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abstract: Pacticle particle angular correlations for reactions in non-zero degree geometry and with non-zero

spin nuclei were investigated and found to be a valuable tool for spin determination. d-« angular
correlations for "™N(°Li, d)'®F* — (2)'*N were measured for three strongly excited states in '®F
(9.58 MeV¥. 11.2 MeV and 14.1 MeV), at 36 MeV of bombarding energy. Spins and parities for two
ot the observed states were determined, and, in agreement with theoretical predictions, these states are
suggasted as members of the K* = 17 a-rotational band. The three analyzed states are found to
undc:go, a predominant a-particle decay to the ground state of '*N. Angular distributions for all
the observed states are measured and analyzed under Hauser-Feshbach and exact-finite-range
DWBA formalisms with Gamow unbound wave functions. Spectroscopic factors are extracted and
compared to the shell-model predictions showing a reasonable agreement.

NUCLFAR REACTIONS *N(°Li, d), E = 36 MeV; measured ¢(0d), ad(6). ®F resonances
E decluced 7, @, a-branching, S,. Optical model, Hauser-Feshbach, exact finite-range DWBA
analyses, cluster model interpretation.

1. Introduction

Severa! investigations on four-particle cluster structure have been performed
lately. Aipha-transier reactions as (°Li, d) and ("Li, t) have shown!~%) a high
selectivity in the firal state population of light nuclei. With the experimental
evidence of substantial four-particle clustering in sd-shell nuclei, many rotational
‘bands with a .Ji/ 4+ 1) dependence have been identified and different models have
‘been suggested to describe these cluster states. They range from the shell model to
simpler ¢lustzi modcls as the folded potential model introduced by Buck, Dover
and Vury {BDVj®). However, the connection between model states “and
experimeittal ‘evels is in many cases hindered by the lack of defmite spin-parity
assigpiv - nats

Sote x-transier experiments on N, performed with '3C(105 MeV) and ''B(115
MV rcideni beams ©) had shown strong population of '8F states between 9 and

* Progent addisse: Comision Nacional de Energia Atomica, Buenos Aires, Argentina.
t* n jezve of absence from Inst. Nac. de Investigaciones Nucleares, México.
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16 MeV of excitation energy. No detailed study of these states was possible d.: to
the lack of spin assignments and further investigation on wa-transfer or. '#1+ was
suggested. Exploratory runs with °Li incident ions were perform:y 2¢ a
bombarding energy of 36 MeV. They showed deuteron spectia of striking
selectivity closely following the pattern found by Cobern and tter!) in e
YN("Li, t)!'8F reaction. Some of the low-lying levels observed here ac.: see by
Rolfs et al.”) in their work on '*N(a, 7), and identified as members of 1 £ = 1+
4p-2h rotational band. States of strong population are formed at 9.% 11.2 .nd
14.1 MeV of excitation energy. The first two states were already ¢ :.erve: by
Cobern and Parker who suggested that they might be higher members ~ thz ©.zove
mentioned band. This in turn suggested that the selectively populat:: sia s, also
found in the (°Li, d) reaction, were mainly 4p-2h states. A cluster modcl ®) was
suggested which predicted the existence of such a band and the excitation erergies
of some of its members. Tests could be performed on the ability of the ciuster, shelt
and rotational models in predicting experimental results, if the higher sp:n states of
this band were identified. The high counting rate observed for the peaks of nterest,
the fact that these states are unbound to a-decay and the knowledge tha¢ transfer
reactions induced by heavy ions do not normally have angular distribution -:.apes
strongly dependent on the spin of the final state, suggest the particle-particle |J-x)
angular correlation as a plausible method for spin determination. Nonzero-dcgre.
geometry angular correlations have been extensively used with (°Li, d) anc ("Li, t;
reactions °~!2) for spin assignments since the experimental techniques are ~reatly
simplified when detecting away from the beam direction. Even more, the st iy of
the displacement of the symmetry axis for the sequential decay from b 21
direction provides in some cases ') the necessary information to select the ===r ‘.:,
mechanism involved. The a-decay of the highly populated states in t'ie -¢.21
nucleus ('®F) is observed, aiming at spin and parity assignments. £.07d.a:
distributions for the primary reactions are studied as well, for comp'crsness t¢ he
suggested assignments. ’

2. Experimental details

Angular distributions and angular correlation experiments v v ericy.rad #t *.!:1
Oxford Nuclear Physics Laboratory with a °Li ion beam of *¢ j4eV and i, -ca
currents of 200400 nA from the Folded Tandem accelerato:. the *.ize?, natural
14N (99.6 % purity) was contained in a cylindrical gas ccll wili a. 1nt:rual
diameter of 6 cm and at typical pressures of 100-150 Torr. Ke:tang e, apen uies
of 1.2 cm x 1.3 c¢cm for the entrance window and 1.2 ecm x 7.2 vm for ¢ vide exit
window were sealed with thin 5 um aluminium foils. Typica! gas cell coliiinatiun
systems of three tantalum collimators for each detector were usedl.

