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íi '.iaaiS I ■
■vbstract: Pa .'íicle particle angular correlations for reactions in non-zero degree geometry and with non-zero 

spin n'iclei A'ere investigated and  found to be a valuable tool for spin determ ination . d-a angular 
correltííiciiis for ‘■“N('’Li, d)‘®F*-► (a)‘*N were measured for three strongly excited states in ‘®F 
(9.58 MeV. ) 1.2 MeV and 14.1 MeV), at 36 MeV of bombarding energy. Spins and parities for two 
01 ¡h*" observed states were determined, and, in agreement with theoretical predictions, these states are 
sugiíístcd as members of the K ” =  \ * a-rotational band. The three analyzed states are found to 
undcigo, 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.

NUCLEAR REACTIONS “'NC’Li.d), £  =  36 MeV; measured (7(W), ad(0). resonances 
deduced J, it, a-branching, S,. Optical model. Hauser-Feshbach, exact finite-range DWBA 

analyses, cluster model interpretation.

1. Introductíon

Severa! investigations on four-particle cluster structure have been performed 
lately. Aipha-*ransísr reactions as (®Li, d) and (^Li, t) have sh o w n ^” "*) a high 
selectiv;t> in ihc firal state population of light nuclei. W ith the experimental 
evidence of substantial four-particle clustering in sd-shell nuclei, m any rotational 
bands with a J ( /  +  l)  dependence have been identified and difíerent models have 
been suggested to  describe these cluster states. They range from the shell model to 
simplcr c’üst;¡ models as the folded potential model introduced by Buck, Dover 
and Vri;y However, the connection between model states and
expeiiraental 'evels is in m any cases hindered by the lack of defmite spin-parity 
assijTrn n t'

S o ;te  x-tia'i.;i’t;r experiments on ‘‘‘N, performed with ‘^C(105 MeV) and *'8(115 
.i 'iev ' rc iJen t bea.Tis®) had shown strong population of states between 9 and

‘ - Pr ícrt aQcíi'íS'’ : Comisión Nacional de Energia Atómica, Buenos Aires, Argentina.
On teüve of abscnce from Inst. Nac. de Investigaciones Nucleares, México.
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16 MeV of excitation energy. N o detailed study of these states w aj possible d . ; ; to 
the lack of spin assignments and further investigation on a-transfer or. - was 
suggested. Exploratory runs with *Li incident ions were perforrri'v;! a 
bom barding energy of 36 MeV. They showed deuteron spect¡a of r tr ik ’ng 
selectivity closely following the pattern found by Cobern and r.i. L e r’ ) in

t) ‘®F reaction. Some of the low-lying levels observed here .ve, i sf:£ i bv 
Rolfs et al. i n  their work on ‘"^Nía, y), and identified as members of x K -- 
4p-2h rotational band. States of strong population are formed at 9.:> 11.2 m d
14.1 MeV of excitation energy. The first two states were already r ^-ervc ' by 
Cobern and Parker who suggested that they might be higher members ^ ih : .h jve 
mentioned band. This in turn  suggested that the selectively populat .'  ̂ ■¡¡a es, ? 'so  
found in the (^Li, d) reaction, were mainly 4p-2h states. A cluster m odcl*) was 
suggested which predicted the existence of such a band and the excitation energies 
of some of its members. Tests could be performed on the ability of the (.inste;, shel! 
and rotational models in predicting experimental results, if the higher spin states of 
this band were identified. The high counting rate observed for the peaks of ¡nterost, 
the fact that these states are unbound to  a-decay and the knowledge thac tr.<nsfer 
reactions induced by heavy ions do not norm ally have angular d istribution i apes 
strongly dependent on the spin of the final State, suggest the particle-particle d a) 
angular correlation as a plausible m ethod for spin determ ination. N onzero-dcgrej 
geometry angular correlations have been extensively used with (®Li, d) anc' (’ Li, t; 
r e a c t i o n s f o r  spin assignments since the experimental techniques are -̂ "“atly 
simplified when detecting away from the beam direction. Even more, the, sí ’y of 
the displacement of the symmetry axis for the sequential decay from ih» x  -ú 
direction provides in some cases the necessary Information to select tht 
mechanism involved. The a-decay of the highly populated states in t’if* ¡".oi 
nucleus (^®F) is observed, aiming at spin and parity assignments. ¡ 
d istributions for the prim ary reactions are studied as well, for co in r'c 'snes^  ío 'h : 
suggested assignments.

