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The reaction "C('Li,d)"0is studied at 34 MeV 'Li incident energy in the 5' & 8„,(45' angular range in steps of 5'.
Angular distributions are analyzed in terms of Hauser-Feshbach and exact finite range distorted-wave Born-
approximation theories. The direct a-transfer cross sections are evaluated in both the hypotheses of transfer to pure
and mixed configurations. In the mixed configurations case good agreement between experimental and theoretical
cross sections is found by using the empirical wave functions of Lawson, Serduke, and Fortune. Alpha-spectroscopic
strengths are extracted for "0 states lying below 17.0 MeV excitation energy. Spins and parities are suggested for
the 7.84, 8.9, 12.04, 14.6, and 17.0 MeV "0levels. The existence and the structure of a positive-parity "0rotational
band is investigated.

NUCLEAR REACTIONS ~ C( Li, d) 0 E =34 MeV; measured a.(0); ~ 0 levels
deduced J~ and S„. HF and EFR-D%BA analysis. EFR-DWBA analysis using

empirical wave functions.

I. INTRODUCTION

In the last few years the structure of the "O
nuclear states has been the subject of many theo-
retical works. ' " As pointed out by these works,
the simple shell-model description of "Q as two
neutrons outside an inert "Q core is inadequate
even at low excitation energy, and admixtures
with nz-particle n-hole core excitation must be
taken into account. In particular, the wave func-
tions of the positive parity "Q states lying below
7.2 MeV excitation energy, have been described
by Lawson et al. ~ as a linear combination of two
particles in (sd) shell and collective deformed
4p-2h states, with (sd)'(p) ' components. The
wave function mixing amplitudes were empirically
determined by fitting single-nucleon" and two
neutrons (t, p) transfers, "as well as static and
dynamic electromagnetic data.

In a similar analysis, done by Erikson and
Brown, ' the deformed states to admix with 2p
configurations were constructed by introducing a
highly deformed intrinsic state. The mixing amp-
litudes were calculated best fitting the "Q spec-
trum by assuming a rotational band, based on the
0' level at 3.63 MeV, similar to that of the "Ne
ground state.

Buck et al. " have shown that, in the frame-
work of a folding potential model, some positive
and negative parity "Q states are well accounted
for by four and trinucleon cluster states, respect-
ively. In particular, these authors have proposed
that the 2, at 5.26 MeV, the 4, at 7.11 MeV, and

the 6, at 11.69 MeV "Q states, described as
a+ "C cluster states, are excellent candidates
for rotational states built on the 0; level at 3.63
MeV. Qn the other hand, in a recent investigation
done by Rudra" within the framework of a col-
lective Hamiltonian including rotation- vibration
coupling, two bands were proposed: the first
based on the g.s. 0; level (the 2; at 1.98 MeV and
the 4; at 3.55 MeV being the other members) and
the second one on the 0; at 3.63 MeV (the other
members being the 2, at 3.92 MeV and the 4, at
7.11 MeV). Sakuda et al. "have shown that the
known n-transfer data, "the E2 transitions, and
the energies of both the known positive and nega-
tive parity "Q states are well described by mix-
ing 2p or 3p-1h shell model states with a cluster-
ing of 4p-2h states.

From the experimental point of view, in order
to check n-cluster components of nuclear wave
functions n-transfer reactions are expected to be
a very powerful tool. Up to now, only the
"C('Li, t)"0 at 20.4 MeV incident energy has been
reported by Morgan et al. " By using the "Q
wave functions of Lawson ef al. ' and the ('Li, f)
data of Morgan et al. ,

"Fortune and Kurath" have
successfully analyzed in the exact-finite-range-
distorted-wave Born-approximation (EFR-DWBA)
framework the transitions to the "Q positive par-
ity states lying below 7.2 1VleV excitation energy.
In order to provide new information it seemed
worthwhile to investigate the "C('Li, d)"0 reac-
tion at 34 MeV incident energy. At this energy
the ('Li, d) reaction should be dominated by a dir-
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ect n transfer to the target nucleus. "
Preliminary results have been reported else-

@&here." Section II deals arith the experimental
procedure. An empirical separation procedure,
applied to some unresolved doublets, is presented
in Sec. III. Section IV is devoted to the analysis
of data in terms of statistical compound nucleus
and EFB-DWBA formalisms. The direct cross
section is calculated in both the hypothesis of o!

transfer to pure and mixed 2p and 4p-2h configur-
ations. Relative n-spectroscopic strengths are
analyzed in detail for Low-Lying "Q positive par-
ity states and some evidence of an "Q positive-
rotational band is presented. In Sec. V conclu-
sions about the "O states discussed in the present
work are summarized.