For the elastic scattering, a AE — E semiconductor detector assemi:ly wi h a 73.2
um AE component and a 2.2 mm E-detector was positioned at 25 cm from *he
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target centre, and the laboratory angle varied from 8° to 35° from the beam
direstion. Tha angular distribution for the stripping reaction was obtained with a
difizieit AE —E assembly (AE component of 200 um and E-component of 4.1 mm)
ir. order to supress elastically scattered °Li ions from being recorded in coincidence
“with -signals. The detector system was positioned at 8°, 92, 11°, 12°, 14°, 16°, 18°,
20 732 4nd 26° from the beam axis in the laboratory frame. The AF and E
pulses wer> amplified and directly sent to fast Silena analog to digital converters
(/+-3s). Tne logic signals obtained from pulses above noise level were sent to a
cocrder > box and the output signals obtained when this requirement was
fulfiiad ghted the ADCs in a delayed coincidence mode. The dead time corrections
were carrniéd out with the use of a precision pulser triggered externally by the
output signal of the Faraday cup current digitizer. The 4E and E signals were
prociessed on- and off-line for particle identification with the use of a PDP11/60
computer system. A typical deuteron spectrum taken at 16° is shown in fig. 1.
Overail energy resolution of approximately 250 keV was obtained.
For the angular correlation measurements, the detection of ejectiles coming from
the initizl transfer reaction was performed with the same “telescope” AE—E
deté¢tor assembly used for the angular distribution experiments. This was situated
ar {)° from the beam direction in the laboratory frame. Decay particles from the
reco:l nucleus were detected with five single silicon surface barrier detectors
(ranging from 1500 to 2000 um. These detectors were spaced 15° from each other
and'én the opposite side of the chamber (with respect to the beam direction) to the

i
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"Fig 1. Deuteron energy spectrum for the '*N(°Li, d)!®F reaction at 36 MeV and 0,,, = 16°.
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“telescope”. The collimation system for the decay particle detection was arranged
in order to look at the same active region of the gas cell as that of the “telescope”
collimation system, thus collimation distances were carefully selected. The electronic
circuit employed was a standard particle-particle coincidence assembly.

Fast Silena ADCs were used for the AE and E signals gated in prompi mode. A
box named “interrupt encoder”, developed in this laboratory was used for
processing the singles and coincidence signals. It has eight input socket?. cach one
with a different priority according to its place. When more than one input pulse
reaches the encoder, only the one with higher priority is processed. If single events
are not required, the corresponding inputs can be disabled, thus reducins the dead
time and securing that only coincidence events are written onto m:gznetis tape.
This CAMAC box transfers to the PDP11/60 computer the informai nn on the
particular detector (route) which generated the signal. As single counter.. were used
for the residual nucleus decay detection, the corresponding particle identification
was obtained from the kinematics. '®F states with excitation energies above 4.4159
MeV, 5.606 MeV and 7.526 MeV are unstable against «,- p- and J-emission,
respectively. For that reason, their kinematics were also studied in order to identify
different particles in the decay spectra and select the angular position of the
detectors avoiding kinematical crossings of z-particles with protons or deuterons.

3. The "*N(°Li, d)'*F transfer reaction and '*F — "*N +a decay

In order to obtain a good theoretical prediction for the particle-par «cle angular
correlation, it is necessary to know the reaction mechanism involved in the transfer
process to the residual state and the decay process to the daughte: nucisus, and to
have a good model for the transfer and decay matrices needed in the theoretical
expression for the angular correlation (appendix A). For this tcason, angular
distributions were measured and theoretically calculated for the s~ins of interest
within the framework of direct and Hauser-Feshbach formalisras. The results
obtained for the already known members of the K™ = 1* band (i.7 Me%V (17), 2.52
MeV (27%), 3.35 MeV (3%), 5.35 MeV (4") and 6.56 MeV (51)), as well as for the
unknown spin states (9.58 MeV, 11.2 MeV and 14.1 MeV) showed a compound‘
nucleus contribution of less than 10 9 for all cases (sect. 4} The attention was
focused then to the direct process (some assessments about the prisipility of
multistep contributions will be discussed in sect. 6) and transitior =amplitudes
from DWBA codes were used in the estimation of theoretical argular correlations.
All possible relevant values of spin and parity were studied for the inre: high-lying
states. For some spin assumptions, the theoretical predictions wesz struciareless,
while for some others, a very strong oscillatory behaviour charscteristic of the spin
of the recoil nucleus was found. For many of these oscillatory casss, the strong
structure vanished as the angle of the detected ejectile increased.
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All states in '®F above 4.4159 MeV are a-unbound. It has been shown '*) that
simplified prescriptions for describing those unbound states are not satisfactory in
DWBA calculations; hence the wave functions for the !8F levels have been
represented -by Gamow states. Within this formalism, the unbound states are
treated as spectroscopically equivalent to bound states.

The possible orbital angular momenta of the a-cluster with respect to the core
are given by the triangular rule L, = I' +1”, where I' stands for the initial spin of
the decaying nucleus and I" is the spin of the daughter nucleus formed in the a-
decay. When parities of parent and final states are the same, only even values of L,
are allowed, while in the case of opposite parities odd values of L, are allowed. The
expe:imental decay spectra showed that the peaks of strong population were those
corresponging to a-decay of the '®F states to the ground state of the "*N daughter
nucleus (47 = 17, T = 0). The first noticeable difficulty for the a-decay analysis is
that for -several final spin values, two possible orbital angular momenta are
allowed, and therefore, the spectroscopic coefficients and the decay matrices (A;
and ${., of eq. (A.7)) have to be known in order to perform the theoretical
calculation. . When parentage amplitudes were available from shell-model
calculations, these were used in obtaining the spectroscopic coefficients. For the
rest, a study of the variation of the resultant angular correlation for different
relative values of the spectroscopic factors was performed. At the same time, the
influence of using different decay S!., matrices in the theoretical angular
correlation expression was investigated for
NI N o (2)

3
and phases determined by e with ¢ =0, in, n and 37 (appendix B). The
theoretica, anguiar correlations obtained for the different sets of values A; and
SL. .. were compared to the experimental ones with a x? test in order to fmd the
best fit. Fig .2 snows a typical analysis for fixed spectroscopic amplitudes and
different combinations of the decay S;., matrices with an assumed J" = 8 for
the 14.1 MeV \statc*in '8F. For all states with two L, contributions, the minimum
values resaltant-from these systematic analyses were used in the final chi-square
comparison for spin assignment. When spin and parity assumptions allowed only
one L, coatritution, the analysis was simpler since only one A,; and S%., value
intervengs in thg, theoretical expression for the angular correlation, and both can be
taken as ronstant, multiplicative factors which will not affect the angular
correlation shape.