2. Experimental details

Angular distributions and angular correlation experiments v ,)er:oi r --;rí r t  tt;(| 
Oxford Nuclear Physics Laboratory  with a ®Li ion beam of '*'■ i/IeV and i, -.xa. 
currents of 200-400 nA from the Folded Tándem  accelerator. Yht - age*, natu.'al 
“̂̂ N (99.6%  purity) was contained in a cylindrical gas ccll 'Vi a a., rr.3l 

diam eter of 6 cm and at typical pressures of 100-150 Torr. Re>-tan£iiiíii upsi tiii.. 
of 1.2 cm X 1.3 cm for the entrance window and 1.2 c m x 7 .2  om for vide k‘,':it 
window were sealed with thin 5 /;m alum inium  foils. Typica! gas celí coliiínation 
systems of three tantalum  collim ators for each detector were ustv..

For the elastic scattering, a zl£ —£  sem iconductor detector assemíOy w¡ h a 73.2 
fim AE  com ponent and a 2.2 mm E-detector was positioned at 2̂ 5 cm fro-.r ‘he
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ta ige l centre, and the laboratory  angle varied from 8° to 35° from the beam 
direction Th'? angular distribution for the stripping reaction was obtained with a 
diliV-vei-'* AE — E assembly {AE com ponent of 200 /im and £-com ponent of 4.1 mm) 
in ordcr to supress elasti’cally scattered '’Li ions from being recorded in coincidence 
v íu  i^-sign.ils. The detector system was positioned at 8°, 9°, 11°, 12°, 14°, 16°, 18°, 
20‘' and 26° from the beam axis in the laboratory frame. The AE  and E 
pi;*se" Yver.": amplified and directly sent to fast Silena analog to digital converters 
(/i .K s l  Tne logic signáis obtained from pulses above noise level were sent to a 
;;o',.ic(dé! ; box  and the ou tput signáis obtained when this requirem ent was 
fiilfiiléd' gí:t'cd the ADCs in a delayed coincidence mode. The dead time corrections 
were carriéc’ cu t with the use of a precisión pulser triggered externally by the 
ou tpu t signal of the F araday cup current digitizer. The AE  and E  signáis were 
processed on- and off-line for particle identification with the use of a P D P ll/6 0  
compu-tT system. A typical deuteron spectrum  taken at 16° is shown in fig. 1. 
Overall energy resolution of approxim ately 250 keV was obtained.

For the angular correlation measurements, the detection of ejectiles coming from 
the in itití transfer reaction was performed with the same “telescope” AE — E 
de tfc to r assembly used for the angular distribution experiments. This was situated 
;’ t 1")° from the beam direction in the laborato ty  frame. Decay particles from the 
recoil nucleus were detected with five single Silicon surface barrier detectors 

* ranging from 1500 to 2000 ^m. These detectors were spaced 15° from each other 
and'üi> <he opposite side of the cham ber (with respect to the beam direction) to  the

Pig !. Deiiteron energy spectrum for the ‘*N('’Li, d)‘*F reaction at 36 MeV and 0,̂  ̂ =  16°.