H. EXPERIMENTAL PROCEDURE AND RESULTS

The measurements frere performed at the Cen-
tre d'Etude Nucleaire of Sacl.ay using a 34 MeV
'I i'" beam produced by the FN-Tandem Van de
Graaff. The beam intensity, measured at the
Faraday cup eras typically about 100 nA.

In order to obtain cross sections in absolute
values, ave measured the eLastic scattering of a
34 MeV 'Li beam on a 150 + 10 p, g/cm' Au target
at forward angles, where Rutherford Lwv holds.
The emitted particl. es mere detected in the angu-
lar range 5'+ g„b&45' in steps of 68=5 using a
cooled AE-E counter telescope. The b E was a

surface barrier sil.icon detector 200 p, m thick,
the E was a silicon detector 5000 p,m thick. Par-
ticle indentification eras performed by processing
the E and AE signal. s in a standard may. " Each
event was processed by a 620 I Varian computer,
for on-line control of the experiment and, at the
same time, stored on magnetic tape for off-line
anal. ysis. A silicon detector 200 p, m thick, was
fixed at 30' for monitoring both the relative val-
ues and the natural carbon buildup on the target.

Self-supporting '4C targets enriched to 70% and
45+ 9 p, g/cm' thick were obtained by a cracking
procedure, "evaporating CH, I on a heated Ni foil
and chemically dissolving the Ni backing. The
total ("C+"C) target thickness was deduced
by measuring the straggling and energy loss
in the target of o. particles emitted from a
standard radioactive source and detected by
means of the Haelay quadrupole-dipole-dipole-
dipole (QDDD) magnetic spectrometer. The "C
percentage was obtained from target beta activity
measurements. An uncertainty of 20% on absolute
cross sections is assumed, mainly due to target
thickness nonuniformity. A typical deuteron spec-
trum is shown in Fig. 1. The energy calibration
%as obtained from known transitions in "Q and
"O. The overall energy resolution [full width at
half maximum (FWHM)] was about 75 keV.

ALL the identified deuteron groups are labeled
in Fig. 1 according to the excitation energy of the
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FIG. 1. Deuteron energy Spectrum from the ~4C(8Li, d)~80 reaction at E(6Li) =34 MeV.



478 A. CUNSOLO et al.

levels populated in "O. The main features of this
spectrum are as follows:

(i) All the known' positive-parity "0 levels are
populated. In particular, the candidates for rota-
tional states built on the first excited 0' at 3.63
MeV [i.e., the 3.92 MeV(2'), proposed in Ref. 14;
the 7.11 MeV(4') (Refs. 5 and 14), and the 12.53
MeV(6') (Ref. 15)]are strongly populated. In ad-
dition the g.s. (0'), the 1.98 MeV(2'), and the 3.55
MeV(4') levels, described"' as "two-particles"
main configuration, and the 10.29 MeV(4') level
are clearly seen.

(ii) The negative-parity states at 4.45 MeV(1 ),
5.09 MeV(3 ), and 8.12 MeV(5 ) excitation energy
are strongly populated.

(iii) The level at 7.84 MeV, that probably does
not correspond to the 2' at 7.8 MeV with a 6p-4h
configuration observed in the "C("0,"C)"0re-
action, "is excited likewise in the ('Li, f) reac-
tion, "but not as strongly as in the "N('Li, 'He)"0
reaction. " In Ref. 20, a J'=5 spin and parity
value was proposed by assuming a 3p-lh main
structure for this state. On the other hand, by
assuming a mixing of 2p-Oh and collective config-
urations, with a slight dominance (-60fq) of the
first, Sakuda suggested in Ref. 7 a J'=4' assign-
ment. Both of these predictions are not inconsis-
tent with the above experimental findings.

(iv) The 11.13 and 14.6 MeV states probably
correspond to the 11.10 and 14.61 MeV ones seen
more strongly in the ('Li, 'He) reaction. 'c For

both of these levels, J'=6 or 7 spin and parity
values were proposed in Ref. 20.

(v) The 12.04 MeV level, weakly excited in the
a-elastic scattering, " is clearly populated.

