tion matrix elements only range from 1.5 to 2.0.
Therefore, core polarization effects should be less
important but not negligible for 1p-shell transitions.

Without specihcally including core polarization in
the microscopic analysis, it is dificult to determine how
much this effect would alter the present ('He&'He')

results; however, the relatively small values which were
obtained for Vpp indicate that core polarization is
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TABLE IX. Experimental strengths' for the effective nucleon-nucleon interaction at 0. '=1.0 F
obtained from ('He, 'He') transitions where Voo is forbidden.

Dominant
single-particle

transition

Pl/2 ~ ~5/2

Pl/2 ~ Pl/2

P3/2 ~Pl/2

P3/2~ Pl/2 .

P3/2 + Pl/2

P3/2 + Pl/2

15N

14N

13C

12C

Energy
(MeV)

8.57
2.31
8.86

12.71
15.11
16.11

2+~ 5

0+, 1
1

2 p 2

1+,0
1+ 1

2+, 1

V10) Vll

V10 Vll
Vlo

Vll
V01 Ul1

22.0
14.7

10.6
10.2
29.4

20.2
294
2/. 0
24.3
46.1

Serber force

(jj) (CK)

14.7
14.3
10.6
10.2
29.4

20.2
26.5
2/. 0
24.3
46.1

Force ID
(jj) («)

a The values given here and in all subsequent tables were obtained using the average optical potential,
b

) Vio( =
j Vlij for both a Serber exchange mixture and Force III.

e Forbidden in the j-j limit.

definitely less important in this treatment of ip-shell
nuclei. Further evidence from an investigation of the
'Li(p, p')"Li(478 keV) reaction supports this conclu-
sion": At an incident proton energy of 44.7 MeV the
strength required to 6t the total cross section was
Voo=90 MeV (for a Yukawa with n '=1.0 F). In
addition, an analysis of the "C(p,p')"C (4.43 MeV)
reaction at 8„=46 MeV" (see Sec. IV C2) gave a value
of Vpp= 86.9 MeV to be compared with Upp= 59.0 MeV
obtained from the ('He, 'He') reaction.

a. 11.8'4-MeV, ~3 —lenet ie "C. The wave functions
of CK predict that the "C('He, 'He')"C (11.84 MeV,
—,—) transition should be very sensitive to the spin- and
isospin-dependent terms in the effective interaction
Li.e., the (2020) amplitude is predicted to be very small j.
However, the strength required for VooL296 MeVj to
6t the observed cross section for this transition is several
times larger than those obtained for other ps/Q + pi/s
transitions. In addition, evidence from the "C(n,n') "C
reaction at E =64.5 MeV" indicates that the 11.84
level is populated with approximately the same relative
intensity as observed in the ('He, 'He') reaction. Since

the (n,n') reaction is only dependent upon Voo, it is
evident that the mixed CK wave functions are definitely
unable to account for the population of this state.

b "C 12 71 Me. V&-1+ and "C 8.$6-MeV, —',—/eve1s

Since the "C 12.71-MeV, 1+ and "C 8.86-MeV, s-
levels are predicted to be dominant L=0, S= 1 transi-
tions, they provide a direct measure of the U&p term in
the effective interaction (the 8.86-MeV level also
depends upon V»). Unfortunately, both of these levels
are populated in the (n, n') reaction" with almost the
same relative intensity as in the ('He, 'He') reaction.
The 12.71-MeV, 1+ level in "C is an example of the
well-known unnatural parity states which have been
investigated extensively in the (n,n') reaction. ""In
some cases it has been shown that the population of
these states can be explained by multiple excitation
processes. "As a result, the values obtained for U~p in
the present analysis only provide an upper limit on the
magnitude of this term.

The theoretical angular distributions for these tran-
sitions are compared with experiment in Figs. 15 and 16.
Both transitions are best fit using unmodified optical

TABS.E X. Experimental strengths for the effective nucleon-nucleons interaction at u '= 1.0 F
obtained from ('He, t), p3/2 + pl/2 (dominant I.=2) transitions.

Reaction

14C(3He t)14N

14N(3He t) 140

13C(3He t}13N
12C(3He t)12N

Energy
(Mev)

0.0
7.03

10.43b

0.0
10 89e

11.24o

7.39
0.96

1+,0
2+, 0'
2+, 1&

1+,0
(1+),1

(1+),1
5 11L
2 7 2

2+, l~

V„(MeV)
(CK)

35.5
44.9

35.2
483

14.0
19.3
33.1
29.3

17.7
24.6
40.3
45.8

Average 35.7+5 42.4+5

(VF)

34.8
17.7
35,5
44 9
15.1
11.2
15.5
33.1
29.3

35.7~5

Vll {Mev)
(CK)

23.7
35.2
48.3
20.8
14.2
19.6
40.3
45.8

42.4~5

(vF)

25.9
34.8

23.7

a Only these transitions were included in computing average strengths.
b The 10.43-MeV level is assumed to have the configuration L(1/~ (p3/2 pl/2) '+(11~(s.d) f2+,2'-1
o These values for Var were obtained assuming that either the 10.89 or the 11.24 MeV level had the dominant configuration (pa/2, pl/2) 11+,T l.

'0 E. L. Petersen, I. Slaus, J. W. Verba, R. F. Carlson, and J. Reginald Richardson, Nucl. Phys. A102, 145 (1967).» Q. C. Ball and J. Cerny (unpublished)."W. W. Eidson and J. G. Cramer, Jr., Phys. Rev. Letters 9, 497 (1962)."T.Tamurat Nucl. Phys. 73, 241 (1965); J. S. Vincent~ E. T. Boschitz, and J. R. Priest, Phys. Letters 258, 81 (1967),
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( He, t) P p
~ p y TF'GASltlQAS:

(Dominant I = 2)

( +&yf) ps/s + pl/2 DoBNrMN$ I= Z Tt'cs$$Aoms

The trans1tlons %'hlch arc discussed ln th1s scct1on
CRIl bc dlvldcd lllto two gl'ollps: (1) those 'tl'Rllsltlolls
which are restricted by the selection rules to be pure
1.=2, and (2) those transitions which could be L=O
and I.= 2 but whose L =0 amplitudes are predicted to
be relatively small —transitions to the 0+ ground state
Rlld tile (ps/s, pr/s) 1+,r=l levels 111 0 Rlld tllc I+ ground
state in "N. The second group wiB be discussed later.