“telescope”. The collimation system for the decay particle detection was arranged 
in order to look at the same active región of the gas cell as that of the “telescope” 
collim ation 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  signáis gated in prom pt mode, A 
box nam ed “interrupt encoder”, developed in this laboratory  was used fnr 
Processing the singles and coincidence signáis. It has eight input socket'v each one 
with a different priority according to its place. When m ore than one üipuí 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 reducinv. the dead 
time and securing that only coincidence events are written onto m;;gr-etir lape. 
This CAM AC box transfers to the P D P ll/6 0  Computer the inform a; on the 
particular detector (route) which generated the signal. As single countei.: Aere 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 a,- p- and d-emission, 
respectively. For that reason, their kinematics were also studied in ordf.r to identify 
different particles in the decay spectra and select the angular positioii of the 
detectors avoiding kinematical crossings of a-particles with protons or deuterons.
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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 icle 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 daughtei nuc>us, and  to 
have a good model for the transfer and decay matrices needed m the theoretical 
expression for the angular correlation (appendix A). For this icason, angula'- 
distributions were measured and theoretically calculated for t'^e '■.■•“ms of interest 
within the framework of direct and H auser-Feshbach forrralifrr.s. The results 
obtained for the already known members of the K" =  1^ band (i .7 Me'-' (1 2.52 
MeV (2^), 3.35 MeV (3-"), 5.35 MeV (4 + ) and 6.56 MeV (5 + )), as well a", for the 
unknow n spin states (9.58 MeV, 11.2 MeV and 14.1 MeV) sho ved a co n ip o u n d | 
nucleus contribution of less than 10 % for all cases (sect. 4). The a ttc f tio n  was 
focused then to the direct process (some assessments abou t the p.'.iíibility of 
m ultistep contributions will be discussed in sect. 6) and transitio r ¡amplitudes 
from DWBA codes were used in the estim ation of theoretical ¿n-guSar correlations. 
All possible relevant valúes of spin and parity were studied for the íhrr:^ higí>-)ying 
states. For some spin assum ptions, the theoretical predictions wc-c p'nic.,ireless, 
while for some others, a very strong oscillatory behaviour char jctorisúc oí the spin 
of the recoil nucleus was found. For many of these oscillatory cases, the strong 
structure vanished as the angle of the detected ejectile increased.



All states in above 4.4159 MeV are a-unbound. It has been shown that 
simpiified prescriptions for describing those unbound states are not satisfactory in 
DW BA calcu lations; henee the wave functions for the levels have been 
represented by G am ow  states. W ithin this formalism, the unbound states are 
treated as .^pectroscopically equivalen! to bound states.

The possible orbital angular m om enta of the a-cluster with respect to  the core 
are given by the triangular rule = / '  +  /" , where / ' stands for the initial spin of 
the decayjflg nucleus and /"  is the spin of the daughter nucleus formed in the a- 
decay. W hen parities of parent and final states are the same, only even valúes of 
are allowed, while in the case of opposite parities odd valúes of are allowed. The 
expe/iniental decay spectra showed that the peaks of strong population were those 
cor respondí Ing to a-decay of the states to the ground state of the daughter 
nucleus,(J" =  1^, T =  0). The first noticeable difficulty for the a-decay analysis is 
that Jp r,scv e ra l final spin valúes, two possible orbital angular m om enta are 
allowed, and therefore, the spectroscopic coefTicients and the decay matrices 
and of eq. (A.7)) have to  be known in order to  perform the theoretical
calculation. W hen parentage am plitudes 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 valúes 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

+  U (2)
‘ J

and phases determ ined by with 0  =  0, n and fre (appendix B). The 
theoretical Iangular correlations obtained for the different sets of valúes A,^j and 

com pared to the experimental ones with a test in order to fmd the 
best fu Fig. ^  íihows a typical analysis for fixed spectroscopic amplitudes and 
differeül co.mi>iítat,ions of the decay S '- matrices with an assumed J"  =  8 “ for 
the 14.1 M eV,State in *®F. For all states with two contributions, the minimum 
valúes resa ltan t'fro m  these systematic analyses were used in the final chi-square 
com parison for spin assignment. W hen spin and parity assum ptions allowed only 

