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Three-particle cluster structure aboveEx511 MeV in 15N
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12C(7Li, a) angular distributions have been obtained for 16 states in15N at E(7Li) 552.5 MeV. Also,
12C(6LiW,3He) angular distributions and vector analyzing powers have been measured atE(6LiW)550 MeV.
Finite-range distorted-wave Born-approximation~FRDWBA! triton cluster transfer calculations are able to
describe the (7Li, a) data for transfer to states with knownJp values. Comparison with known levels in19F
suggests that the12C(7Li, a) reaction selectively populates negative parity states. FRDWBA calculations
support this idea. Several previously suggestedJp levels are confirmed and newJp values are proposed for six

other levels. The previously observed (6LiW,3He) J dependence has been used along with coupled-channel
Born-approximation calculations to confirm theJp values for states in15N. @S0556-2813~99!08008-5#

PACS number~s!: 21.60.Gx, 25.70.Hi, 27.20.1n
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I. INTRODUCTION

Early @1–3# three-particle transfer reaction studies w
12C and 16O as targets showed tremendous selectivity in
states populated in the final nuclei15N and 19F. A relatively
simple triton cluster model@4,5# was shown to describe som
of the strongly populated states in these nuclei. However,
lack of definite spin and parity assignments for levels
higher excitation energies has hampered the further deve
ment of simple cluster models for these nuclei, especially
the case of15N. The present work was undertaken to provi
new information on the three-particle cluster structure
15N.

The 12C(a,p)15N @3,6# and the12C(6Li, 3He)15N @7,8# re-
actions are highly selective in the states populated, with b
reactions populating the same states with roughly the s
relative intensities. The12C(7Li, a) reaction also selectively
excites states in 15N, but with considerably differen
strengths@9,10# when compared to the (a,p) and (6Li, 3He)
reactions. Also, the12C(7Li, a) reaction excites states in15N
that are either weakly populated or perhaps not populate
all by the (a,p) and (6Li, 3He) reactions. While the (a,p)
and (6Li, 3He) reactions should favor the population of hig
spin states, because they are quite angular momentum
matched, the (7Li, a) reaction is just the opposite and shou
favor low spin states. Such a simple interpretation of
(7Li, a) reaction does not seem to be possible, since b
high and low spin states appear in the spectrum@11#.

The present work reports cross sections and angular
tributions for the12C(7Li, a) reaction for a7Li bombarding
energy of 52.5 MeV. Cross section and vector analyz

powers have also been measured for the12C(6LiW,3He) reac-

tion for E(6LiW)550 MeV, to aid in the assignment of spin
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and parities for the observed three-particle cluster sta
This higher 6Li energy was chosen because an earlier stu

of 12C(6LiW,3He) atE(6LiW)534 MeV had shown@8# that the
measured vector analyzing powers are sensitive to theJp of
the transferred cluster, but the bombarding energy was
high enough to strongly excite states above about 13 MeV
excitation in 15N. The same difference in selectivity betwee
the (6Li, 3He), (a,p) and (7Li, a) reactions on an16O target
for populating states in19F has been reported@1,12–15#. The
studies of19F have resulted in considerably better spin, p
ity, and cluster configuration assignments than those for15N.
The current knowledge of the selectively populated state
19F has been combined with both finite-range distorted-w
Born-approximation~FRDWBA! and coupled-channel Born
approximation~CCBA! calculations in the present work t
assign spin-parity and possible cluster structures for the
lectively excited states in15N. Calculations and data are pre
sented for excited states up to 20 MeV in excitation in15N.

II. EXPERIMENT

A. 12C„

7Li, a…

15N

The 12C(7Li, a)15N reaction was studied using a 52
MeV 7Li31 beam from the Florida State University Tandem
LINAC Accelerator. The12C target was 100mg/cm2 thick
and self-supporting. The average beam intensity through
the study was about 25e nA. The identification of thea
particles was achieved using a pair ofDE-E detector tele-
scopes. Narrow collimators which gave angle openin
60.16° and60.37° were put in front of the detectors t
minimize kinematic broadening of the peaks in the spec
The two telescopes, each separated by 7.5 laboratory
grees, were mounted on a moving arm. Spectra were take
the laboratory angles of 8°, 11°, 14°, 15.5°, 18.5°, 21.5
23°, 27°, and 30.5° with these two telescopes. The lin
rebuncher was used to improve the beam-energy resolu
so that the total-energy resolution obtained in the sam
spectrum shown in Fig. 1 was about 125 keV. The ela
scattering of the7Li beam was measured at the same tim
with a monitor detector positioned at 15°, and both elas
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C. LEE et al. PHYSICAL REVIEW C 60 024317
scattering anda particles were measured simultaneou
with the telescopes at the laboratory angles of 20°, 21°,
22°. From these data, the (7Li, a) absolute cross section wa
obtained by normalizing the measured relative elastic s
tering angular distribution to optical model calculations th