ee o v ehcpe
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Codtndie 91 ' 4. Hauser-Feshbach calculations

AR SR 1 E R
. The reaction'*N(°Li, d)'®F at bombarding energies high above the Coulomb
barrier (Eg,,; = 5.11 MeV) is expected to be predominantly direct. Even so,
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Fig. 2. x> comparison between the experimental angular correlation for the 14.1 MeV state in '*1” and

the theoretical estimation for a supposed 8. Different combinations of S..,. values have been
considered. The solid lines join points for which a similar phase convention has been adonted.

reaction mechanism studies of (°Li, d) reactions on neighbouring rucl: vave
shown for some cases [i.e. '*C(°Li, d)'°O at 20 MeV of °Li, ref. #)] an imp- 112wt
contribution of the compound nucleus mode. House et al.'®) in their work cn
'°O(°Li, d)*°Ne found small compound nuclear contributions at 20, 24 anc 2%
MeV of bombarding energies. Hauser-Feshbach calculations have been pertormed
with the code STATIS !°) in order to estimate the importance of tre compound
nucleus mechanism in our reaction. The dependence of the magnitude of Havuer
Feshbach calculations on the choice of the critical angular moment—:m for the
compound nucleus formation has been widely studied in the literatur. 7-* %) The
computer code STATIS allows the fixing of the critical angular mon-n.u.n by an
external setting of a lower bound for the entrance channel transris.ssedn coefficients
(T;) in the calculation. No need for either sharp or soft cut off meddi
approximations are required as the transmission coefficients are ohiained directly
from optical model results. Several calculations were performed witn differeni lows;
bounds and no appreciable variations in the cross sections were found for critical
angular momenta (l.) larger than 11. This value was used for tue czi ilaticrs
presented in this work. Six open channels including the elastic scatiering, nrotnms,
neutrons, deuterons, a-particles and *He channels were considereq, riosely
following refs. 3-16:1%). The optical parameters used are reported in tab’e :. The
comparison with experimental results is shown in figs. 3a and 3b. For *L. (hiee
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' evel density and optical model parameters used in HF calculations

93

Cliannel

SLi+ 4N n+!°Ne p+'°F d+'8F 3He+'"'0 a+'°0
SiMeV 1) 33 33 33 313 33 33
2z (MeV) 0.0 2.25 225 0.0 2.25 4.5
number o:
di=crete 12 19 14 12 20 15
leves
{MeV)?* 195.45 48.45 50.6 94.3 146.1 125.0
Ry (fm) 33 32 2.855 2.69 3.54 4.96
a-- (fm) 0.653 0.71 0.74 0.806 0.638 0.50
W MeWV) 14.092) 7.06°) 7.10°) 7.49%) 22.08°%) 5.0°)
Ry ‘i) 4.67 32 341 57 3.499 4.96
ag (L) 0.878 1.0 0.7 0.56 0.636 0.50
R i1y 33 334 32 347 3214 3.527
i, iMevi 5.0 8.0
£, (fm) 32 2.908
Gyeo. (fm) 0.71 0.74
refercuce this work 34) 33) 36) ) 3%)

6 and 4 are the level density and pairing parameters, respectively. The radii follow the definition:

R =r 14"+ 4%
*) Wornls-Saxon,

®) Woods-Saxon derivate W.

hlgim* energy levels analysed, several compound nucleus estimations are observed,
since “hese calculations were done for different possible spin values of these three
statas. As can be clearly seen, even the largest estimations for the compound
ruclear rrechanism are small when compared with the experimental cross sections.
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Fig. 3b. Angular distributions of deuterons from the '*N(°Li, d)!®F reaction at E(°L1) = 36 MeV
leading to the 9.58 MeV, 11.2 MeV and 14.1 MeV states. The dotted lines show Hauser-Feshbaci:
calculations for different spin assumptions. The solid curves are normalised DWEBA pre.ictions.

It is well known that the magnitude of the cross section depends strongly on the
level density parameter. All compound nucleus calculations shown here were
carried out with level density parameters obtained from the literature for (°Li, d)
reactions. Changes to a typical level density parameter suggested by Stckstad '®)
for the sd-shell (@ = 2.88 MeV ') gave variations up to 30 % which would
nevertheless produce a small contribution to the present studies. The process is
then, analysed under the direct transfer reaction mode with the use of ¢xact-finite-
range DWBA calculations and recoil effects included.

5. Angular correlation results

For the three high excited states in !8F, the coincidence specira showed a very
strong a-emission leading to the ground state of !*N. A typical decay spectruin at
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Fig. 4. Decay spectrum for the 11.2 MeV state in '°F.

45° laboratory angle recorded in coincidence with the state at 11.2 MeV in '®F is
shown ir fig. 4. Gamow functions were obtained to represent the unbound states
for each spin examined, and coupled to a DBWA code to describe the transfer
reaciion. The calculated reduced amplitudes were then used as input for an angular
correlation computing code.

S.I.J‘THE 9.58 MeV STATE IN !'8F

Spectia for particle decay from this state were obtained in on- and off-line
inalyses with a coincidence requirement between the 9.58 MeV excited state in the
leuteron spe-trum and the five side counters. The number of a-d coincidences for
‘his state was the lowest of the three levels analysed in !'®F. Even so, the
sorrelation observed showed a clear and smooth undulatory behaviour as can be
seen in fig. 5. The errors pictured in the experimental angular correlation are the
statistica) errors. The theoretical results were compared to the experimental values
>btained':(fig. 5) and a chi-square test was performed. These latter results are
lepicted in fig. 6 and show a clear preference for a 6* spin and parity assignment.
This is strongly reinforced by the yx? test that gives for the 6% assignment a
robability of at least a factor of 7 larger than for the other spins. In fig. 5 different

its to the experimental 9.58 MeV angular correlation for even spins in the
!N + L = 8 tand are exhibited.
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Fig. 7. »-d angular correlation for the 11.2 MeV state in '8F. The six different fits are applied to the
same data.