 ̂one contributjon, the analysis was simpler since only one A¡^j and valué 
intervenís, in th,e¡ the.oretical expression for the angular correlation, and both can be 
taken as-, constante multiplicative factors which will not affect the angular 
correlation shape.

ju j  V,’ ’í 'r> ‘

t 4. Hauser-Feshbach calculations
■•f'í t-, ,

The re a c tio n ^ ’,N(^Li, d)'®F at bom barding energies high above the Coulom b 
barrier (£'coui =  ‘5-11 MeV) is expected to be predom inantly direct. Even so.
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q) 0^=0, H)2=Tt ; =TI, 02 =0 

y  í<t>, = ti/2 or 3TI/2, <t>2 = 0 or ti 

O or TI, <ti2= Tl/2 or 3ti/2 

c] <t)i= 02 = ®

Fig. 2. comparison between the experimental angular correlation for the 14.1 MeV State in “-I ' and 
the theoretical estimation for a supposed 8 “. Different combinations of S',.,,- valúes have been 

considered. The solid lines join points for which a similar phase convention has been adcpted.

reaction mechanism studies of {®Li, d) reactions on neighbouring ru c ';.’ rave  
shown for some cases [i.e. '^C(®Li, d)**’0  at 20 MeV of ®Li, ref. an imp' í;;í íí 
contribution of the com pound nucleus mode. House et a U ^ )  in their '.vyrk on 
‘^OC’Li, d)^°Ne found small com pound nuclear contributions at 20, 2̂ ' anü 28 
MeV of bom barding energies. H auser-Feshbach calculations have bccn p t r '‘.'rraccl 
with the code STATIS in order to estimate the im portance of the coinnound 
nucleus mechanism in our reaction. The dependence of the m agnitudc of H ai’.̂ er 
Feshbach calculations on the choice of the critical angular momeni ;m ^or tho 
com pound nucleus form ation has been widely studied in the literatui^ The
Computer code STATIS allows the fixing of the critical angular m c n  ri.u.n by an 
external setting of a lower bound for the entrance channel transni.sMon coefficieuts 
(T¡) in the calculation. N o need for either sharp or soft ci;t off modi ] 
approxim ations are required as the transm ission coefficients ar" ob ta 'ned  direttly  
from optical model results. Several calculations were performed wiin difieren, low'.*j 
bounds and no appreciable variations in the cross sections were found for cr'tical 
angular m om enta (IJ larger than 11. This valué was used for tüe Cr!. ilaüons 
presented in this work. Six open channels including the elastic scatiering, nrctons, 
neutrons, deuterons, a-particles and ^He channels were considerea, f:iosely 
following refs.  ̂ The optical param eters used are reported in tab ’e >. The
com parison with experimental results is shown in figs. 3a and 3b. F or '.hiee
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T able  1

^evel density and optical model parameters used in HF calculations

Ciia.nnel •̂ Li +  '^N n +  “>Ne p+ '^ F d + '^F ^He +  '^O « +  “'0

á(M eV ’ *) 3.3 3.3 3.3 3.3 3,3 3.3
A (MeV) 0.0 2.25 2.25 0.0 2,25 4.5
number o.
di-(’rete 12 19 14 12 20 15

!ev._-i:'

!-'(MeV)“, 195.45 48.45 50.6 94.3 146,1 125.0
Py  (fm i 3.3 3.2 2.855 2.69 3,54 4.96
0 - (fm) 0.653 0.71 0.74 0.806 0.638 0.50
IV 14.09“) 7.06'’) 7.10'’) 7.49 “) 22.08”) 5.0*’)
Hw (til.) 4.67 3.2 3.41 5.7 3.499 4.96

0.878 1.0 0.7 0,56 0.636 0.50
1/ 3.3 3.34 3.2 3.47 3.214 3.527

(■' „ (Me V ! 5.0 8.0
(fm) 3.2 2.908

«■/s.o. (fm) 0.71 0.74
rcferctice this work 34, “ ) 36) 38)

5 and á are the level density and pairing parameters, respectively. The radii follow the definition:
R =

“) Wo'-'ds-Saxon, *’) Woods-Saxon derívate W.

higiífes^ >:nergy levels analysed, several com pound nucleus estim ations are observed, 
sm di ’ihese calculations were done for different possible spin valúes of these three 
status. A.S can be clearly seen, even the largest estim ations for the com pound 
nuclear rnechímism are small when com pared with the experimental cross sections.