FIG. 1. Sample spectra for the12C(7Li, a) and 12C(6Li, 3He)
reactions.
02431
d
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used parameters that were obtained from 48 MeV ela
scattering@16#. The parameters are listed in Table I. Th
error in the absolute cross section for the12C(7Li, a) reac-
tion is estimated to be612% based on the range of value
obtained for these cross sections from several different ru

A typical a-energy spectrum for the12C(7Li, a) reaction
is shown in Fig. 1. Selective population of states is foun
similar to previous studies@9,10#. The peak identifications
are based on the spectrum in Ref.@10#, since the beam en
ergy and detecting angles of the current spectra are com
rable to those in that spectrum. Also, the better energy re
lution of Ref. @10#, 80 keV, allowed the peak energies to b
more easily determined for spectral regions with clos
spaced peaks. An internal calibration of the present data
ing accepted15N excitation energies was consistent wi
these values. Angular distributions were determined
peaks at excitation energies 5.28, 6.32, 7.57, 8.57, 9.15, 9
10.69, 11.45, 12.55, 13.01, 13.17, 14.10, 15.40, 16.03, 17
and 19.68 MeV.

B. 12C„

6Li¢,3He…15N

The FSU optically pumped polarized Li ion source pr
duced the vector polarized6Li beam used in this work. The
polarized 6Li beam from the source was accelerated by

Tandem/LINAC system to produce a6LiW31 beam of
100 e nA on target atE(6Li) 550 MeV. The typical on-
target beam polarization wast1051.0260.05. The calibra-
tion data of Kerret al. @17# was used to determine the on
target beam polarization. The nucleus6Li has a ground state
spin of 1 so that the three magnetic substates of the beam
be MI51,0,21. The present data were taken by cycling e
ery 2 min between three states of polarization: polarizat
off and the two magnetic substatesMI51,21.

The details of the detectors, scattering chamber, and
gets used in this work are the same as those used in a p
ous work @17#. Again, the linac rebuncher was used to im
7 MeV

ta with
TABLE I. Potential parameters used in the transfer calculations.

V0 ~MeV! r R ~fm! aR ~fm! W0 ~MeV! r I ~fm! aI ~fm!

7Li112C a 145.6 1.22 0.83 12.09 2.22 0.69
a115N b 179.0 1.40 0.57 3.0 1.50 0.60
a1t c searched 1.80 0.70
t112C d searched 1.25 0.65
6Li112C e N50.985 8.5 2.35 0.63
3He115N f 276.1 1.15 0.65 16.7 1.43 0.62
3He1t searched 1.73 0.45
t112C searched 1.80 0.65

aTaken from Ref.@10#.
bParameters were determined by obtaining the best description of the experimental data for the 10.6

( 9
2

1) and 13.01 MeV (11
2

2) states with FRDWBA calculations.
cTaken from Ref.@22#.
dTaken from Ref.@23#.
eDouble folded real potential from Ref.@30#.
fParameters were determined by obtaining the best description of the 10.69 MeV and 13.01 MeV da
CCBA calculations.
7-2
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THREE-PARTICLE CLUSTER STRUCTURE ABOVE . . . PHYSICAL REVIEW C60 024317
prove the beam-energy resolution which then resulted in
observed total-energy resolution of 110 keV for the spectr
in Fig. 1. The unpolarized angular distribution data we
obtained from the polarization off runs. The absolute cr
sections were found by collecting the transfer and12C16Li
elastic data simultaneously at several angles and then u
the same normalization constant between the elastic data
the previously determined elastic cross section@17# for the
transfer data. The absolute error in the cross section
612%, and arises primarily from the uncertainty in the el
tic cross section, while that for the vector analyzing pow
is 610%, arising from the variation of the observed bea
polarization during the runs (65%) and the overall on-
target beam polarization calibration of (68%).

FIG. 2. Spectra for the16O(7Li, a) @12#, 16O(6Li, 3He) @14#, and
16O(a,p) @15# reactions. These spectra show that19F states are
populated by16O(7Li, a) with relative intensities which are differ
ent from the (6Li, 3He) and (a,p) reactions just as observed i
Fig. 1.
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III. COMPARISON OF DATA SETS

As can be seen in Fig. 1, one major difference betwe
the 12C(7Li, a), and 12C(6Li, 3He) reactions is the very dif-
ferent population strengths of the 13.17 and 12.55 M
peaks relative to the one at 10.69 MeV. In both (6Li, 3He)
and (a,p), these two states are weaker than the one at 10
MeV whereas in12C(7Li, a) they are stronger. In addition
peaks are selectively and strongly populated up to 21 MeV
excitation in the (7Li, a) reaction, but not in either (6Li, 3He)
or (a,p). An early work@18# on the cluster structure of15N
suggested that states with similar shell model configurati
exist in both15N and 19F. For comparison, spectra produce
by the reactions16O(7Li, a) @12#, 16O(6Li, 3He) @14#, and
16O(a,p) @15# are shown in Fig. 2. As can be seen, t
16O(6Li, 3He) and 16O(a,p) reactions produce spectra th
are similar, whereas16O(7Li, a) excites states with differen
relative strengths from the latter two reactions. Perhaps
major difference in the three reactions leading to19F is the
strong population of low spin negative parity states by
16O(7Li, a) reaction. Note in particular the selective streng
of the 6.09, 6.89, and 7.70 MeV peaks in the (7Li, a) spec-
trum when compared with those from (a,p) and (6Li, 3He).