€2 THE 112 MeV STATE IN '8F

10 onvoer of a-d coincidences registered for this state was higher than those
obscoveis oor the 9.58 MeV state by a factor of 2. The experimental angular
corra iy, cor the alpha emission shows a typical structureless pattern found for
the ‘t:2s in which mixing of two L-values takes place (fig. 7), and several
the: izal correlation functions can be regarded as good fits to the experimental
duti for different allowed spin values. The results for these comparisons are shown
in fiz. 6. The best chi-square values are obtained alternatively for odd spins with
positive parities ‘and even spins with negative parities in a range of angular
m« menta between 6 and 9. For the 2N +L = 8 band, the ¥ comparison shows a
faveeored 77 over the 9 assignment, while 2N +L = 7 and 9 bands give almost
indi-tinct preference to 6 and 8 spins. In spite of the suggestive 2N + L = 8 band
straciare which may be theoretically expected for a-transfer reactions on '*N,
no rpin assignments can be made due to the lack of characteristic angular
mon,«;'.im Shape.

v

5.3 THE 14.; MeV STATE IN !8F

5. number of a-d coincidences for this state was larger than those observed for
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Fig. 8. a-d angular correlation for the 14.1 MeV state in '8F. The six different fits are applied to the
same data.

the 9.58 MeV state by a factor of 3. Since the 14.1 MeV state appears on a high
part of the continuous deuteron background, a larger random contribution was
expected for this level than for the previously mentioned one. Careful studies of
coincidences with neighbouring zones to the peak of interest were performed in
order to estimate their contribution to the different spectra. The experimental
angular correlation obtained is pictured in fig. 8. It shows a strongly undulatory
behaviour which matches preferably the theoretical correlation for the J™ = 8%
(2N + L = 8). The different values obtained from y* comparisons with all the spin
possibilities considered 2N+ L =7, 8 and 9) (fig. 6) indicate clearly that the
J® = 8% assignment is the favoured one. The x? test gives for an 8* assignment a
probability of at least a factor of 20 larger than for the other spins.

6. "*N(°Li, d)'®F: the reaction mechanism

Quantitative analyses of the direct process contribution to the reaction dynamics
have been performed by using the distorted wave Born approximation (DWBA).
Zero-range and no-recoil approximations commonly used in light ion works for
estimating the DWBA transition amplitude are not appropriate for the.quantitaiive
analysis of heavy ion transfer reactions. For this reason, recoil and finite-range
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DWBA calculations have to be performed. Even more, all interaction potentials
which are usually supposed to cancel out, should be included in the transition
amplitude in order to achieve post-prior agreement 29). An extension of the BDV
model for the a-cluster unbound states in '8F is used to calculate the wave
functions in terms of Gamow states. For the projectile description, the work of
Kubo and Hirata?') for the °Li=d+a was followed. The EFR-DWBA
calculations were performed with Gamow unbound wave functions describing the
heavy sy.tem and a modified version ®) of the computing code LOLA.

6.1. OPTICAL POTENTIALS

Typicri optical potentials for the different channels involved are required for
both. tivz compound nucleus and the direct transfer calculations. Optical potentials
for the entrance channel have been obtained by fitting the optical model
predictions to the collected elastic scattering data. The elastic scattering of a 36
MeV °Li beam off a '*N gas target between 8° and 35° in the laboratory system
was measured. The angular distributions obtained, as well as the optical model fits
are shown in fig. 9, with the corresponding parameters given in table 2. The search
on the parameters was performed with the code DWAVF which uses a
modified 23) version of the distorted wave routine used in the DWBA code
MARS 2#). The choice of the optical potentials for the exit channel was more
complex, since: (i) the optical potential which describes the ground-state elastic
scattering is not necessarily the appropriate prediction for an excited state of the
residual nucleus, and (ii) no data are available for elastic scattering of deuterons off

E 14
2 a8l BN
10° L
e [ potential 1
S
< 10 E‘T
Z =
%]62:
: s E poiential 2
Z F
10_3;
F 6.
r E{"Li)=36MeV
]64 1 1 1 1 1 1 'l j
0 10 20 30 40 50 60 70

fem

Fig. 9. Anguia: distribution measured for °Li elastic scattering on '*N at 36 MeV bombarding energy.
The theoretical curves are the optical model fits using potentials 1 and 2 of table 2.
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TABLE 2

Optical potentials used in EFR-DWBA calculation®

Channel SLi+*N SLi+'*N d+1'8F d 4+
V, (MeV) 147.63 195.45 94.30 128.09
rov (fm) 0.971 0.782 1027 1.9
a, (fm) 0.543 0.653 0.806 0.697
W, (fm) 3901 14.09 7.49 4995
row (fm) 0.504 1.106 2.175 1946
ay (fm) 1.273 0.878 0.560 0.850
Fo. (fm) 0971 0.782 1.30 130
reference this work this work 36) this work anc ref. 2°)
number 1 2 3 “
inc.

energy 36 MeV 36 MeV 15 MeV 11.8 MeV

The optical potentials are given by U(r) = — Vofy(r, Ry, a,)—iWyfw(r, Ry, ay)+ V.(r), where j,(r, R,
ay) = {l+exp[(r—Ry)a,]} ', and similary for f, (r, Ry, ay):

szT7, forr 2 R, y
Vi) = . ,
r
ZpZT% (3— R—2> for r < R,
< c

R = ro(AL7 +A417).