(vi) Above the tail of a continuous deuteron
spectrum, interpreted" as due to the 'I.i break-
up, a broad peak (FWHM-300 keV) is observed
in the 17 MeV excitation energy region. This
peak cannot contain the known ' 17.02 MeV (T= 2)
level, since the "C('Li, d) reaction selects only
"P T =1 states. In the following we shall assume
that this peak is due to excitation of only one state.

Unfortunately some interesting doublets are un-
resolved. However the [3.55 MeV(4') +3.63 MeV
(0')], the [5.26 MeV(2')+ 5.33 MeV(0')], and the
[11.39 MeV(2') + 11.41 MeV(4")] doublets may be
analyzed with a procedure explained in Sec. III.
Their angular distributions are shown in Fig. 2.
The [11.62 MeV(5)+11.69 MeV(6')] and [12.25
MeV(1 ) +12.33 MeV(5 )] doublets are analyzed in
Sec. IV. For the doublets (9.36 MeV+9. 39 MeV)
and (10.91 MeV+10.99 MeV) of unknown spins and

parities only the experimental cross sections are
reported. The deuteron angular distributions for
all the observed transitions are shown in Figs.
3-6. The angular distribution shape is typical of
a given l transfer. This finding qualitatively con-
firms that, at our incident energy, the reaction
proceeds predominantly via a direct n-transfer
mechanism.
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FIG. 3. Angular distribution of deuterons leading to the doublets at ~3.55 MeV+ 3.63 MeV~, (5.36 MeV+ 5.33 MeV(,
and (11,39 MeV+ 11.41 MeV( reported as open circles. Solid and open squares refer to the single A& (do/dQ)& compon-
ents; triangles refer to the sum (do/d~)t)(tD=A~ (do/dO)~+A2(do/dO)2 (see text). Dashed curves are drawn to guide the
eyes.
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FIG. 3. Angular distribution of deuterons from the
~4@{BLi,d)~ 0 reaction at 8{Li) =34 MeV leading to
positive parity ~~O states. The dashed curves represent
HF calculations, the full ones represent the incoherent
sum of HF and EFR-DWBA contributions.
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FIG, 4. Same as Fig. 3. The two dashed curves lab-
eled as 5 and 6+ represent the incoherent sum of HF
and EFH-DWBA theoretical calculations for the 11.62
MeV {5 ) and 11.69 MeV{6+) transitions, respectively.
In this case the full curve is the sum of these two com-
ponents. The dashed curve labeled as HF is also the
sum of the two HF contributions.

III. EMPIRICAL DOUBLETS RESOLUTION

By neglecting interference effects, the experi-
mental whole doublet cross section (WD) can be
expressed as

cog' (do' do'

(do/dQ) z, being the shape of the cross section of
the ith member and A~ the relative weight factor.

If the (do/dQ) ~, shapes are known, the 4, fac-
tors can be extracted via a fitting procedure of
the data based on a linear two parameters least
square method. Two different choices can be
made for these shapes. The first one based on
theoretical reaction mechanism predictions (see
Sec. IV 8), and the second on "empirical" informa-
tion. In the following we discuss the empirical
procedure.

If the ith member of a doublet and a nearby lev-
el both have the same spin and parity, and if both

are popul. ated through the same mechanism, their
angular distribution shapes are expected to be
very similar. If these hypotheses hold, (do/dQ) „n
can be reproduced consistently, replacing in Eq.
(1) the (do/dQ) z, shape with the experimentally
known angular distribution of a transition to a
"similar" level. This procedure was applied to
the doublets of known spin and parity components;
the A,. values and the y' values obtained are re-
ported in Table I. These )('„' values are compared
in Table I with those obtained when the reaction
mechanism predictions (see Sec. IVB) were used.
For each doublet the A,. values with the best g'
value were selected.

In particular the empirical" procedure was pre-
ferred for the [3.55 MeV(4') +3.63 MeV(0')], [5.26
MeV(2') + 5.33 MeV(0')], and [11.39 MeV(2') +11.41
MeV(4')] doublets. This procedure was also
checked both by comparing with the few experi-
mental values obtained when the doublets were
resolved, as well. as by reproducing the whole
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0.29 0.88

11.39(2+ )

11.41(4+ )
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0.17
0.90

1.90 3.33

TABLE I. Results of the doublet analysis (see text).