The pure I.= 2 ('He, f) transitions all have character-
istic angular distributions which are similar to the I= 2
('He, 'He') distributions but have much less structure
and are not as well reproduced by theoretical calcula-
tions {see Fig. 1"/). The values obtained for Vsr and Vll
shovrn in Table X are consistently higher than those
required fol' I=0 transitions. It %'ould bc Dcccssaly to

O. I

0.$ g

O.Ot-

G.OG5—

Fro. f /. Anguiar distributions for the ('Ho, &) Ps/r~ Pr/s
dominant I=2 transitions. The solid curves are DVVBA predic-
tions obtained using CK wave functions and the independent
optical potentials given in Table Vf. The dashed curve shove for
the ground state of '4N was computed using VP wave functions.

I.O

0.5

O.I—

potentials; however, the agreement is not as good as
that generally obtained for the ('He, f) J-=O and
('He, 'He') I=2 transitions. The values predicted for
Vls Rnd Vll Rlc sllowll 111 Table IX. (Only thc valllcs
obtained using the average optical potential set will be
presented in Table IX and in aB subsequent tables;
those obtained using 1ndepcndcnt optical potcntlals arc
tabulated in Ref. 38.) If a Serber exchange mixture is
used, the 'sC(sHC, 'He')"C (8.86-McV, rs —) transition
1s scvclcly Icst1'1cted using CK wave functions; how-

ever, if force III is used both transitions predict
strengths of Vgo=27 MCV using CK wave functions.
No conclusive determinations of this term have been
obtained from {p,p') data; tentative results give

( V„(=4O MCV. s

I t I i

20 40 60 80
ec.m,

F~G. I8. Angular distributions for ('He, 'He') pIgg, peag-+45]g
transitions. The solid curves are DWBA predictions obtained using
j-jwave functions, a Serber exchange mixture, and the indepen-
dent optical potentials given in Table VI. (The 9.64-MeV, 3-
level in "C was assumed to have the con6guration (pq/2)3/27d5gq).
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use a range of =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 (compare Fig. 12).
The apparent enhancement of the ('He, t) l.= 2 transi-
tions may be due to collective or core polarization effects
as discussed previously for ('He, 'He') p3/s ~ pt/s
transitions. The structureless features of the angular
distributions for these transitions might indicate, how-

ever, that other mechanisms such as multiple excitation
or particle exchange are contributing.

a. '4$(sHe)t)'40(g. s.)0+) and "C('He)t) '4/I'/(g. s.)1+)
transitions. The 'eN('He, t)"O(g.s. ,0+) reaction and the
inverse of the "C('He, t) "N(g.s.,1+) reaction corre-
spond to transitions between identical initial and final
states if one assumes the charge independence of nuclear
forces. When detailed-balance and phase-space correc-
tions are applied, the angular distributions for these
transitions should be identical (see also Sec. V). Evi-
dence from the well-known P decay of "C predicts that
the L=O amplitudes for these transitions are very
small. " It was experimentally observed —as will be
further discussed and illustrated in Sec. V 3—that both
of these transitions have a distinct angular distribution
which is neither pure L=0 nor pure L= 2 in character.

0.005
I ) I ) I ) I i I t I t I t I

20 40 60 80 IOO

c m (deg)

FIG. 19. Angular distributions for p1/2-+d5/2 transitions ob-
served in the "N('He, 'He')"N reaction. The solid curves are
DWBA predictions obtained using j-j wave functions, a Serber
exchange mixture, and the modiiied optical potential set A (see
Table VI). The dashed curve shown for the unresolved levels at
5.27 and 5.30 MeV was computed neglecting the contribution from
the 5.30-MeV, $+ level. The dotted curve shown for the 8.57-
MeV, 2+ level was computed using the unmodified potential set A.

TABLE XI. Experimental strengths for the eRective nucleoe-
a)/cleon interaction at a '=1.0 F obtained from ('He, 'He')
P1/2 ~ s1/2, d5/2 transltloIls.

Single-
particle

transition
Energy
(MeV) J~, T

I/pp (MeV)
Wigner Serber
force force

Force
III

Pl/2 ~ d5/2

14N

13C

5.27
5.30
5.27'
7.15
7.56
5.10
5.83
3.85

5~ 1
2 I s2 703
4+s 2

2+s
5+

3—,0
2+) f

91.1b

67.2
93.3
68.8
89.8
66.8

72.4

91.9b

49.2
81.9
67.0
86.4
46.8

64.9

80.9b

75.7
105.2
67.0
86.4
75.0

Average 76.0+10 67.3+13 79.0&11

PI/2 ~ Sl /2 N

14N

13C

7.30
8.31
4,91
5.69
3.09

2+7 f

1—,0
4+, 4

60.4
69,4
53.6
46.3
40.0

52.1
52.0
52.8
45.3
34.0

67.9
78.3
52.8
45.3
45.0

Average 53.9+9 47.2+6 57.9+12

a The contribution from the 5.30-MeV, pigs ~ dsgs transition is neglected.
b Not included in computing average strengths.

The '4C('He)t)'4N(g. s.)1+) data are fit in Fig. 1'/.

Theoretical calculations using mixed CK or VF wave
functions predict a dominant L=2 distribution while
those using j-j wave functions additionally include a
strong L=O component; none of these permit a good
fit to the experimental data. The values obtained for
I/'tr are shown in Table X; both the "N('He, t)"0
(g.s. ,0+) and '4C('He, t)'4N (g.s. ,1+) transitions pre-
dict similar results. Using mixed wave functions one

notes that the strengths required are about 40—50'Pq

larger than those obtained for L=O transitions.
It is interesting to compare these results with those

obtained in a recent microscopic analysis of the
'4C(P n) "N reaction at Eo= 13.3 MeV " When a
Yukawa interaction with a range of 1.4 F was used,
comparison with experiment showed not only a poor 6t
to the ground-state transition but also a strength for V j.l
(using mixed VF wave functions) which was three times
larger (or =58 MeV at n '= 1.0 F) than the value of
19.2 MeV required to fit the (p,n) transition to the
3.95-MeV level. In contrast, the corresponding 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.

b. 10.8P- aed 11.24-3feV /evelsin "O. The 10.89- and
11.24-MeV levels in '40 are both candidates for the
analog to the 13.70-MeV, (p3/2 pt/s) ty r —], level in "N
which should occur near 11.4 MeV in "0 if level shifts
are neglected. The structure factor calculations predict
that the angular distribution to this state shouM corre-
spond to a dominant L=2 transition. Unfortunately,
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TABLE XII. Experimental strengths for the effective eucleon-
ngcleon interaction atm '=1.0 F obtained from ('He, t), prim~ ~e/2
transitions.