I
the B-unstable '8F. On the other hand, a wide range of optical potentialsicaw be
obtained from the literature for elastic scattering of deuterons on ne:ghbeusing
nuclei 2°). It has been shown by DeVries ?°) that in multinucleon heavyi ion
transfer reactions, post-prior discrepancies indicate that all the interactionlwisms
have to be included in the transition amplitude. Therefore in our-crex fion,
Viyren— Ugisp o1 Vgien — Usp ey though usually neglected should be includ-d invithe
calculations. V.. represents the interaction between the deuteron and '*N, and
Ugisp(Uep o) the distorting potential for the exit (entrance) channel. Necordimg
to DeVries, coulomb interactions for each of them might need to be included as
well; he suggests for the latter the usual form of a uniform spherical chargz. and
for Vi an optical potential description. Potential V.4 was approximated by a
potential that fits the elastic scattering of deuterons off '*N at a bombardiiig
energy E(d) = E(°Li)x mass of deuteron/mass of °Li ~ 12 MeV. Data were found
in the literature for d +'*N at 11.8 MeV [ref. *®)]. These potentials inclnded spin-
orbits terms, and as in the present code at Oxford there is not such possi*-ility,’ a
new optical potential was searched in order to fit the same data. The resalts are
shown in fig. 10, and the parameters given in table 2. For testing the post-prior
equivalence and the influence of including all the interaction terms. a vouad statg
in '8F (2* at 2.524 MeV) was used. The results obtained using post and prior
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Fiz. 10. Angular distribution for *H elastic scattering on '*N at 11.8 MeV bombarding energy [data
iaken from ref. 2¢)]. The theoretical curve is the optical model fit using potential 5 of table 2.

ferms with and without the inclusion of Coulomb terms, Vjisn, Uspjiey and Ugisg
».zntizls are shown in fig. 11. As expected there was a strong discrepancy in the
iy ¢ross section for the post and prior forms with the omission of the extra
irterscticr terms. The Coulomb potentials do not appreciably change the
cantulaieds cross sections as expected for these low charge nuclei, but when
conendicig the two terms Vs and U a noticeable decrease is observed for the
ri. s, reducing the discrepancies in the total cross sections to a 5.8 %. The

1otal voas section for the six cases above mentioned are shown in table 3. The

L

norgulization factors for all the cross sections shown in fig. 11 were taken equal to
(Y39 LoN
TABLE 3
Effect of extra interaction terms in the cross section

Cuse do/dQ (6, ., = 20°) o total

(arb. units) (arb. units)
PR 0953 E+00 0.246 E+ 00
PF+’ 0.941 E+00 ’ 0.243E+00
vR 0.388 E— 0t 0.573E~02
FC 0.422 E—-01 0.590 E—02
PCC 0.395E—01 0.561 E—02

£OT 0.442 E—01 0.608 E—02
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Fig. 11. Effect of interaction terms in DWBA calculations for '*N(°Li, d)'8F (2* ai 2.524 MeV). All
calculations have normalization factor 1.

6.2. FORM FACTORS

The BDV cluster model formalism has been used in the calculation for the
unbound Gamow wave functions to describe the states populated in '°F. An
alternative parametrization of the cluster core potential suggested by Buck and
Pilt ®) (cosh type in table 4) has been used throughout. Radius and diffuseness
parameters have been taken from this reference. The depths of the potentials were
adjusted to fit the “binding” energy of each state in the numerical calcuistion and
are shown in table 4 where also the single-particle widths extracted from the
complex part of the energy eigenvalue of the bound states are shown. %

The Gamow wave functions obtained were input for the DWBA calculation of
the transition amplitudes. The square of the absolute values for the real and
imaginary parts for some Gamow state wave functions are plotted in fig. 12. For
comparison, the bound-state solutions obtained with the DWBA code for the same
parameterized cluster-core potential and using a fictitious binding energy of —0.1
MeV are also displayed. They show different asymptotic behaviours since for the
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TaBLE 4

States in '8F

E, J* LN 2N+L Vieotn rz, (Mev) I (MeV)?) Pot.
(MeV) (— V) (calc.) (exp.) type
(MeV)

53 4+ 4 2 8 175.5 0.372E-07 0.212E-07 cosh
4 2 8 170.5 0.580 E—03 cosh

6.5 5* 0.800 E—03
6 1 8 188.8 0.636 E—06 cosh
9.58 A7 6 1 8 178.7 0.527E-02 0.550 E—01 cosh
6 1 8 172.6 0.503 E—01 cosh

11.2 7%)

8 0 8 196.8 0.707E—04 cosh
14.1 8" 8 0 8 188.9 0321 E-02 cosh

The potential for the a-cluster is given by

Vir) = Voftr)+ V(r),

with
cosh (R/a
J) = coshl(:-/a)+c(os{1 ()R/a) (cosh type),
a =08 fm, Iy = 0.555 fm,
and VY (r) the potential due to a charged sphere of radius R,
for
roc = 0.764 fm

R =rg(AP+A4!) =225 fm
R, = roe(A)P + Al = 3.1 fm

2) From ref. 3%).

unbound description the probability of finding the a-cluster at larger radii will be
higher than for the bound model. ’

The potential obtained by Kubo and Hirata?!) was chosen for the lighter
system :x-d) potential. They postulated a very simple form of the V,; interaction
which gives a very good agreement in the shape of the potential as well as in the
wave function, with the predictions of Hasegawa and Nagata 27) for the two
clusters in the °Li ground state, with exchange effects exactly treated. Kubo and
Hirata assume a Saxon-Woods shape for the effective interaction, with radius
parameter R = 1.0 fm and diffuseness a = 0.65 fm. With these parameters and the
requirements of one node and L = 0 for the relative motion of the clusters, the
poiential depth was adjusted by the program in order to give a separation energy
of 1.473 MeV.
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1o(r)?

radius (fm)

-----real part
------ imaginary part
—— total

Fig. 12. Gamow-state wave functions for the 9.58 MeV and 14.1 MeV unbound states in ®F. The
slightly bound wave functions (—0.1 MeV binding energy) are also plotted.