Doublet S&medlar levels &, IEDR 7th p,
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negative parity ~ 0 states. The full and dashed curves
for the doublet at (12.25 MeV(l ) +12.22 MeV(5 )i have

the same meaning as for the doublet at (11.62 MeV(5 )
+ 11.69 MeV(6+) i in Fig. 4.

doublet's angular distributions. This last check
is shown in Fig. 2 where the triangles are the re-
constructed values tsee Eq. (1)] and the solid and

open squares are the evaluated A,(do jdA) s. single
components. As shown in Fig. 2 good consistency
was achieved. In the following we shall treat these
A,(do/dA) 6,. values, empirically obtained, as data.
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TABLE II. Optical model parameters used in HF calculations.
dius and diffuseness as in the real part. The radii dependence

V ry Qy 8 re
(Me V) (fm) (fm) (MeV) (fm)

Li + ' C 250.0 1.354 0.65 30.0 1;354
n + ' F c 1.309 0.66 b,e 1.260
p + ' 0 d 1.25 0.65 8.005 1.250
d + ' 0 92.92 1.044 0.814 10.1 1.395
t + ' 0 146.8 1.400 0.55 19.3' 1.400
a + ' N 200.0 1.26 0.63 5.0' 1.600

'Form factor: Woods-Saxon.
Form factor: Woods-Saxon derivative fVD.

'Energy dependence: V(E) = 47.01-0.267 E-0.00118 E .
Energy dependence: V(E) = 58.762-0.55 E.

'Energy dependence: fV(E) = 9.52-0.53 E.

(fm)

0.65
0.48
0.47
0.709
0.55
0.60

rc
(fm)

2.0
1.309
1.250
1.3
1.3
1.25

bV„
(Mev)

7.5

(Mev)

5.2
2.7
2.35
5.05
2.35
0.

Ref.

28,30
38
39
40
41
42

For the spin-orbit potential we have used the same ra-
is Z =ra'".

IV. ANALYSIS OF TRK DATA AND RESULTS

In order to analyze our data we have described
the ( Li, d) reaction in terms of incoherent contri-
butions" coming from the direct n transfer, eval-
uated in the EFH-DWBA framework, and from the
statistical compound nucleus reaction mechanism,
evaluated following the Hauser-Feshbach (HF)
formalism. "

A. Hauser-Feshbach calculations

Hauser-Feshbach (HF) calculations have been
carried out in the same formalism as that of Ref.
22. The optical model parameters used are re-
ported in Table II. In order to check the absolute
value of the calculated HF cross sections we have
normalized to the structureless angular distribu-
tion of the 5.22 MeV level of "0weakly populated
in the '«C('Li, t}"0at E('Li) =34 MeV (Ref. 17) by
assuming a(~ ) spin and parity. " The obtained
HF normalization factor was further tested by
reproducing the direct one-step forbidden transi-
tion to the 2.31 MeV 0' '4N level observed in the
"C('Li, 'He)"N reaction at the same incident en-
ergy. " The normalized HF theoretical curves,

drawn as dashed lines in Figs. 3-5, account only
for -10/g, the experimental cross sections.

2K+I. = Q(2n,. +l,.},
j=l

(2)

where n, and l, are the harmonic oscillator quan-
tum numbers of each transferred nucleon. It is
implicitly assumed in Eq. (2) that the four nucle-
ons correlate to form a cluster with zero quanta
of internal excitation.

Since elastic scattering data were not available,

B. EFR-DWBA calculations: "pure configurations"

The direct cross section has been evaluated in
the EFH-DWBA formalism using the sATURN-MARs I
code of Tamura and Low, "assuming a single-step
a transfer, without spin flip, from 'Li to the "C.
The 'Li was described as n-d clusters in a rela-
tive 2S state. The n-"C relative motion wave
functions were generated in a Woods-Saxon well
whose depth was adjusted to reproduce the known
n- separation energies. The other parameters
are reported in Table III. The number of nodes
N and the orbital angular momentum I were fixed
by the Talmi- Moshinsky relationship

Channel

6Li + 14C

d+ ~80

'C+a
d+cx

Va

(Mev)

250.0
92.92

d
d

rv
(fm)

1.354'
1.044'
1.250'
1.545'

av
(fm)

0.650
0.814
0.650
0.650

TABLE III. Optical-model

rw
(fm)

1.354'
1.395'

Qg

(fm)

0.650
0.709

parameters used in EFR-DWBA calculations.

wb

(MeV)

30.0
10.1

rg
(fm)

2.0'
1.3'
1.25'
1.545'

Ref.