10

risiriiI Is
~ z d a Trorisitions

Reaction
Energy
(MeV)

DominantI VPI VI1
j», T transfer (MeV) (MeV)

O. i:

0.5

"N('He, t) "O

'4N('He t) 14O

'4C ('He, t) '4N

IIC ('He) t) '8N

5.19'
5.24
6.79'
6.86
7.28
8.28
6.28
6.79
5.10b

5.83b

3.51b ~

3.56b

5+& 2

2+& 2

(3—), 1

(2—), 1

2 —,0
3—0

1
2 12

f,3)
')

1,3

3

23.1

39.7

22.7
25.0

18.2

57.8

39.7
15.5
22.7
25.0
31.0
43.0

D. i

O. I

0.5

b
O. l

005

j,o

0.5
Average 32.8+12 30.7+11

The contributions from these p1/'s -+ s1/'2 transitions were included.
b DWBA calculations for these transitions are shown in Ref. 38.
& The angular distribution for the 3.51-Mev level was calculated using

CK wave functions.

the 10.89- and 11.24-MeU levels are both weakly
populated in the ('He, t) reaction and therefore a
meaningful comparison of the shapes of the experi-
mental angular distributions could not be made (com-
pare Fig. 17). However, approximate values were ob-
tained for Vpi which are given in Table X. It appears
that these calculations do not strongly favor either
candidate.

O. I

005

0.0 I

I ' I i I i I i I i I i I e t s t-
20 40 60 ' 80 l00

gc. rri. («~j)

I'ro. 20. Angular distributions for typical ('He, t) pi//2~d5/2
transitions. The solid curves are DWBA predictions obtained
using j-j wave functions and the independent optical potentials
given in Table VI. The dotted curves were calculated using un-
modified optical potentials. The theoretical curves for unresolved
levels were obtained by summing the predicted distributions for
each level.

4. ('He, 'He') pt/sails/s Transitions

In principle, an L=1 (S= 1) and/or I.=3 (S=O,1)
transfer is allowed for a pt/s -+ ds/s transition. However,
since (LOLO) amplitudes are strongly enhanced for
complex projectiles (see Sec. IVB2), the ('He, 'He')
pt/s + A/s transitions are all predicted to have dominant
L= 3 distributions Lthe —,+ level in "N at 8.57 MeV is
the only exception; it is restricted by the selection rules,
Eqs. (14a), (14b), (14e), and (15), to be pure L=1
(S=1) and will be further discussed later). The angular
distributions for these L=3 transitions shown in

Reaction

15N(3He, t) ~50

14N(3He, t) 14O

'4C ('He, t) '4N
"C{'He,t) "N

Energy
(MeV)

6.79
6.86'
7.55
5.17
5.69
2.37

~OI
(MeV)

23.1

19.4
19.3
23.0
12.0

Average 19.4+3

~11
(MeV)

23.1

15.5
15.5
23.0
9.5

17.3&5

TABLE XIII. Experimental strengths for the effective nucleon-
nucteon interaction atm '= 1.0 F obtained from ('He, t), pr/s ~ s, /s
transitions.

Figs. 18 and 19 have a similar shape which is fairly well

reproduced by the theoretical calculations. The values
obtained for Vpp are summarized in Table XI. Once

again, they are relatively insensitive to the spin- and
isospin-dependent terms in the effective interaction.
The over-all agreement is very good considering the
simple model which was assumed for the wave functions
of these states. The average strengths obtained for Vpp

are somewhat larger than those computed earlier for
L= 2 transitions using the wave functions of CK;
however, they are in better agreement with the values

computed for L= 2 transitions using simple g'-j wave

functions. Such results are consistent with those ob-

tained from an analysis of E3 transition rates" "'
(see discussion in Ref. 38).

The 8.57-MeV, ss+ level in "N is Predicted to be a
dominant L= 1, 5= 1 transition. Theoretical 6ts are
shown in Fig. 19 for both the modi6ed and unmodified

optical potential set; the latter appears to give a better
over-all account of the experimental data. The values

obtained for Vip= Vi~=22.0 MeV using a Serber ex-

change mixture (see Table IX) can only be considered

as upper limits since this level is also populated in the

74 G. R. Bishop, M. Bernheim, and p. Kossanyi-Demay, Nucl.
a The contribution from the 6.86-MeV, p112 -+ d512 transition is included. Phys. 54, 353 {1964}.
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TABLE Xlv. A comparison of inelastic He and n-particle scattering on 1p-shell nuclei.

Dominant
single-particle

transition
Energy
(MeV)

Integrated cross sections (8, =20'—80')
Absolute (mb) Relative

(3He, 'He') (n,a')' ('He, 'He') (n, n')
Gs(LOLO) Relative

(cK.) (~~)

P3/s ~ pl/2
14N

13C

12C

pl/2 ~ d'5/2 "N

'4N

13C

12C

pl/2 ~ $1/2 N

14N

13C

6.32
3.95
7.03
3.68
7.55
8.86

11.84
443

5.27
5.30
7.15
7.56
8.57
5.10
5.83
3.85
9.64

7.30
8.31
4.91
5,69
3.09

3 1
2 p 2

1+,0
2+, 0
3 1

p

5 1
2 j 2
1 1
2 p 2
3 1
2 s 2

2+, 0

3—,0

2+ 2

0—,0
1—,0

1.70
1.30
1.61
4.25
4.29
0.289b

1.58
22.9

2.02

0.308
1.91
0.174
1.10
1.51
1.43
4.19

0.659
0.109
0.416
0.464
0.690

3.80
2.44
2.59

12.10
12.60

41.1

7.38

0.591
9.16
0.516
3.68
5.18
4.18

22.7

3.23
0.747
1.63
1.82
3.41

1.31
1.0
1.24
3.27
3.30
0.22
1.22

17.6
&a 0'3He

1.56
1.0
1.06
4.95
5.16

d

16.8
= 1.88

1.34 1.42

0.204 0.114
1.26 1.76
0.115 0.10
0.728 0.71
1.0 1.0
0.947 0.807
2.78 4.38

o,/oeu. =3.43
1.58 1.98
0.262 0.458
1.0 1.0
1.11 1.12
1.66 2.09

o /ugH, =3.92

1.03 1.0
1.0 1.0
0.91 1.0
2.78 1.5
2.66 1.2

~0 e

0.0017 0.3
10.15 4.0

G '/G'~H. =1.78

1.69'