6.3. SPECTROSCOPIC FACTORS

For a direct four-nucleon transfer where a cluster with T = 0 is considarud, th,
description of its internal structure as an a-particle is the most likely ne: In the
"N(°Li, d)'®F reaction, where states of a 4p-2h rotational band ar> .tronzly
populated, the cluster picture gives a total quantum  pumiber
Q =2N+L = 8 = (sd)*. The wave function which describes the four pariizles of
the cluster in '®F, carries an SU(3)(4, u) label (8, 0) for L =8, 6, 4, 2, 0. &s a
predominantely 4p-2h description is expected for the resultant '*+ otares
dominated by an (sd)* configuration, shell-model calculations were performed it a
'2C core plus six particles in the Op,, 0dy and 1s, orbits with a Reehal and
Wildenthal two-body interaction 28). The members of the K* = 1* band strongiy
populated were searched. The resultant energies, percentages of 4p-2h and 2p--Gh
configurations for the different spins are shown in table 5. The energies of several
experimental states are very well matched, although the basis used is obviously
largely truncated. The overlaps between these shell-model states and the (sd)*
cluster states were calculated and their values are also shown in table 5. It can b=
seen that the largest amplitudes are the ones predicted for the sta*es strongly
populated in the reaction, and these were therefore used as theoretical
spectroscopic factors.
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TABLE S

Four nucleon parentage amplitudes for (4, u) = (8, 0) transfer on '*N

‘8F E, (MeV) E, (MeV) 9% of Yy of L REWIL
states (theor.) (exp.) 4p-2h 2p-0h inter.
overlap
0 -0.078
1y 0.0 0.0 312 64.4
2 0.0002
0 -0.528
iy 1.879 1.7 95.0 0.20
2 0.041
“ 3.03 2.52 64.1 276 2 0.455
2, 3.65 3.06 73.1 24.6 2 0.651
2 —0023
37 0314 0.937 270 69.4
4 —0.036
2 0.651
35 312 335 949 1.40
4 —-0018
2 0.166
35 4.07 4.119 47.5 310
4 0.257
47 5.56 4.65 46.8 4 —0.340
37 6.07 5.298 78.5 4 0.726
’ 4 —0.010
s 0.77 1.12 290 67.1
6 0.072
4 —0.826
55 5.69 6.56 96.1 0.60
6 —-0.014
&y 8.54 35.6 6 —0.009
€ 9.71 9.58 89.8 6 —0.844
6 0912
71 9.22 (11.22) 96.3
8 0.031
LN 13.84 14.18 93.6 8 0.967

A sitrnay analysis was performed for the lighter system, 6ng_s. = o-d, and
values for the contribution of different relative L-values were obtained. They
showed 91.78 ) of L = 0,0.58 9%, of L. = 1 and 7.64 % of L= 2, with values for the
overlaps of 0.958, 0.076 and —0.276, respectively.

6.4. COMPARISON OF THE DWBA PREDICTIONS WITH THE EXPERIMENT

The experimental cross sections obtained in !*N(°Li, d)'®F and the
normalisasions cf the DWBA predictions to the experimental cross sections are
shown ia figs. 3a and 3b. The normalisation coefficients and the theoretical
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TABLE 6 i I

Normalisation factors and spectroscopic factors for the '*N(°Li, d)!®F reaction

E, J N L 2N+L a4 Sowsa Stheor Srer
(MeV)
53 4* 2 4 8 0.164 0.159 0.152 0.147
2 4 8 0.272 0263 0.196 0.190
6.5 5*
1 6 8 054 E-4
9.58 6* ! 6 8 0.190 01.84 0204 0.198
1 6 8 0.172 0.167 0232 0.225
11.2 (7*)
0 8 8 028 E-3 .
14.1 8+ 0 8 8 0.268 0.260  0.268 - 0.260

-V7 is the ratio of the experimental cross sections to the DWBA calculations Spwg, = #/C25,C3,
where S, is the calculated spectroscopic factor for °Li = 1.032 and C, and Cy are the isospin Clebsch-
Gordan coefficients for the projectile and residual nucleus respecuve]y S,.1 = relative theoretlcal
spectroscopic factor normalised to the 8* state.

spectroscopic factors are shown in table 6. Fairly good agreement in shapé and
magnitude is observed for the five states. Even the attempted 7" calculation for the
11.2 MeV state seems to reproduce the experimental shape. Very good agreement
between experimental and relative spectroscopic factors is found for the 4 % at 5.3
MeV and the identified (in sect. 5) 6* and 8* states (9.58 MeV and 14 1iMeV).
Fairly good agreement is found for the 6.5 and 11.2 MeV states which show
normalisation values that differ in approximately 359 from the relative
spectroscopic factors. For the odd-spin states, two L-contributions have to be
considered, L = J—1 and J+1. Thus, the 5% and 7" cross sections will arise from
an incoherent sum of L = 4, 6 and L = 6, 8 DWBA calculations, respectively. For
these cases, the theoretical parentage amplitude estimations showed a particularly
large strength for the low L-values and as far as agreement in shape and
normalisation, our data seem to confirm the predictions.