FIG. 3. The solid lines are FRDWBA12C(7Li, a) test calcula-
tions that show that transfers to states with well establishedJp

values can be described.
7-3
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FIG. 4. FRDWBA~i! and CCBA~ii ! and~iii !
calculations that include~ii ! coupling between the

ground (32
2) and first excited state (1

2
2) in 7Li

but no transfer from the12
2 state and calculations

~iii ! that include coupling between the states
7Li and transfer from the excited12

2 state in7Li.
While the angular distribution FRDWBA and
CCBA calculations are relatively insensitive t
whether projectile excitation is included, theiT11

calculations can clearly distinguish between t
different calculations, especially at forwar
angles for the 13.01 MeV,11

2
2 transition.
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The spins and parities of these states are identified in R
@12,14# to be 3

2
2 ~6.09 MeV!, 3

2
2 ~6.89 MeV!, and 1

2
2 ~7.70

MeV! with (sd)2( f p)1 configurations. It has not been po
sible to associate the new states observed at 8.53 and
MeV by (7Li, a) with known states yet because of the hi
density of nearby levels. Comparison with the19F observa-
tions would suggest that the 12.55 and 13.17 MeV state
15N have relatively low spin, negative parity, and a clus
structure of (sd)2( f p)1.

IV. DWBA AND CCBA CALCULATIONS

A. 12C„

7Li, a…

15N

Amazingly, there have been very few studies publish
that determine if (7Li, a) angular distribution data can b
described by finite-range DWBA calculations. The forwa
angle angular distribution data for the strong positive pa
states populated by the16O(7Li, a) reaction at a bombarding
energy of 20 MeV were shown to be well described
FRDWBA calculations@13,19#. The larger angle data see
to contain both cluster exchange and compound nucleus
tributions. No calculations for the12C(7Li, a) reaction seem
to have been previously published.

To test proposed structures for the states in15N excited by
the 12C(7Li, a) reaction, FRDWBA angular distribution ca
culations have been carried out with the computer c
DWUCK5 @20#. In these calculations, it is assumed that t
02431
fs.
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(7Li, a) reaction can be considered to be a direct trito
transfer reaction. Multiple values of the transferred orbi
angular momentum are allowed for each final state since
triton occupies a relativep state in the7Li system. A cluster
configuration of (sd)3 @3p-4h# was assumed for the pos
tive parity 15N states with 2N1L56 for the bound state
quantum numbers, whilep1(sd)2 @2p-3h# and 2N1L55
was assumed for the negative parity states. Other config
tions were also used for certain states and they will be
cussed later.

Initial optical model parameters for generating thea
115N exit channel distorted waves were taken from a wo
@21# that measured large anglea scattering by the15N
nucleus. These parameters were then modified for transfe
highly excited states in15N by obtaining the best fit to the
transfer data to the known11

2
2 and 9

2
1 states at 13.01 MeV

and 10.70 MeV excitation, respectively. The best fit calcu
tions and data are shown in Fig. 3, with the parameters lis
in Table I. Theoretical angular distributions were then ge
erated by FRDWBA calculations for all other observed15N
states with the parameters listed in Table I. The radial p
of the triton bound state wave functions in the7Li projectile
and the 15N nucleus are also calculated from real Wood
Saxon potentials, and are taken from the investigations
Kukulin et al. @22# and Kammuriet al. @23#, respectively.
The values of the real depth parametersV0 were found under
the assumption that the triton is a single particle bound t
7-4
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FIG. 5. 12C(6Li, 3He)15N cross
section and vector analyzing
power data for transitions to the
10.69 MeV, 9

2
1 and 13.01 MeV,

11
2

2 states. The curves are the re
sults of CCBA calculations with
the assumed final stateJp value in
15N shown.
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core (a particle for 7Li and 12C for 15N) with the appropri-
ate binding energy. The geometry parameters of the bo
state potentials are given in Table I. A slightly negative va
for the binding energy was used in the calculations for
states which are at an excitation energy higher than the d
threshold~14.85 MeV! for 15N*˜ 12C1t.

For sometime now@24#, it has been known that the reor
entation of the ground state of7Li has a profound affect on
7Li elastic scattering because of the large quadrupole
ment of 7Li. Whether ground state reorientation grea
modifies transfer angular distributions is still an open qu
tion. For the (7Li, 6Li) reaction, inclusion of reorientation in
CCBA calculations tends to dampen the structure in the
gular distributions but does not change the overall shap
the distributions@25,26#. However, its inclusion is absolutel
necessary for reproducing the nonzero rank 1 and 2 ana
ing powers observed@26#.