28,30
40
22
28

'Form factor: Woods-Saxon.
Form factor: Woods-Saxon derivative 8'D.

'Z = rW'".
Varied to reproduce separation energies.

'Z = r(~'"+ a'").
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$8' 10 '
3.3
3.9
1.51
4.2

24.4

J 77

6+
2+
6+
4+
4+

TABLE IV. a-spectroscopic strengths for positive-parity ' Q levels by assuming a transfer

to pure-configuration two-particles (S6)or 4p-2h(SS).

Ex Ex
(MeV) J; S6)( 10 ' Ss)& 10 ' (MeV) S6&( 10 '

0.0 Oi+ 4.4 2.6 11.69 3.2
1.98 2 i+ 1 1.4 1.2 12.04 7.7
3.55 4) 3.2 0.16 12.53 2.4
3 63 02+ 5.5 3.6 14.6 45
3.92 2+ 14.8 1.6 17.0 31.1
5.26 23+ 24. 1 2.8
5.33 03+ 1.2 0.79
7.11 42+ 10.6 4.0
7.84 43+ 2.7 1.2
8.9 24+ 2.7 1.4

10.29 44+ 3.1 2.1

11.39 25+ 1.3 0.61
11.41 45+ 2.5 1.8

'Estimated absolute uncertainties + 25%o [statistical errors ( —+ 10 lo), absolute values uncer-

tainty (- +20%)].

many sets of optical-model parameters for en-
trance and exit channels were tested to reproduce
the shape of our data. The best agreement was
found by using the optical-model parameters
(OMP) listed in Table III. We remark that these
PMP are essentially the sgyne optical-model para-
meters employed successfully in our previous
analysis of the 'sC(sLi, d)"0 reaction done at the
same incident energy" and that, in a systematic
way, account for ('Li, d) reactions in nuclei of

(sd) and (fp) shells. ""Levels above 6.23 MeV
excitation energy in "P are unbound against @-
particle emission; for these levels the separa-
tion-energy extrapolation method" wa. s used.
By comparing the incoherent sum of the EFH-
DWBA and the HF calculations with experimental
angular distributions we extracted the spectro-
scopic strengths S defined a.s

using the relationship

t'da t'do

I'do t'da
+S

i

— +i-
EdO EF„-DgBA EdA „F

(4)

The theoretical and experimental angular dis-
tributions are compared in Figs. 3-5. In general
good agreement was found. The present results
are consistent with previously' known spins and
parities of the "P states up to 12.5 MeV excitation
energy. The angular distribution shape of the
7.84 MeV level deviates in the forward angular
range from an l =4 DWBA curve in the same way
as the one for the known 4' state at 7.11 does.

EFB,-DWBA ~ HF
(3)

Table IV summarizes the S values obtained by as-
suming a transfer to 2p or to 4p-2h pure compo-
nents for each "P positive parity level, labeled
S, and S„respectively (where the subscripts de-
note the numbers of quanta in a+ "C radial wave
functions) .

In Table V the reported S, values were obtained
for the negative-parity "0 levels by assuming a
transfer to 3p-1h components. Note that, as men-
tioned in Sec. III, the spectroscopic strengths S~
for the members of the [11.62 MeV(5 ) + 11.69
MeV(6') j and [12.25 MeV(1 ) + 12.33 MeV(5 ) ] doub-
lets were extracted, via a least square method,

S7 / 10

2.3
2.3
2.3
1.2
1.6
1.9
1.58

(1.4 + 2.2)
(1.1 + 2.4)

1.3

1)
3]
12

13

5)
32

33

52

14

53

'As in Table IV.

TABLE V. a-spectroscopic strengths for negative-

parity ' 0 levels, by assuming a transfer to 3p-1h pure
configuration.