The relative agreement found between spectroscopic strengths for the analysed
states, is consistent with identifying them as members of the same rotational band.
Despite the small discrepancies found in the comparison of the spectroscopic
factors for the odd-spin states, it is believed that they are not inconsistent with a
direct a-transfer mechanism and with their identification as members of the 17
band.

Considering the light system, the angular momentum coupling for the °Li
projectile allows L-values 0, 1 and 2; only the L =0 state will have some
importance as shown in the previous section, and no appreciable contribution to
incoherent addition of cross sections will be introduced by the projsctile system.

Important multistep contributions to the reaction mechanism involved in the



M. C. Eichegoyen et al. | Spin determination 107

(°Li, d) reaction on '2C have been suggested by different authors 2%:3°) based on

that neither a direct DWBA «-transfer nor a Hauser-Feshbach calculation can fully
explain the observed angular distribution data. In the present analysis the data
seem to be well described by DWBA calculations and also the extracted
spectroscopic factors show to be in agreement with those predicted from shell-
model calculations.

7. Conclusions

Experimental evidence for the existence of the K™ = 1™ band in '®F is found in
the literature. Rolfs et al. 7) carried out the identification of the first five members
of such band (17 (1.701 MeV), 2% (2.532 MeV), 3* (3.358 MeV), 4% (5.298 MeV),
5% (6.567 MeV)) and predicted the location of the next member J™ = 6" at
approximately 9.2 MeV. Out of their experimental measurements, Cobern et al. ')
suggested that the 9.58 and 11.2 MeV states could be regarded as candidates for
the 6* and 7* members of the band. The results of the angular correlation y* tests
performed in this work gave definite parity and spin assignments to two of the
high-1ying states (6* (9.58 MeV) and 8" (14.1 MeV)) while due to the structureless
correlation of the 11.2 MeV state its parity and spin remain undetermined. An
energy scheme from 1* to 87 can be drawn (fig. 13) assuming the 11.2 MeV state
to be a member of the K™ = 1+ band. A good agreement between the measured
excitation cnergies and the pattern expected for the highest members of this band is
shown here.

From the comparison between the DWBA calculations and the experimental
data, the states strongly populated in the four nucleon transfer reaction on *N
may be seen as resulting from a direct a-transfer mechanism. Prior and post
agreement was obtained. The even-spin states angular distributions were shown to
be in accordance with theoretical predictions in both magnitude and shape, and as
a result of the analysis of relative spectroscopic factors should be regarded as

14 ’,’11..1
Y il 112
E o
. s 10F »”
=4 79,58
L3 ’
S er ‘l'
£ s .,,-"6.567
S L ‘,' 5.34
& A3
2.52
2y g
. 401
123 4 5 6 7 8

Fig. 13. Energy scheme of the K™ = 1* rotational band in '®F.
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members of the same rotational band. The DWBA study. for the 9.7 anc 14,1
MeV states complements the spin assignments performed with  the angular
correlation analyses. The cross sections for the odd-spin states seem :o be fairlx
well described by DWBA calculations as far as shape is concern, and de:pite some
small discrepancies in the spectroscopic factors, the direct transfer analysis seems to
be successful. Despite the fact that no spin assignment has been made for the 11.2
MeV state, the data are consistent with a J™ = 7% assignment. It car te concluded
that a fairly good description of the structure of the analysed states, aswe!l as the
reaction mechanism involved has been completed.
: i

The authors are grateful to Dr. K. Snover for helpful discussions and ca:mfrl.:nts‘

Appendix A g
RADIOACTIVE DECAY OF A NUCLEUS UL

Direct reactions as knock-on, stripping or inelastic scattering can lead to
orientation effects in the residual nucleus 3!). When these polarization effects take
place, a correlation between the direction of the outgoing ejectile and the direction
of the emission of any radiation or particle subsequently emitted by the residual .
nucleus can be observed. We shall consider here a sequential process in which after
a direct transfer reaction, the emission of a particle from the recoil nucleus occurs.
The whole process is summarized in fig. 14 where i, m,, I, m;, I', my., i', my, 1", my..,
i, m;. identify the spins and their z-projections for the incident particle, target
nucleus, recoil nucleus, ejectile, residual nucleus, and decay particle, resggsiively.
The scattering angle 6, is measured in the total centre-of-mass frame where:s the
disintegration angle is measured in the recoil nucleus centre-of-mass fraini,.and
they are both defmed relative to the beam direction. T, and T, identiy,-rhe
transition amplitudes for the transfer and decay processes respectively (T (rriy,
mymy.; Q,) and Ty(my., my.m;..; Q;)). The probability of having the decay. j+gticle

Fig. 14. Scheme of a transfer and decay process. -«
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emcrgmg in the @, dire.tion after the ejectile has been emitted in the ©, direction
wiil bte given by the correlation function W(Q,, Q,):

1

2

Wiz, Q)= ) Z TAmmy, mpmp 5 Q) To(mp, memyp. 5 Q,)) (A.1)
mm, | mp
mmy.

m;

assumui., 53t the ejectile has no influence on the recoil nucleus disintegration
process. **'hen studying reactions in which the involved colliding nuclei or their
products -ave intrinsic spins, it is often inconvenient to treat the process in terms
of the z-projections of the spins, since these values depend on the choice of the z-
direction. Tlearly, the dynamics of the collision can not depend on the choice of
the cosininate system. It is useful in general to work in the so-called channel-spin
represeatction for both, the transfer and decay processes. The system before the
colirsion will be defined by the type of incoming particles, the channel spin s (the
t.:ial spin in the incident channel, formed by vector addition of the spin of the
projectile and the spin of the target), and the relative orbital angular momentum L.
The spin s and the momentum [ add together to give the total angular momentum
J ¢ the system. This total J must be preserved in the collision process and as a
result of this, the exit channel spin s' (formed by vector addition of spins of the
sjectile and recoil nucleus) added to the relative orbital momentum /', give the
same total J. For the decay process, the channel spin s” (formed by vector addition
of the spins of the decay particle and the residual nucleus) and the relative orbital
momentum [” combine to give the spin of the recoil nucleus (I'’). When the
phesteznological description of the reaction process is done in the scattering
naris “-crmalism, only the asymptotic wave functions for the entrance and exit
chaar 13 are treated explicitly. The relation between these incoming and outgoing
wav: gives che scattering matrix which contains all the physical information about
the rrocess. The asymptotic form of the reaction wave function in the exit channel
can *-: j;ven equivalently in terms of the scattering matrix as well as in terms of
the re - Loy amplitudes, and the relation between these two is given by 3?2)