To determine whether projectile excitation and reorien
tion greatly modify calculated (7Li, a) angular distributions,
CCBA calculations have been carried out with the co
FRESCO @27# for the 12C(7Li, a) reaction for several state
with the following assumptions:~i! FRDWBA, meaning no
02431
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projectile couplings,~ii ! coupling between the3
2

2 ground
and 1

2
2 first excited states with ground state reorientation

no transfer from the1
2

2 state, and~iii ! same as~ii ! and in-
cluding transfer from the1

2
2 state. The optical parameter

listed in Table I were used in the calculations. These cal
lations for a9

2
1 state at 10.70 MeV and a11

2
2 state at 13.01

MeV are shown in Fig. 4, along with the calculated vec
analyzing powers. As can be seen, there are only minor
ferences between the CCBA and FRDWBA angular distrib
tion calculations. Since it has been shown in the past
measured vector analyzing powers for7Li induced single
particle transfer reactions are sensitive to projectile exc
tion effects, calculated vector analyzing powers are a
shown in Fig. 4. As can be seen, quite detailed measurem
would be required to assess the role played by projec
excitation in the (7Li, a) reaction. FRDWBA calculations
were carried out for the rest of the12C(7Li, a) study because
the full set of projectile excitation data needed to carry o
reliable CCBA calculations was not available.

Another possible test of the use of (7Li, a) angular distri-
butions to extract final state spin information is th
16O(7Li, a)19F reaction to the ‘‘well-known’’ 2.78 MeV,92

1

7-5
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FIG. 6. Data and FRDWBA calculations fo
the 12C(7Li, a) reaction to states below 10.
MeV for which Jp values are known.
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and 4.65 MeV,13
2

1 states, for which, angular distribution
have been reported for both peaks by Tserruyaet al. @12#.
Inspection of the two experimental angular distributio
shows them to be completely different with the 2.78 Me
peak having a rather slowly changing cross section as a f
tion of increasing angle as expected for a high spin st
whereas the 4.65 MeV angular distribution decreases rap
as a function of increasing angle as expected for a lower
state. The16O(7Li, a) study of Mordechai and Fortune@13#

suggests that both 4.65 (13
2

1) and 4.68 (52
2) states are ex-

cited in their 20 MeV work. Test calculations done in th
present work show that the 2.78 MeV angular distribution
equally well described by a final state spin of7

2
2 or 9

2
1 as

expected from the15N analysis but that the 4.65 MeV peak
predominantly made up of the52

2 state rather than the13
2

1

state.
It would seem, then, that the angular distribution for t

4.65 MeV peak further strengthens the argument that
(7Li, a) reaction populates negative parity states when co
pared with the (6Li, 3He) and (a,p) reactions. The rathe
high level density in19F means that the only way to dete
mine the actual states being populated by the different th
particle transfer reactions is to perform (7Li, ag) and
02431
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(6Li, 3Heg) studies as was done for15N @11#. Only then can
there be a full understanding of the (7Li, a) reaction.

B. 12C„

6Li¢,3He…15N

Both FRDWBA ~DWUCK5! and CCBA ~FRESCO! calcula-
tions have also been carried out to study the possibility
using the vector analyzing power data from t
12C(6LiW,3He)15N reaction to set limits on theJp values for
the states selectively populated. While it has been shown
the use of phenomenological Woods-Saxon potent
@28,29# can mock up the effects of channel coupling in ela
tic scattering and transfer reaction cross section angular
tributions, the role played by projectile excitation in the ca
culation of analyzing powers is still understudy. While th
FRESCOCCBA calculations are more time consuming th
those using the FRDWBA, the CCBA calculations should
more reliable for extractingJp values from the measure
vector analyzing powers if the projectile excitation streng
is known. Extensive cross section and analyzing power d
now exists for the6Li1 12C system so that CCBA calcula

tions can be performed for the12C(6LiW,3He) reaction with
the role played by projectile excitation determined fro
7-6
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measured data@28,30# if sufficient computing resources ar
available. During the course of this work, several Penti
PC’s runningLINUX became available for runningFRESCO

CCBA calculations and so all calculations presented h
have full channel coupling between the ground and exc
states of6Li included. The CCBA calculations for the high
estL values take about 1 h versus 5 min for the FRDWBA
calculations. However, since up to seven computers h
been available at various times for these calculations, it
possible to carry out the present study in a reasonable le
of time. The optical model parameters used are given

TABLE II. The relative strengths of the doublets at 5.28 Me
and 9.81 MeV in15N.