0.402
1.28

1.25
1.0
1.12

G '/G"H =1.78
2.0
0.25
1.0
2.0
1.5

0~2/G8Hes ——1.78

Harvey e] al. , see Ref. 56.
b go.m. =25 -80
e Not reported in Ref. 56.
~ These levels are populated in the (a,a') reaction at Erst =64.5 MeV with approximately the same relative intensities as those observed in the (»e,gHe')

reaction (see Ref. 38, 72).
~ Forbidden in the j-j limit.
& The contribution from the 5.30-MeV, $+ level has been neglected.

Predicted values for Voo are summarized in Table XI.
The over-all agreement is surprisingly good considering

the simple j-j configurations which were assumed for
these states. Since core polarization effects for 1.= 1

transitions should be small, it is of interest that the
average value obtained for Ves [47.2&6 Mev] is

=10—20 MeV smaller than those obtained for L=2
and I=3 transitions.

7. ('He, t) prts-+srts Transitions

In general, the levels which are populated in the
('He, t) reaction by the promotion of a p&ts nucleon to
the s~/2 shell have much smaller cross sections than the
other single-particle transitions to low-lying orbitals. ""
The angular distributions for these states which are
shown in Fig. 22 have much less structure than is
theoretically predicted. However, the values obtained

TABLE XV. A comparison of the experimental strengths for the effective nucleon-nucleon interaction at a '= 1.0 F
obtained from the "N('He, 'He')'4N and ' N{a,a') "N reactions at &H, =44.6 and 8 =40.5 MeV, respectively.

Energy
(Mev)

Dominant
single-particle

transition

Vo (MeV)
(3He, He')

Wigner force Serber force
(cK) (~J) (cK)

(-,- )
Wigner force
(»)

3.95
7.03
4.91
5.69
5.10
5.83

1+
2+
0—
1—
2—
3—

P3/2 ~ Pl/2

Pl/2 ~ Sl/2

Pl/2 ~ ~5/2

48.9
59.9
53.6
46.3
68.8
89.8

49.5
63.7

47.0 49.3
50.9 52,2
52.8
45.3
67.0
86.4

53.4 54.2
54.6 58.0
58.5
45,4
82.7

112.0
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for Vo~ I 19.4+3 MeV] and V~& L17.3+5 MeVj (see
Table XIII) are approximately equal to those for L= 0
transitions, indicating that these transitions are not
collectively enhanced.

l 0.0
5.0

C. Further Analysis

It is interesting to compare the effective nlcleon-
rtlcleon interaction required to 6t the ('He, t) and
('He, 'He') scattering data with those obtained from an
analysis of available experimental data for the (n, n')
and (p,p') reactions on 1p-shell nuclei. In particular,
an analysis of the (n, n') reaction on several p-shell
nuclei at 8 =40.5 MeV" and the (p,p') reaction on
"C at E„—46 MeV" will be discussed below. Further,
a comparison of the effective and free nucleon-nucleon
interactions is presented.

l. Comparisort of ('He, 'He') artd (n,n') Reactiorts

The microscopic analysis of the ('He, 'He') 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
strongly excited states are determined primarily by the
(LOLO) amplitude. Since the (n,n') reaction is only
dependent upon this term, a direct comparison of these
two reactions populating the same 6nal states could
provide further evidence to support this conclusion.

An investigation of the elastic and inelastic scattering
of 40.5-MeV n particles from several targets including
"C "C "N, "N, and "Ohasbeenreportedby Harvey

l.0
0.5

1.0
0.5

O. l

0.05

I.0
0.5

b

O. l

0.05

l.o
0.5

o.t

0.05

I.O

0.5

'
N {a,a')'". N

00' =

0.005:
I & I i I i I t I t I I I t I

40 80 I 20 l60

cm '"&)

Pro. 23. Angular distributions
from the '4N(a, ot')'4N reaction at
40.5 MeV. The solid curves are
DKBA predictions obtained using
the optical potential set M (see
Table VI). Mixed CK wave func-
tions were used for p-shell transi-
tions, while simple j-j configura-
tions were assumed for PIqg~sI/2
d~~2 transitions.

1.0
0.5

I 0.0;
5.0

Xl
E

I,O—

5.0

b

I .0
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Fxo. 24. Angular distributions from the "C(p,p')12C reaction
at 8„=46 MeV. The solid curves are D%3A predictions obtained
using CK wave functions, a Serber exchange mixture, and the
optical potential set V1 (see Table VI}.

et a/. "It was found that the angular distributions ob-
tained from these reactions could also be characterized
according to the particular shell-model transition
involved. A comparison of the ('He, 'He') and (n,n')
angular distributions indicates that the shapes are very
similar, especially for l.= 2 and L=3 transitions; how-
ever, the magnitude of the (n,n') distribution is always
approximately two to three times larger.

In Table XIV, relative integrated cross sections are
compared for transitions observed in the (~He, ~He')
and (n,n') reactions on several 1p-shell nuclei. The
transitions have been grouped by specific shell-model
transition, and in each case the cross sections have been
arbitrarily normalized relative to the one single-particle
transition in that group which was predicted to be the
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TABLE XVI. A comparison of the experimental strengths for the effective egcleoe-nucleon interaction at n '= 1.0 F obtained
from the "C('He, 'He') "C, "C('He, t)"I,and "C(p p') "C reactions at E38,=49.8 MeV and E„=46MeV, respectively.