Ex
(MeV) J;

4.45
5.09
6.2
7.62
8.12
8.28

10.11
11.62
12.25
12.33
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This fact suggests an empirical 4' assignment,
in agreement with the Sakuda theoretical predic-
tion. ' The 8.9 MeV level data agree with an l =2
curve, suggesting a 2' tentative assignment. A
2' assignment is also suggested for the 12.04
MeV level, corroborating the indication given by
Morgan et a/. "from an a-elastic scattering anal-
ysis. The 11.13 and 12.9 MeV data agree with
more than one curve, so we cannot draw any sug-
gestion about their spins. However, HF calcula-
tions done assuming J' =6 „as suggested in Ref.
20, for both the 11.13 and 14.6 MeV states, give
cross sections about six and eleven times, re-
spectively, smaller than the experimental ones.
Furthermore for the 14.6 MeV data, the best
agreement was obtained with an l =4 DWBA curve.

At higher excitation energy we have analyzed
the angular distribution of the peak at 17.0 MeV.
The experimental shape seems to agree with an
l =4 DWBA curve. In addition, preliminary d-u
angular correlation measurements" seem to con-
firm this J' = 4' assignment.

(uo),„„ 2$ +Ni, N1, ,2 S (5)

The B„~»(e) is the usual transition amplitude.
The AN~ is the product of the ~N~ spectroscopic
amplitude for the "9nucleus in a definite state,

C. "Mixed configurations" analysis

As proposed in Refs. 11 and 33 the configuration
mixing in the wave functions of the residual nucle-
ar states can be tested through a DWBA analysis.
In this case, the direct cross section cannot be
factorized into a spectroscopic strength factor S
and a DWBA cross section as in Eq. (3), but be-
comes"

dissociating into an a+' C, , system with rela-
tive motion specified by N and L quantum num-
bers, times the C~ weight coefficient of the (NL)
configuration in the wave function. The C, s term
is simply the spectroscopic amplitude for the
'Li nucleus dissociating into an n+d system with
N=2, L =0 relative motion. This is considered
constant for all the transitions.

Following Fortune and Kurath, " taking the col-
lective component of the low-lying "O states wave
functions to be 4p-2h with (sd)' particles being
a 'ONe and the (lp) ' holes being the '~C, , the
A. ~N terms for n transfer to a state of spin J are

a', =C'„, —,", ' —„' 70.

On the other hand, the A~N~ for a transfer to 2p
components are

3

A„~= (—,«~ —,', J30 QC „"~ (amp for v(JJ )JII(lp)'0),
Zga J2

(7)

where

C ~~ = C„lD(J„J„Z),
and the D(J„J„Z) coeffic'ients are the weight fac-
tors for shell-model neutron configurations. The
A, N~ values for the "0positive parity states below
7.2 MeV excitation energy were calculated by
Fortune and Kurath" by using the C„~and CN~
coefficients obtained by Lawson et pl. Table VI
summarizes the A~~, listed as A, and A, .

For the transition amplitudes B„z,~(e) calcula-
tions, optical model and bound-state parameters
were taken to be exactly the same as in Sec. IVB.
In order to perform the coherent sum over (NL)
in Eg. (5), we used a modified version of the
SATURN-MARS I code. " Note that the mixing of

TABLE VI. R factors obtained by considering a transfer to mixed configuration wave

functions of "0 states in the framework of Ref. 11.

(MeV)

g.s.
1.98
3.55
3.63
3.92
5.26
5.33
7.11

J 7T

0+
2+
4+
0+
2+
2+
0+
4+

Ae'
—0.2001
—0.1723
—0.1092

0.0030
0.0590

—0.1087
0.1275
0.0563

As'
—0.1592
—0.1859
—0.0348

0.4405
0.2685
0.4249

—0.2604
0,4887

RMc X 1o' "

52.9
14.0
11.9
15.8
17.3
25.5
23.7
12.8

02 c+
R Mc/R Mc

3.4 + 1.9
0.9 + 0.4
0.7 + 0.3
1.0
1.1 + 0.4
1.6 + 0.6
1.5 + 0.9
0.8 + 0.3

'The A e
——A 2~ and A 8

——A4»h are extracted from Ref. 11, but their phases are adjusted to
the SATURN-MARS I code by the rule A~ ——( —)"A~ .
As a in Table IV.

'The quoted errors come from statistical errors only.
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TABLE VII. Comparison between the R /R +1 relative ratios of the present work and of the ' C( Li,t)' O re-

action analysis of Ref, 11.