Excitation of the doublet Relative
observed in this work Jp state state strength

5.28 MeV 5
2

1 ; 5.270 MeV 73.5%
1
2

1 ; 5.299 MeV 26.5%

9.81 MeV 7
2

2 ; 9.829 MeV 74.7%
3
2

2 ; 9.925 MeV 25.3%
02431
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Table I along with the bound state geometries needed. Th
parameters give a good description of the previously m
sured elastic cross section and analyzing powers forE(6Li)
550 MeV. It was found that excitation of the target12C had
no noticeable affect on the transfer calculations other tha
increase the computing time and so target excitation was
included in the calculations shown in the following figure
The projectile excitation strengths were those taken from
inelastic scattering study of the6Li1 12C system of Kerr
et al. @28#. The same bound state configurations and quan
numbers were used for12C(6Li, 3He) as those described ea
lier for the (7Li, a) study. The conclusion reached as to t
final Jp values extracted for the final states is the same
both sets of calculations, FRDWBA and CCBA, with on
moderate differences between the calculated angular di
butions and vector analyzing power shapes found for the
sets of calculations.

Again, test calculations were carried out for the know

10.69 MeV (92
2) and 13.01 MeV (11

2
2) states to determine

whether the vector analyzing power data were sufficien
distinctive to determine the final state spins. As can be s
in Fig. 5, the 10.69 MeV data and calculations clearly pi
out 9

2
1 for this state with7

2
2 being the only other possibility
-

t

FIG. 7. Cross section and vec
tor analyzing power data and
CCBA calculations for peaks a
9.83 and 13.17 MeV populated in

the 12C(6LiW,3He)15N reaction for
E(6Li) 550 MeV.
7-7
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FIG. 8. Data and FRDWBA calculations fo
12C(7Li, a) transitions to peaks at 11.45, 12.5
13.17, and 14.10 MeV in15N.
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The importance of the vector analyzing powers for extract
final stateJp values is also nicely shown in Fig. 5. For th
13.01 MeV state, the angular distribution data are consis
with spin-parities of5

2
2, 7

2
2, 7

2
1, 9

2
1, 9

2
2, and 11

2
2. The

combined angular distribution and vector analyzing pow
data are only consistent with an assignment of11

2
2 for this

state.

V. RESULTS

The first step towards determining if the present data
could provide new information on the spectroscopy of sta
above the particle decay thresholds in15N(.10.5 MeV)
was to carry out FRDWBA calculations for states below 10
MeV. Good agreement between the data and (7Li, a) calcu-

lations is obtained for the strong peaks at 5.28 (5
2

11 1
2

1),

7.57 (7
2

1), 9.15 (5
2

1), and 9.83 (72
2) MeV. It is likely that

both the5
2

1, 5.27 MeV and1
2

1, 5.30 MeV states are popu
lated in the 5.28 MeV peak. As shown in Fig. 6, a combin
tion of calculations for these states gives a better descrip
of the data than does the calculation for each state separa
The angular distribution for the peak at 9.15 MeV is
equally well with a 5

2
1 ~9.154 MeV! or 3

2
2 ~9.152 MeV!

assignment in the current experiment. A previous part
gated g-ray measurement using the12C(7Li, ag) and
12C(7Li, 3Heg) reactions@11,31# shows that it is the5

2
1

~9.154 MeV! state that is populated in this close-lying do
02431
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blet. The better resolution spectrum of Zelleret al. @10#

shows that the 9.83 (7
2

2), state is the dominant one popu

lated in the triplet of states 9.76 (5
2

2), 9.83 (7
2

2), and 9.93

( 3
2

2). In the present work and that of@10#, the peak is broad-
ened to high excitation, suggesting a small contribution fr

the 3
2

2 state. An assumed doublet combination of 9.83 (7
2

2)

and 9.93 MeV (32
2) reproduces the data quite well. The rel

tive strengths of the states in the 5.28 and 9.83 MeV dou
combinations have been extracted by minimizingx2 and are
listed in Table II.

As can be seen in Fig. 7, the12C(6LiW,3He) angular distri-
bution for the 9.83 MeV transition is consistent with both7

2
2

and 5
2

2, but the predictediT11 is widely different foruc.m.
'30° with 5

2
2 transfer rising to10.4 and a7

2
2 transfer

having a value of20.3. The negative experimental value
about20.15 in this angular range then is consistent with
dominant population of the 9.83 MeV,72

2 state by the
(6Li, 3He) reaction also.

A recent work @32# reported a new7
2

2 level at 11.436
MeV. Until the work of Ref.@32#, only a 1

2
1 state at 11.438

MeV had been reported@33# close to this energy. While the
two states are unresolved in the present work, the FRDW
calculations and data given in Fig. 8 show that the7