4.43
12.71
15.11
16.11

0.0
0.96

Energy (MeV)
12C 12N

2+, 0
1+,0
1+, 1

2+ 1

Vsr

Voo

VIo

Vll

Vo1, V11

92.7 59,0 92.0 59.0
10.6 27.0
10.2 24.3
29.4 46.1

(3He, 3He')

signer force Serber force
) (CK) (JJ) (CK)

('He, t)
Serber force
(Jj) (CK)

10.1 24.4
29.3 45.8

(p,p')
signer force Serber force
(JJ) (CK) (J~) (CX)

137.0 87.1 127.0 86.9
9,4 23.7

~ ~ ~ ~ ~ ~ 10.8 26.1
~ ~ ~ ~ ~ ~ 20.2 31.6

most insensitive to spin- and isospin-dependent terms.
The over-all agreement is excellent considering the
simplicity of the comparison which is made. In addition,
the nuclear structure factors G'(LOLO) are generally
able to reproduce the observed trends in the relative
magnitudes without actually carrying out a DKBA
calculation.

If these reactions were only dependent upon the
signer term Vpp, then the relative cross sections to the
same final states would be proportional to the square
of the number of nucleons in the projectile. In Table
XIV, it can be seen that the ratio of the integrated cross
sections 0 t'or n. ranges from 1.88—3.92 while the
predicted value is 1.78.

In order to provide a better comparison for these
reactions, a microscopic analysis was carried out for
the "N(n, n')"N reaction using the optical potentials
shown in Table VI (a Yukawa potential with a range
of 1.2 F was chosen for the effective projectile nucleo-n

interaction while a nonlocality range P=-0.25 was

assumed for the n 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.

The values obtained for Voo, which have been con-
verted to an effective nucleon-nucleon interaction at
or '= 1.0 F Li.e. Eq. (8) was used" with y = 0.329 ' and
a range correction from 1.2 to 1.0 F was applied], are
compared with those determined for the ('He, sHe')

reaction in Table XV. Reasonably consistent results
are obtained for the p»s~p„s and p»2~s&« transi-
tions; however, the strengths required to fit the (n,n')

prts ~ dots transitions are somewhat larger.

Z. Comparison af "C(p p') "C and
"C('He, 'He') "C Reactions

An investigation of the "C(p,p')'sC reaction at
E„=46 MeV has been reported recently by Petersen
et al."These data were analyzed using both an extended
version of the collective model which included spin and

isospin oscillations" ' and also a microscopic descrip-
tion which made use of the distorted-wave impulse

approximation (DWIA). "In the DWIA procedure, the
projectile-nucleon interaction is replaced by the transi-
tion matrix for free 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 DVVIA is valid at this energy. Fair agreement

TABLE XVII. A comparison of Us& for various exchange mixtures used in nucleon-nucleon scattering and shell-model calculations.

Exchange mixture

V(rn) =Vo(W+1rl& +BP' BP') exp( —oorgo)/argo-,
wherea '=1.0 F and Vo= —135 MeV (Ao=1697 MeV F').

M 8 & ATE A sm ATo A so Uoo' Vlo Vol UII

1 ~ Serber
2. Glendenning

8z Vdneronib'

3. True
4. Ferrell-

Visscher'
5. Rosenfeld'

0.5
0.4

0.5
0,4

0.0
0.1

16.9
6.8

16.9
20.2

16.9
13.5

0.406 0.406 0.094
0.317 0.5 0.0

0.094 1.0 0.625 0.0 0.0
0.183 1.0 0.634 —0.366 0.0

—41.1
—13.5

74
16.9

20.0
29.2

13.7
16.9

—0.13 0.93 0.46 —0.26 1.0 0.6

Effective nucleon-nucleon interaction
~ ('He, t)e' e

—0.34 —1.78 0.0 0.0 13.5 31.0

/60. 2( [(11—27)f

0.0 1.0 1.0 0.0 0.0 —50.6
0.1 1.0 0.6 0.0 0.0 —40.5

a All values of Var were calculated using a Yukawa potential with a 1=1.0 F and Vp = —135 MeV.
& A Yukawa with a 1 =1.13 F and Vp = —84 MeV (Ap =1523 MeV F&) reproduces the proton-proton scattering length and effective range (see Ref. 82).
e Used by Glendenning and Vendroni (Ref. 3) in a microscopic analysis of (p,p') reaction on even nickel isotopes; radial dependence: Gaussian, p 1t'2 =1.85 F

Vp = —52 MeV (Ap =1835 MeV Fs).
& Used by True (Ref. 51) in a shell-model calculation for levels in 14N; radial dependence: Gaussian, P '» =1.82 F, Vp = -52 MeV (A, 0 =1760 MeV F') .
& Used in a shell-model calculation of 0+ states in 1po (see Ref. 81};radial dependence: Gaussian, p 't'2 =1,732 F, Vp = -51.9 MeV (Ap =1502 MeV F').
f A Yukawa with a 1=1.37 F and Vp = —50 MeV (Ap =1615 MeV Fp) gives the singlet-triplet separation for the deuteron (Ref. 83).

7'The use of Eq. (8) for u particles involves a further approximation since this expression was derived specifically for mass-3

projectiles."6.R. Satchler, Nucl. Phys. A10P, 481 (1967).
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was obtained when the wave functions of Gillet77 were
used to describe the levels of "C.

A comparison of the effective interaction required to
fit the (p,p') data using the wave functions of CK with
that required to fit the corresponding ('He, 'He') data
should provide a test of the approximations made in
determining the absolute strength of the effective
nucleon-nucleon interaction from the scattering of
complex projectiles (see Eq. (8)j.The calculations were
performed using the optical parameter set V1 (see
Table VI)."A Yukawa potential with a range of 1.0 F
was chosen for the effective interaction, while the non-
locahty range for a proton was assumed to be P=0.85
F."The results are shown in Fig. 24; the theoretical
angular distributions for restricted I.= 2 transitions are
very similar to those obtained previously using the
collective" and microscopics' models, while the calcu-
lations for the dominant L=o distributions are still
unable to Gt the experimental data at small angles. The
values obtained for V8~ are compared with those from
the ('He, 'He') and ('He, t) reactions in Table XVI. Fair
over-all agreement is seen, indicating that the approxi-

'7 V. Gillet and N. Vinh-Mau, Nucl. Phys. 54, 32I (j.964).
'~ F. 6, Percy and B, Buck, Nucl. Phys. 32, 353 (1953),

mations which were made in the ('He, 'He') analysis
are probably reasonable.