Ex
(MeV)

g.s.
1.98
3.55

3.63
3.92
5.26
5.33
7, 1 1

J5'

0+
21
4+
0+
2+
2+
0+
4+

2] a+
R Mc/R Mc

3.8 + 1.9
1.0
0.8 + 0.3
1.1 + 0.5
1.2 + 0.4
1.8 + 0.5
1,7 + 0.9
0.9 + 0,3

(R Mc /R MC )FK b

1.8
1.0

4.2

1.2

1.6

2.3

2+ a
Rs/Rs
2.9 + 0.5
1.0
3.7 + 0.6
0.5 + 0.1

0.6 + 0.1

0.43 + 0.06
0.33 + 0.09
0.48 + 0.06

(R s/R s )Fv

2.3
1.0

3.0

0.6

0.4

1.0

'The quoted errors come from statistical errors only.
From the '"C( Li,t)' 0 reaction at 20.4 MeV incident energy (Ref. 11).

the configurations does not change the shapes of
the theoretical curves reported in Fig. 3 but only
the absolute values.

In order to compare with data, we define" an
R-normalization factor by

exp &d~ Hp d~ D~g~

If the A.J„~ are correctl. y evaluated, we expect con-
stant A values for different transitions. Table VI
summarizes the B values found, labeled as RMc,
and the relative ratios R~~c/RMc. Good agreement
to the unity is found, and, as shown in Table VII,
consistency with the results of the similar analy-
sis" of the '4C('Li, f)i"0 reaction is also found.

The only exception is the g.s. 8 factor, which has
the largest error bar.

Table VIII shows the results obtained by taking

into account only transfer to the main component,
or to the 4p-2h component of the wave function, or
by assuming a pure configuration. In this analysis
the A factor values were evaluated from

sJ
fe„A'„, f'

'

The comparison, shown in Fig. 7, evidentiates the
crucial role played by the interference between a
transfer to 2p and to 4p-2h components.

D. i80 positive-rotational band

In this section we discuss our results in con-
nection with the proposed "0 rotational band" "
based on the 0' at 3.63 MeV. As is well known, "
a fairly good idea of rotational band membership
can be obtained by looking to see if a series of
states, all described in a similar way, fall on a

TABLE VIII. R factors evaluated by considering a transfer only to the main components
0+ 0+

(R,;„/R s ) or only to the (4p-2h) components (R s/R s ) or to "pure-configurations"
o+

(R pc/R pc ) for low lying "0 positive parity states. The quoted errors come from statistical

errors only.

Main configurations'

(sd)
(sd)

(sd )

(sd)'(p) '
(sd)
(sd) (p)
{sd)
{sd)'{p) '

Ex o+ a o+ a 02+ b
(MeV) J; R „/R s R s/R s R pc/R pc

g.s. 01+ 5.9 + 1.3 5.6 + 1.2 14.8 + 3.2
1.98 21+ 20.5 + 3.6 1.9 + 0.3 94.1 + 16.7
3.55 41 14.5 + 2, 5 7.1 + 1.3 40.2 + 6.9
3.63 02 1.0 1.0 1,0
3.92 22+ 227.9+ 36.6 1.2+ 0.2 78.0+ 12.5
5.26 2)+ 0.8 + 0.1 0.8 + 0.1 0.8 + 0.1

5.33 Og+ 3,9+ 1.2 0.6+ 0,2 3.4+ 1.1

7.11 42+ 0.9 + 0.1 0.9 + 0.1 1.1 + 0.2
'The A ~ and A s values are those of Table VI.

Ehe A 6 and A s values are obtained, respectively, from Eqs. (6) and (7) putting C~r, or C~L
equal to unity, The configurations assumed as pure were the main ones.
'From Refs. 4, 7, and 9.
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~1

I I

2, 2', 0',

d'(J'+1) curve and if they have similar II„' alpha
reduced widths.

In Fig. 8 is shown a plot of excitation energy
versus J'(J'+1) values for the positive-parity "0
states studied in the present work. The Z(4+1)
criterion selects as possible candidates the 0»
2;, 2, , 4, , 4, , 6» and 6, states. Our results con-
firm the 4p-2h main character of the 3.63 MeV
(0;), 5.26 MeV(2;), and 7.11 MeV(4$ states as
well as the 2p-Oh one of the 8.92 MeV(2;) state,
i.e., the Lawson et g$. ~ predictions. For the lev-
els at 7.84 MeV(4g, 11.69 MeV(6;), and 12.52
MeV(6s) not treated in Ref. 4, we compare with
the Sakuda' predictions obtained mixing 2p sheD-
model states with a clustering of 4p-2h states.
In effect we are not able to make a complete
mixed-configuration calculation in these particu-
lar bases. However, looking at Fig. 7, one may
note that the hypothesis of a transfer to 4p-2h
configuration is, in our case, a rather good ap-
proximation. Therefore the experimental S~/Sas

"0 STATES

FIG. 7. Relative xatios R/R02 for low-lying positive
parity 0 states. Squares refer to RM~& f/', triangles
to Rs /Rs&, open circles to (Rp~c/R~P), and solid circles
to B&~c /ROR of the present work. {See text). The dashed

MC
curves are drawn to guide the eyes.