2
2 state is

the one strongly populated in the12C(7Li, a) reaction.
The strong population of a peak at 12.55 MeV by t
7-8
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FIG. 9. Data and FRDWBA
calculations for12C(7Li, a) transi-
tions to peaks at 15.40, 16.03
17.95, and 19.68 MeV in15N.
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12C(7Li, a) reaction provides the first evidence for maj
differences between this reaction and that of the (6Li, 3He)
and (a,p) reactions. In the latter two reactions, the popu
tion of this peak is weak relative to the ones at 13.01 a
10.69 MeV where as in12C(7Li, a) it is stronger than eithe
of these peaks. Two states around 12.5 MeV, one at an

citation energy of 12.522 MeV (5
2

1, T5 3
2 ) and the other at

12.551 MeV (92
1), are reported in the most recent15N com-

pilation @33#. A pion inelastic scattering study@34# assigns
either 9

2
1 or 7

2
1 with 9

2
1 favored for this state. An angula

distribution and analyzing power measurement with

(6LiW,3He) reaction at a6LiW energy of 34 MeV@8# support an
assignment of92

1 for the peak observed in that reaction. A
the present bombarding energy of 50 MeV, the weak po
lation of the peak at 12.55 MeV at larger angles, where
sensitivity to the transferredJp is greatest does not allow th
analyzing power data to be used to provide informat
about this peak. Since a strong population of a peak at 1
MeV appears only in the (7Li, a) reaction, it is possible tha
the peak contains a state or states that are different f
the 9

2
1 state observed in other reactions. To test this id

FRDWBA calculations were carried out for th
12C(6Li, 3He) reaction at 50 MeV, populating the 10.69 a
12.55 MeV states in15N. A relative spectroscopic factor o
1/0.31 was obtained for the 10.69/12.55 MeV states by co
02431
-
d

x-

e

-
e

n
55

m
a,

-

paring the calculations with the angular distribution da
When this ratio is applied to the12C(7Li, a) FRDWBA cal-
culations, the calculated 12.55 strength comes out to be
one-third of the observed strength. This result suggests
there are two close-by states at 12.55 MeV, one of9

2
1 and

the other of undetermined spin and parity. Comparison w
the nucleus19F would suggest72

2 for the major part of the
12.55 MeV strength with a configuration of (sd)2( f p)1. Cal-
culations with this assumed configuration are shown in F
8.

Perhaps one of the most difficult peaks to interpret
three-particle transfer reactions is that at 13.17 MeV. Th
is a doublet of narrow states known to exist@35#, one at
13.149 MeV and the other at 13.174 MeV. High resoluti
12C(a,p) spectra show@36# the 13.174 MeV peak to be
populated 10 times stronger than the one at 13.149 MeV
recent better resolution12C(7Li, a) a decay study of this
region suggests the possibility of a triplet or quartet of sta
in this region@37#. One state is preferentially populated
the (7Li, a) reaction and it is assumed in the present wo
that all three transfer reactions strongly populate the sa
state of 13.17 MeV in15N. There does not seem to be an
practical way to experimentally test this assertion at pres

The peak at 13.17 MeV is weakly populated by t
(6Li, 3He) and (a,p) reactions but is strongly populated i
(7Li, a). Early works suggested a spin of9

2 @35# for this
7-9
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FIG. 10. Cross section and
analyzing power data and CCBA

calculations for 12C(6LiW,3He)
transitions to states in15N at
15.40 and 16.03 MeV.
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peak, but this spin is hard to reconcile with its relative pop
lation by the different three-particle transfer reactions. T
strong population of this peak with the reasonably well a
gular momentum matched (7Li, a) reaction argues for a rela
tively low spin for this peak. One of the primary motivation

for the earlier 12C(6LiW,3He) study @8# was to learn if the
vector analyzing power data could provide additional lim
on possible spin values for a single state at this energy.
assumption of the population of a single state by
12C(6Li, 3He) reaction was based on the similarity betwe
the (a,p) and (6Li, 3He) spectra. The data in Ref.@8# were
consistent with either72

1 or 5
2

2 for this state and the dat
clearly ruled out either92

1 or 9
2

2 for it. Descriptions of the
present 50 MeV angular distribution and analyzing pow
data, shown in Fig. 7, favor52

2 for this state assuming a
three-particle transfer reactions strongly populate the s
state. The12C(7Li, a) data and calculations, shown in Fig.
also favor5

2
2 for this state. In both calculations a configur

tion of (sd)2( f p)1 is assumed for the bound state configu
tion because the 13.17 MeV state is not populated by ei
the 13C(a,d) @38# or 13C(6Li, a) @39# reactions.

To gain confidence in the negative parity assignments
02431
-
e
-

he
e
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-
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r

the 12.55 MeV and 13.17 MeV states, the known spec
scopic information for the mass 17 and 19 systems was
amined. The compilation of nuclei withA516–17 @40#
shows possible7

2
2 and 5

2
2 states in17O with the valence

particle assigned to the 1f shell at excitation energies o
5.697 and 5.733 MeV, respectively, while they are at exc
tion energies of 5.672 and 5.682 MeV in17F. Since the
ground states of these nuclei are5

2
1, the energy gap betwee

the d5/2 and f 7/2 shells appears to be about 5.7 MeV in th
mass 17 system. Studies using the18O(3He,d)19F @41,42#
and 16O(7Li, a)19F @12# reactions suggested (sd)2f 7/2 con-

figurations at excitation energies of 4.00 (7
2

2) and 5.10 MeV

( 5
2

2) in 19F. These results show the shell-energy differen
in 19F to be about 4.0 MeV. Correspondence between the19F
and 15N 3p-4h states has been carried out@18# by direct
comparison of data for the12C(a,p)15N and 16O(a,p)19F
reactions. The9