3. Comparison of @Feetioe and Free
Eucleon-nucleon Interactioe

It is interesting to compare the effective nucleon-
nucleon interaction required to 6t the (3He, t) and
('He, 'He') scattering data with those used in simple
shell-model calculations and those required to 6t low-

energy nucleon-nucleon scattering data. In order to
facilitate this comparison it is helpful to brieQy sum-
marize the different forms in which a simple local inter-
action is generally used. Speci6cally, a simple local
interaction with an arbitrary spin-isospin exchange
mixture can be written in one of three equivalent forms
given by

V(r») = V,fW+uZ. +Fr. aF"]g(r»), (18)—
where Vo is in MeV; 8', 3II, 8, and H are constants;
and E,I', and E"are space, spin, and isospin exchange
operators; or

v(r„)= pv, d'„+a,~.,
+riroFTo+AsoEsojg(r»), (19)
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Fro. 26. Angular distributions for the '4C('He, t) "N(g.s., 1+);
'4N(oHe, t)'40(g s 0+); and r4N('He, 'He')'4N(2. 31-MeV, 0+)
transitions. The cross sections have been corrected for detailed-
balance, phase-space, and isospin-coupling factors. The solid and
dashed curves are DWBA fits to the '4C('He, t)"N(g.s., 1+)
transition computed using CK and VF wave functions,
respectively.

"R.S. Christian and E. W. Hart, Phys. Rev. ?7, 441 (1950).
Rosenfeld, Nuclear Forces (North-Holland Publishing

Company, Amsterdam, 1948), p. 234.' R. A. Ferrell and W. M. Visscher, Phys. Rev. 102, 450 (1956).
"M. A. Preston, Physics of the Nucleus (Addison-%esley

Publishing Company, Inc. , Reading, Mass. 1962), p. 34."M. J. Kearsley, Nucl. Phys. 4, 157 (1957).
o4 M. H. L. Pryce, Proc. Phys. Soc. (London) A65, 'I'IB (1952).

where ATE, Agg, ATO, and Ago are constants and I' is
a projection operator for the triplet-even, singlet-even,
triplet-odd, and singlet-odd states; or

V(rro) = [Voo+ Vroo'r o'o

+~r ~o(Vor+Urrrrr ao)]g(rro), (20)

where the Var are in MeV (i.e. , Vo is included in the
values of Var). Expressions have been given elsewhere' '
which relate the coefficients of the individual terms for
different parametrizations.

The coefFicients predicted for several different ex-
change mixtures"' ' " are given in Table XVII.
Although most of these potentials have been used in
shell-model calculations, their strengths were chosen to
6t low-energy nucleon-nucleon scattering data. All of
these exchange mixtures, with the exception of the
Serber force, have a singlet-even potential which repro-
duces low energy proton-proton scattering data"" "
and possess a ratio of the singlet-even to triplet-even
strengths approximately equal to that required to
reproduce the binding energy of the deuteron. ' ""'

In order to compare the absolute values for V8~
arising from these exchange mixtures with those ob-
tained in the present analysis, a Yukawa interaction
with a range of 1.0 F and VD= —135 MeV was chosen.
This potential gives a volume integral, Eq. (7), of

A o= 1679 MeV F'(where A o
=—A sr and Vo= Var) 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 'He and "0 (see Ref. 81),
the first three exchange mixtures listed in Table XVII
should provide the best comparison with the present
data. It can be seen that the values predicted for
Vor [16.9—20.2 MeV] and Vrr [13.5—16.9 MeV] are in
very good agreement with the values of Vor [20.6 MeV]
and V&r [16.5 MeV] obtained in the ('He, t) analysis,
while the values predicted for Voo [40.5—50.6 MeV] are
somewhat lower than those observed in the ('He, 'He')
reaction of Voo—60.2 MeV. However, if one assumes
that the enhancements due to core polarization effects
are identical to the enhancements observed in the E2
matrix elements (i.e., 1.5—2.0, see Sec. IVB2)," then
the value for Voo [60.2 MeV] is reduced to =30.1—40.2
MeV.

V. ('He, f) AND ('He, 'He') REACTIONS POPULAT-
ING ANALOG FINAL STATES

A comparison of the ('He, t) and ('He, 'He') reactions
populating analog final states where Ty=T;+1 was
also of interest in these experiments. In general, these
transitions were weakly populated; however, it was
possible to observe the lowest T= —,

' levels in mass 9
and 13, the ground isobaric triad in mass 14, and several
T= 1 levels in mass 12.

Assuming the charge independence of nuclear forces,
the ratio of the differential cross sections for these
transitions is given by [see Eqs. (9) and (10)]

do ('He, t) )o, C,'(T'T'1; P, ' Pr')—
do ('He, 'He') kerr. C'~rr, (T'T'1; P,' Pr')—

C rr, , ,(Ts,Ty1; P, Pr)—
2k] C3He, &

~~He C He, He'
(21)

This expression has ignored the differences between
the t and 'He energies, Coulomb potentials and internal
wave functions in the exit channels.

A. T=~3 Levels in Mass 9 and 13

The 'Be('He, t)'B and 'Be('He, 'He')'Be reactions
were investigated at E3H, =39.8 MeV; typical energy
spectra are shown in Fig. 25. The well-known —,

' —,T= ~

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 sec-

"T. I-auritsen and F. Ajzenberg-Selove, Nucl. Phys. 78, 1
(1966).
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TABLE XVIII. A comparison of the ('He, t) and ('He, 'He') reactions populating analog states in the mass-14 triad.

Reaction

'4N('He, t)"0 (g.s., 0+)
"N('He, 'He')'4N (2.31 MeV, 0+)
'4C('He, t)'4N (g.s., 1+)

~&He

(Mev)

44.6
44.6
44.8

Cross sections
(e. = 15 -80')
Absolute

(pb)

117&18b
68+17b

569&113b

Adjusted'
(pb)

126~19
140+35b
189+37b

15.1
14.7
17.7

V (MeV)
(CK-) (VF)

20.8 23.7
20.2 23.3
23.7 25.9

See Fig. 26.
b Estimated errors include uncertainties in the abso1ute differential cross section plus statistica1 errors.

tions for T=ss levels populated in the ('He, f) and
('He, 'He') reactions should be essentially identical.
Although angular distributions were not obtained for
these transitions, the observed intensities were approxi-
mately equal at three forward angles between 81,= 13.4'
and 16.4'.