Floronpoa i Q) =30 Y U+ 1)ETimmls my)(IsOmy|J my)
ss'J M

m
mgy mp

my
x (I'smpmg|Im)I'i'mpm)s'my,)
x S:’l’sl )/}"n"(gl )7 (AZ)

where S, is given by the mechanism of the reaction. In a similar way Da
Silveira '°) treats the decay process in the channel spin representation, expressing
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the decay amplitude in terms of the disintegration matrix elements S,

Tampmemp.; Q) = % 5 (I"i"mpmy|s"my )(s"Umg.m, |\ I'm,.)

s ]
me. m.
x ST Y (Q,). (A.3)

A very general expression for the correlation function is obtained replacing the
transition amplitudes given above into eq. (A.2). For computational reasons, since
“reduced amplitudes” (S, ) were obtained from DWBA codes, the transition
amplitude for the reaction process was replaced by the form 24):

T0) = Y QI+ 1A (= ¥ ~m(LjmmI'm.)(Ismm|jm;)

Isj ;

x (if m(—my Ismy B, (0), (A4)

for a stripping reaction given by A(a, b)B. Where a particle x is transferred from
a = b+x (x bound to the core b with angular momentum [,) to the core A == B—x
(with angular momentum [,), satisfying the sum rules S

j=1-r, 1=1-1,,
s=i—i, j=I1l+s (A.5)

Ay is the spectroscopic coefficient defmed by 33)

Alsj = i1(21+ 1)%(2i+1)%JY1Y2W(I'1, LisJas 125 Se Dé(s, j1 )00, ja)-

Here J is the jacobian of the coordinate transformation, y, and y, the real
spectroscopic amplitudes for the cluster x in nuclei a and B, respectively, s, the spin
of the transferred cluster, j, = [, +s, and j, = [, +5,, and W the Racah coefficient
for the specified quantities. The W(Q2,, Q,) function results then in the following
expression :

W(Q,, Q) =N Y
m;m;
m,»vm,-,.

X (lsmlmsumj)(iilmi(—mi’)lsms)ﬁim(el) BRI AN

2 { Y Ay(— 1Y =me(jmym \'my.)
my Isj

3 '2
x (171" mymp |8 my )"V mgmy \I'my.)Sk.. Y,’,'!r"((),){(! .

All the different I” contributions to the angular correlation function have to be
included through the decay matrix §Z.,.. When the emission of an x-particle takes



M. C. Etchegoyen et al. | Spin determination 111

place (i” = 0, m;. = 0 and s” unique), some particular case can be derived if [” is
unique. The decay mechanism (cf;ntained in the S-matrix) will not affect the shape
of the angular correlation, acting only as part of the normalisation coefficient.

Appendix B
THE S!.,. DECAY MATRIX

As seen in appendix A, for evaluating the theoretical expression for the angular
correlation when more than one [” value intervenes, the matrix elements s..,. have
to be given as input data. It is important then to give a model from which their
values could be obtained or at least their range of variation could be estimated.
For all a-decay analyses performed in this work, the cluster model picture has been
foilowed, and according to that, at most two I” values will contribute to the
theoretical expression for the angular correlation, as it is the case for certain total
angular momentum values in '8F leading to the ground state (1*) of the daughter
nucleus (}*N).

The angular correlation defmed in appendix A is the probability that the «-
particie should emerge in direction 2, after the ejectile (deuteron) has come out in
direction ;. By integration of such quantity over all Q, and 2, values one obtains
the product of the total cross section for the formation of the state in !8F times the
probability for that state to decay by a-emission, given by the ratio between the a-
decay width over the total width of the state:

jW(Ql, Q,)dQ,dQ, = Co,(formation)"™/T,,. (B.1)

Replacing W(&2,, Q,) by the most general form given in eq. (A.7), and making
use of the orthogonality properties of spherical harmonics and Clebsch-Gordan
coefficients, the integral can be expressed in a very simple form:

ZIS 11* o, (formation) = Ca, (formation)I'*/T",,,, (B.2a)

IZIS?'wlZ =CI'l = CYL T}/ g (B.2b)
z &

where all the real and positive normalisation constants have been grouped in C.
When two !” values are considered, the S, matrix must satisfy

=1 (B.3)

Z‘ Cra/rtot)%

As CI®/i", 15 a real factor common to all I” contributions, it will not affect the
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structure of the angular correlation function,
constant. It will be possible then to estimate h
which comply with the requirement

jacting -citly “as a normalisation
diffsrent complex S!.)_ values,
TSN R N

il ghi R R :
ozl 2 W o
IS5 P +IS5, 1 = 1 Do w8

o
influence the final angular correlation shape. In-this work, when two orbital
angular momenta I are required for a theoretical calculation, diffeieat val:ies of
Sy have been used in the range given by eq. (B.4) and with phases gi"en by
¢ =0, 3n, n and 3n. The theoretical angular correlations have been comp.red to
the experimental data with y? tests, and the values for the best fit used in the finai
chi-square comparison.
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