2
1 state at 10.69 MeV excitation in15N was

suggested to correspond to the9
2

1 state at 2.78 MeV in19F.
Combining these results suggests that7

2
2 and 5

2
2 states with

3p-4h structures will lie at excitation energies of 12.0 an
13.2 MeV, respectively, in15N, consistent with the presen
12C(7Li, a) results.
7-10
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The recent15N compilation @33# lists a pair of states a

14.10 MeV in 15N: a (9
2

1 or 7
2

1) state at 14.090 MeV and
3
2

1 state at 14.10 MeV. The present angular distribution d
shown in Fig. 8 are not consistent with FRDWBA calcul
tions that assume either3

2
1 or 7

2
1 for this state, but are in

agreement with an assumption of5
2

2 for it. Both p1(sd)2

and (sd)2( f p)1 configurations for the final state produc
equivalent descriptions of the data. Studies of19F @12,41,42#
have not reported any52

2 (sd)2( f p)1 states at an excitation
energy;6 MeV which would correspond to the15N state,
suggesting ap1(sd)2 configuration for this state. A stud
comparing the selective population of15N states by the
12C(7Li, a)15N and 13C(6Li, a)15N reactions @39# reveals
that the 14.10 MeV state carries considerable two-nucl
transfer strength, which then supports a negative pa
2p-3h configuration for this state.

Little spectroscopic information has been presented
previous studies of highly excited states in15N above the
decay threshold to12C 1t ~14.85 MeV!. Some of the states
in this excitation-energy range such as those at 15.40 M
16.03 MeV, 17.95 MeV, and 19.68 MeV are strongly pop
lated by the 12C(7Li, a) reaction. FRDWBA calculations
have been carried out for each peak with several differ
configurations. Even though these states are triton unbo
it is assumed that the spins of these states are so high tha
large centrifugal potential produces a quasibound state. C
sequently, slightly negative values were used for the bind
energies in the calculations. The earliest three-particle tra
fer studies@2,7# with 12C as a target showed strong popu
tion of a peak at 15.40 MeV in excitation and angular m
mentum mismatch conditions combined with cluster mo
calculations led to the conclusion that this peak was13

2
1 and

had a stretched (d5/2)
3 configuration. Both the presen

(7Li, a) and (6LiW, 3He) data are consistent with this assig
ment, as can be seen from the data and calculations in F
9 and 10. Calculations have been carried out for the o
peaks for which it was possible to extract angular distrib
tion data. The 16.03 MeV data, shown in Figs. 9 and 10,
consistent with an11

2
2, (sd)2( f p)1 assignment. The 17.9

MeV state is assigned92
2 in the present work with that a

19.68 MeV consistent with11
2

2. While the latter two assign
ments are highly speculative, the negative parity assignm
for them is probably not.

The FRDWBA calculations yield spectroscopic streng
information in addition to transferred angular momentum
formation. The spectroscopic factor for the states in15N hav-
ing a structure composed oft112C can be obtained from th
DWUCK5, FRDWBA 12C(7Li, a) calculations, by relating the
experimental cross sectionsexpt to the calculated one,sDW,
through the relation

sexpt5C2S1CS2
2S 2Jf11

2Ji11 DsDW , ~1!

whereJi andJf are the target and residual nuclei spins a
C2S1 is the 7Li˜a1t spectroscopic factor, andC2S2 is the
one for 15N˜

12C1t. Here we have takenC2S1 to be 1. The
spectroscopic factorC2S2 was obtained by normalizing
02431
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(2Jf11) times the FRDWBA calculations to the experime
tal cross sections for each state. The absolute spectrosc
factors for this reaction are given in Table III. Th
12C(6Li, 3He) absolute spectroscopic factors were obtain
from theFRESCOcalculations for this reaction by again no
malizing the calculated cross sections to the data. In th
calculations, the spectroscopic amplitude is one of the in
parameters into the calculation, and its value was adjuste
match the experimental cross sections. The values ofC2S2
obtained for this reaction are also given in Table III. Relati
spectroscopic factors normalized to the one for the 10
MeV, 9

2
1 state are also presented in Table III.