The lowest T=2 levels in "C and "N were also
weakly populated in the ('He, t) and ('He, 'He') re-
actions (compare Fig. 3). Unfortunately, an accurate
comparison of the differential cross sections for these
transitions could not be made due to poor statistics
plus "C and hydrogen target impurities which made
the observation of the T= 2 level in. "C impossible at
forward angles.

B. "N('He, t)'40 (g.s., 0+), '4N('He, 'He')'4N

(2.31 MeV, 0+), and '4C('He, f)'4N

(g.s., 1+) Reactions I.O I
l

I
I

I
I

I
I

l
I

I

obtained for the ground and first excited T=1 levels

in "C and "N; these provide the best comparison of
the ('He, t) and ('He, 'He') reactions populating analog
final states. The two lowest T= 1 levels in "C located
at 15.11 and 16.11 MeV have well-known P-shell
configurations with spins and parities 1+ and 2+,
respectively. While the analogs of these levels in "N
are presumed to be the ground and first excited (0.96
MeV) states, "the spin and parity of the latter have not
been definitely determined. A comparison of corre-
sponding ('He, 'He') and ('He, f) angular distributions
for these levels is shown in Fig. 27; the ('He, 'He')
distributions have been multiplied by 1.90 in order to
correct for phase-space and isospin-coupling factors.
In general the agreement is very good; however, the
('He, 'He') transitions appear to be approximately 10%

The t4N('He, f)"0 (g.s.)& '4N('He, 'He')'4N (2.31
MeV), and the inverse of the '4C('He, f)44N (g.s.) re-
actions all correspond to transitions between identical
initial and final states if charge independence is assumed.
The experimental angular distributions which were ob-
tained for these transitions are compared in Fig. 26; the
magnitudes have been adjusted to correct for detailed-
balance, isospin-coupling, and phase-space factors. In
general, these transitions all have similar angular
distributions while the adjusted integrated cross sec-
tions are approximately equal (compare Table XVIII).
Although the DNA calculations failed to fit the
shapes of these distributions, the strengths required
for V~~ are in good relative agreement.

A similar comparison of the cross sections observed
in the '4N(p, e)'40 (g.s.), '4N(p p') "N (2.31 MeV),
'4N(e e')'4N (2.31 MeV), and '4C(p e)"N (g.s.) re-
actions at E„=5—14 MeV has been reported"; com-
parable results were obtained.

0.5—

O. I

0.5

E

Cs

O. l

. 0.05—

~ ~

~ ~

l6.ll, 2+ x l,90
Q96, 2+

4 g
0 4

z "C l5.ll, I+ x l.9O+' N g.s. , l+

x ~

C. T= 1 Levels in "C and. "N

Several T=1 levels were populated in both the
"C('He, f)"N and "C('He, 'He') "C reactions (compare
Fig. 2). In addition, accurate angular distributions were

"J.D. Anderson, C. Wong, and V. A. Madsen, Lawrence
Radiation Laboratory Report No. UCRL-50197, 1967 (un-
published).

I l I t I l I l I i l t I

20 40 60 80
ecm (deg}

FIG. 27. Angular distributions for the C('He, t) 'N ground,
1+ and 0.96-MeV, 2+ states and for the "C('He, 'He') "C 15.11-
MeV, 1+ and 16.11-MeV, 2+ states. The ('He, 'He') cross sec-
tions have been multiplied by 1.90 to correct for phase-space and
isospin-coupling factors. The solid curves are DWBA 6ts to the
( He, t) transitions computed using mixed CK wave functions and
the optical potential set F.
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TmzE XIX. T=1 levels in the mass-12 triad.

1+
2+
2—

(&3+)
(&3+)

2+
(1-)
3—

12+

Energy'
(Mev)

0.0
0.953
1.674
2.62
2.72
3.39
3.76
4.30
4.54

Level
shift

(keV) b

~ ~ ~

(+47)
214
470

60
100
60

210
700

Energy
(MeV)

15.11
16.11
16.57
17.26
17.77
18.40e
18.81
19.2
19.58

1+'1
2+;1
2 —'1

j 1
0+;1

( 1)'
2+'1

1—2—.17 7

( ~&)'

12C

Dominant
shell-model

condguration

(Pg/2) 3/2 Pl/2

(P3/2) 3/2 Pl/2
pZs

p7$
pSd

psd
pZ(s, d)

Level
shift

(MeV)b

~ ~ ~

40
260
500
230
190
200

230

Energy
(MeV)

0.0
0.96
1.20
1.65
2.43o

3.10'
3.500

4.24o

1+
2+

(2—)'

a (See Ref. 42-44, 87).
& The level shifts are calculated relative to the ground-state multiplet.
o Tentative assignments made in the present work.
d Tentative assignments (see Ref. 40).
~ A level observed previously in»C at 18.40 Mev is known to have J~ =0—;however. the isobaric spin of this level is unknown (see Ref. 49).

I
I

I
I

I
I

I I
I

I
I I I I

C 16.57, 2- x 1.9
e' N 120

o. l
—

) $

o.o 5:—

b

O.O I—
tg

0.5—
cl2 19.58 x 1.9

~ "N 4.24

O.l—

0.05—

QQI I I I I I I I I I I I I I I

20 4Q 60 80

FIG. 28. Angular distributions for the 12C('He, t)"N 1.20-MeV,
(2—) and 4.24-MeV states and for the 12C(gHe, 'He') C 16.57-
MeV, 2—and 19.58-MeV states. The ('He, 'He') cross sections
have been multiplied by 1.9 to correct for phase-space and isospin-
coupling factors.

larger. Although this di6erence could be due to an in-
correct background subtraction for the ('He, 'He')
transitions, the detailed microscopic analysis suggests
that this diR'erence might be real.