FIG. 8. Energies of the positive-parity ~~0 states
versus J(J + 1). Squares refer to (2p) main configuxa-
tion states, solid circles to 4p-2h main configuration
states, and open circles to states with no established
configurations. The slope of the full line drawn gives
A /2J'0 =0.186.

ratios are compared in Tabl. e IX with the S„/S'„&
values calculated taking into account compl. ete
mixing. ' The rather good overall agreement
found corroborates the Sakuda predictions, ' i.e.,

(i) the 4p-2h character of the 0;, 2;, and 4;
states'

(ii) the mixed structure of the 4s state with a
slightly dominant 2p component (also inferred
from the empirical analyses outlined in Sees. II
and IVB;

TABLE IX, Comparison between experimental rela-

tive o,-spectroscopic strengths S8/Ss and the Sakuda
(Ref. 7) theoretical predictions.

Suggested main

(Me~) J; Ss/Ss (S /S )sA@ configurationsb

3.63 02+ 1,0 1.0 "4p-2h"
5.26 2+ 0.8 + 0.1 1.3 "4p-2h"
7.11 42+ 1.1 + 0.2 1.0 "4p-2h"
7,84 4&+ 0.3 + 0.1 0.5 2p-Oh

11.69 6) 0.9 + 0.2 1.1 "4p-2h"
12.53 62+ 0.42+ 0.06 0.3 "4p-2h"

'The quoted errors come from statistical errors only.
From Ref. 7. The quotation marks indicate particular

collective states (see text).
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(iii) the collective nature of both the 11.69
MeV(6;) and the 12.53 MeV(6;) states. Moreover
the smallness of the 6; relative a-spectroscopic
strength is consistent with the main core excited
structure suggested ' for this state.

On the other hand, the relative +-spectroscopic
strengths Ss~/S, ', in Table IX, are about the same
for 0;, 2;, 42 and 6y states.

All these results allow us to support the sug-
gestions that the 2, at 5.26 MeV, the 4, at 7.11
MeV, and the 6, at 11.69 MeV are the members
of the "0 rotational band based on the 3.63
MeV(0;) level. Finally we remark that for the

proposed "0 rotational band a linear best fit
gives 5'/2JO =0.186+0.012, which essentially
agrees with the value 0.146 calculated by Rudra"
by means of a cranking model, as well as with

the slope of the g.s. rotational band in 'ONe, as
proposed in Ref. 9.

IV. CONCLUSIONS

The shape of the experimental angular distribu-
tions and tQe smallness of the statistical com-
pound nucleus contribution indicate that the
"C('Li, d)"P at 34 MeV incident energy proceeds
essentially via an a-transfer direct mechanism.

The analysis of data leads us to suggest 4' spin
and parity to the 7.84 MeV level and 2' to the 8.9
and 12.04 MeV levels and, to some extent, 4' for
the 14.6 and 17.0 MeV levels.

The analysis of o.-spectroscopic strengths con-
firms the theoretical predictions"' about con-
figuration mixing, as well as the importance of
the interference between n transfer to two parti-
cles and 4p-2h collective components of the "Q
states. A very good agreement is found using the
empirical wave functions of Ref. 4.

The results found in (i) the configurations analy-
sis, (ii) the plot of the excitation energy versus
J'(7+1), and (iii) the comparison of the relative
n-spectroscopic strengths, confirm the predict-
ed" "0 positive rotational band based on the
first excited 0; at 3.63 MeV (being the 5.26 MeV

2;, the 7.11 MeV 4;, and the 11.69 MeV 6, the
other members). ('Li, du) angular correlation
measurements are in progress in order to check
the spins and parities currently suggested and to
determine I',/I'„, values" for "P levels lying at
excitation energies above the n-emission thresh-
old.

The authors would like to thank Dr. N. Mascolo
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