The (7Li, a) values in Table III show that the states th
have been suggested to have a larget112C cluster parentage
such as the 10.69 and 13.01 MeV states, have spectrosc
factors that are at least a factor of 8 larger than the 6
MeV, 3

2
2 state, which has at best a very small triton clus

amplitude. Also, the (7Li, a) calculated cross sections yiel
absolute spectroscopic factors that are reasonable in ma
tude, indicating that the FRDWBA provides a reasona
description of this reaction. The absolute value of the sp
troscopic factors derived from (6Li, 3He) are about a facto
of 3 smaller than those for (7Li, a). Perhaps the most sur
prising result is the rather large spectroscopic factor obtai
from both reactions for the 13.17 MeV state. Since all re
tion analyses of this state suggest it has a maximum spi
7
2 , it could mix with other lower spin states which woul
spread its cluster strength over several states, rather than

TABLE III. Triton cluster transfer spectroscopic factors for th
12C(7Li, a) and 12C(6Li, 3He) reactions.a

(7Li, a) (7Li, a) (6Li, 3He) (6Li, 3He)
Ex

b Jp b C2S(abs) C2S(rel) C2S(abs) C2S(rel)

5.27 5
2

1 0.066 0.49
5.30 1

2
1 0.038 0.28

6.32 3
2

2 0.017 0.13
7.57 7

2
1 0.052 0.39

8.57 3
2

1 0.047 0.35
9.15 5

2
1 0.062 0.46

9.83 7
2

2 0.104 0.78 0.072 1.39
9.93 3

2
2 0.048 0.36

10.69 9
2

1 0.134 1.00 0.052 1.00
11.45 7

2
2 0.043 0.32

12.55 7
2

2 c 0.089 0.66
9
2

1 0.119 0.89
13.01 11

2
2 0.232 1.73 0.071 1.36

13.17 5
2

2 c 0.141 1.05 0.176 3.40
14.10 5

2
2 c 0.032 0.24

15.38 13
2

1 0.901 6.72 0.076 1.46
16.03 11

2
2 c 0.232 1.73 0.040 0.77

17.95 9
2

2 c 0.239 1.78
19.68 11

2
2 c 0.518 3.87

aC2S for 7Li˜a1t and 6Li˜ 3He1t were assumed to be 1.
bExcitation energies andJp values taken from Ref.@33#.
cProposed spin-parity values from the present work.
7-11
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ing it localized in a single state. Instead its strength is qu
localized. The very early@2# identification of the 15.38 MeV
peak as having a larget cluster configuration is quantitativel
confirmed by the present work.

VI. DISCUSSION AND SUMMARY

The present work proposes that the12C(7Li, a) reaction
preferentially populates negative parity states in15N. Several
new Jp values are suggested with selective confirmation

ing provided by the present12C(6LiW,3He) reaction study. A
comparison with known levels in the mirror nucleus15O can
also aid in understanding the levels in15N, when the 15N
level energies are shifted down by about 300 keV for15O
@43#. There exist in15O several negative parity states@33# in
the 11–12.5 MeV excitation region with no apparent mirr
states known, suggesting the existence of unknown nega
parity states in15N. However, the difficulty of trying to iden-
tify mirror states in15N-15O is perhaps best illustrated by th
13.17 MeV state in15N. No mirror of this state has bee
found in 15O. The similarity of the cross section magnitud
@7# for the summed 13.001 13.17 MeV peaks in15O and the
12.83 MeV peak in15O suggests that the mirror of the 13.1
MeV peak is degenerate with the 12.83 MeV peak in15O, so
that it is extremely difficult to obtain information about th
important 13.17 MeV15N state from a study of15O.

The present work also suggests that negative parity st
with a dominant configuration of (sd2f ) have been observe
above 13 MeV in excitation in15N. A shell model study@44#
of negative parity levels in15N states that, on quite gener
grounds, thef 7/2 orbit should be important in forming state
in the 13–15 MeV excitation region in15N, providing sup-
port to the present observation.

Knowledge of 3p-4h components in15N has been shown
n

N
et

n,

k,

cl.

02431
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es

to be important for understanding even the lower excitat
energy levels in15N @43,45#. However, it is difficult to rec-
oncile the Alburger-Millener shell model calculation wit
our present experimental knowledge of15N since they pre-
dict a large 3p-4h component for the1

2
1 level at 9.05 MeV

but its population in three-particle transfer reactions appe
to be negligible@11#.

The very selective population of states in15N by three-
particle transfer reactions suggested that a comparati
simple 12C1t and 11B 1 a cluster model@46# might be
able to describe the spectrum of levels observed. An ex
sion of this early work by Pilt@47# that includes knowledge
gained from applying this model to levels in19F suggests
that there should exist72

2 and 11
2

2 (d2f ) cluster states a
16.2 and 18 MeV in15N, which is in reasonable agreeme
with the present work. The cluster model ideas are m
more difficult in 15N by the fact that thet anda cluster states
are degenerate in energy in15N @11# whereas they are sepa
rated by several MeV in19F. As stated by Pilt@45#, the high
level density in15N makes it one of the most difficult nucle
to understand in terms of the cluster model.

In summary, the present work shows that FRDWBA c
culations give a good description of12C(7Li, a) transfer an-
gular distributions. Comparison between the present reac
study and the16O(7Li, a) reaction suggests that several
the strong levels observed in15N have negative parity. The

very different population of levels by the12C(6LiW,3He) re-
action allowed confirmation of the (7Li, a) proposedJp val-
ues for only two levels. The present work clearly shows t
further development of cluster models for light nuclei
needed.

This work was supported by the U.S. National Scien
Foundation and CONICIT, Grant No. PI-097~Venezuela!.
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