First, DWBA calculations predict similar (differing
in magnitude by &5%) single-particle cross sections
o (j ~j 21.0)/kr for the corresponding ('He, t) and
('He, 'He') transitions. Therefore, the effects of the
differing energies and Coulomb scattering in the exit

channels are small. How'ever, a comparison of the
theoretical effective projectile-nucleon interaction for
tritons or 3He particles indicates that the internal wave
functions of the complex projectiles may slightly a6ect
the experimental ratio of these ('He, t) and ('He, 'He')
transitions. In particular, Eq. (8) predicts that the
values for Vsr should be 1.07 times larger for ('He, 'He')
transitions [i.e., the cross sections of (SHe, 'He') tran-
sitions should be 1.15 times largerj. As a result, the
observed increase in the experimental cross sections for
these ('He, 'He') transitions can be accounted for, and
the values obtained for Vg~ from both reactions are in
essentially perfect agreement (compare Table XVI).
In addition, it can be concluded that the 0.96-MeV level
in "N has a spin and parity of 2+ and is the analog of
the 16.11-MeV level in "C.

All T=1 levels observed in the ' C(He, t) N and
"C('He, 'He')"C reactions are summarized and com-
pared with previous data'~" in Tables I and II. Kith
the exception of the 17.26-, 17.77-, and 19.2-MeV levels,
all well-known T= 1 states in "C were observed up to
an excitation energy of 20 MeV. In addition, all well-
known levels in "N were observed with the exception
of the 1.65-MeV level. Since the spins and parities of
several T=1 levels in "C have been established,
tentative assignments can be made for some excited
states in "N by a comparison of the excitation energies
(see also Ref. 41) and relative intensities —see Figs. 2

and 28—of the T=1 levels populated in the ('He, t)
and ('He, 'He') reactions. The results are summarized
in Table XIX and also compared with known levels
in "3.4' 44 "Unfortunately, in most cases a meaningful
comparison of the corresponding ('He, t) and ('He, 'He')
distributions could not be made due to poor statistics,
large decay widths, and unknown contributions from
T=O levels (in "C). The individual assignments are
discussed in detail in Ref. 38.

"L.F. Chase, Jr. , R. E. McDonald, W. W. True, and E. K.
Warburton, Phys. Rev. 166, 997 (1968); J. W. Olness and E. K.
Warburton, ibid. 166, 1004 (1968).
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TABLE XX.Average strengths for the eR'ective nldeoe-eucleoe interaction at a '=1.0 F
obtained from ('He, 'He') and ('He, t) transitions.

PI/2& P8/2 + Pl/2
(I.=o)
(CK)

(8He, t} Present work

P8/2 + PI/2 Pl/2~ ~5/2
(i.=2) (I.=1,3)
(cK) (jj)

Pl f2~ Slf2
(1.=1)
(jj)

Previous work

('He, t)b
I.=O

20.6+0.4
16.5+1.1

42.4+5
42.4+5

32.8+12
30.7+11

19.4&3
17.3+5

19-26
(Vu/Vog)=0. 6—1.0

V00
Voo
V00

Vlo

Vlo

Exchange
mixture

Wigner
Serher
FOIce III

Serb er

Force III

('He, 'He') Present work

P8/2 ~ Pl/2 Pl/2 ~ ~5/2 Pl/2 + Sl/2
V- =2) (L =3) (I = &)

(CK) (D) (8)
60.3+6 76.0+10 53.9+9
60.2~10 67.3+13 47.2+6
54.2+5 79.0+11 57.9+12

'Li
l2C

ISO 90' 92zr
208Pb

89K "Zr
208Pb

90
86 9e

(p,p') Previous work

Without With
core core

polarization' polarization~

a See Ref. 8, 10-12. b See Ref. 13, 14. &See Ref. 8, 10. &See Ref. 9. csee sec. Iv cp..

VI. CONCLUSIONS

A microscopic analysis of the ('He, t) and ('He, '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
the intermediate-coupling wave functions of Cohen
and Kurath" for P-shell states while simple j-j con-
6gurations were assumed for the levels which were
formed by promoting a pits nucleon to the sits or dsqs

shell. A Vukawa interaction with a range of n '= I.2 F
was found to give the best over-a, ll agreement for a1l

transitions. The average strengths obtained for V8~ are
summarized in Table XX and also compared with the
results obtained in previous analyses of the (P,P'), r "
(p n) s i~is and ('He, t)"" reactions. In all cases, the
values obtained for the eRective proj ectite nucleon-
interaction at n '= 1.2 F have been converted to an
eftective ~Ncleoe-mlcleoe interaction at n '= 1.O F using
the relationships given previously by %esolowski et aL'4
and Johnson et al. r

Several interesting results were obtained from this
analysis. First, the average values computed for
Voi L20.6 MeVj and Vii t 16.5 MeV) from the ('He, t)
psts, pi~s~pits, dominant L=O transitions were in
excellent agreement with those obtained previously in
analyses of (p,n) L,=0 transitions ' " "In addition, the
strengths required to 6t the ('He, t) pits~sits, L=1
transitions agreed well with these I.=O strengths.
Second, the strengths required to fit the ('He, t)
pats~pits, L=2 and pi~s~dsts, L=1,3 transitions
were enhanced, while the experimental angular distribu-
tions for these transitions had less structure than those
predicted by the theory. This suggests that core
polarization sects or particle exchange could be

contributing to the cross sections for these transitions.
A similar effect has been observed for I.= 2 transitions
in the (P,n) reaction. " 's

As expected, it was found. that the transitions which
were strongly populated. in the ('He, 'He') reaction were
genera, lly insensitive to the spin- and isospin-dependent
terms in the effective interaction, However, the
absolute strengths obtained herein for Vpp w'ele 1Tluch

smaller than those required to 6t the inelastic transi-
tions observed in the (p,p') reaction on several heavier
nuclei. ' As a result, it can be concluded that core
polarization eRects are much less important for ip-shell
nuclei though, as noted above, they may still be
contributing. Unfortunately, an accurate determination
of the spin-dependent V1p term could not be obtained
from these data. In particular, those ('He, 'He') tran-
sitions which were restricted to be pure 5= 1 were also
populated in the (n,n') reaction with approximately the
same relative intensity, indicating that other mecha-
nisms such as multiple excitation also contribute signi6-
cantly to the cross sections for these transitions.

Finally, it was shown (see Table XVII) that the
efI'ective interaction obtained in the present analysis is
very similar to those used in simple shell-model calcu-
lations and those required to 6t low-energy nucleon-
nucleon scattering data.
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