Fig. 3a.| Angiilai distributions of deuterons from the ‘‘‘N('’Li, d)‘®F reaction at £(*Li) =  36 MeV 
leadmj: to ihj 5,3 MeV 4* and 6.56 MeV 5*. The dotted lines show Hauser-Feshbach calculations. The 

solid curves are normalised DWBA predictions.
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Fig. 3b. Angular distributions of deuterons from the d)‘®F reaction at £('’Li) =  36 MeV
leading to the 9.58 MeV, 11.2 MeV and 14.1 MeV states. The dotted lines show Hauser-Fcshbaci; 

calculations for different spin assumptions. The solid curves are normalised DWBA preaictions.

It is well known that the m agnitude of the cross section depends strongly on the 
level density param eter, All com pound nucleus calculations shown here were 
carried out with level density param eters obtained from the literature for (®Li, d) 
reactions. Changes to a typical level density param eter suggested by Stokstad 
for the sd-shell (a =  2.88 M eV “ ')  gave variations up to  3 0 %  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 cxact-finite- 
range DWBA calculations and recoil effects included.

5. Angular correlation results

For the three high excited states in the coincidence spectra showed a very 
strong a-em ission leading to the ground State of A typical dcoay spectrui'i at
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Channel number

Fig. 4. Decay spectrum for the 11.2 MeV State in ‘®F.

^5° laboratory  angle recorded in coincidence with the State a t 11.2 MeV in is 
shown ir. fig. 4. G am ow  functions were obtained to  represent the unbound states 
[or each spin examined, and coupled to  a DBW A code to  describe the transfer 
'eaciion The calculated reduced am plitudes were then used as input for an angular 
:orrelafion com puting code.

j.l.^THE 9.58 MeV STATE IN ‘«F

Specttó for particle decay from this State were obtained in on- and off-line 
inalyses with a coincidence requirem ent between the 9.58 MeV excited State in the 
ieuteron spe ’trum  and the five side counters. The num ber of a-d coincidences for 
;his State was the lowest of the three levels analysed in Even so, the
:orrelation observad showed a clear and sm ooth undulatory behaviour as can be 
ieen in fíg. 5. The errors pictured in the experimental angular correlation are the 
itatistical errors. The theoretical results were com pared to the ©xperimental valúes 
íb tained (fig. 5) and a chi-square test was performed. These latter results are 
iepicted i»  fig. 6 and show a clear preference for a 6^ spin and parity assignment. 
rhis is strongly reinforced by the test that gives for the 6^ assignm ent a 
írobability  of at least a factor of 7 larger than for the other spins. In fig. 5 different 
its to  the experim ental 9.58 MeV angular correlation for even spins in the 
IN + L  = 8 band are exhibited.

•V'.
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Fig. /. -x-d angular correlation for the 11.2 MeV state in ‘®F. The six different fits are applied to the
same data.

í. '^iiE n .r  ;.iev s t a t e  i n  ‘*f

i , ' i : ber of a-d coincidences registered for this state was higher than those 
obsi - v. < ■ . )r the 9.58 MeV state by a factor of 2. The experimental angular 
c o rr ’: ‘ii '; .‘ ."or the alpha emission shows a typical structureless pattern found for 
the 1 i ís in which mixing of two L-values takes place (fig. 7), and several 
the.' .cal correlation functions can be regarded as good fits to the experimental 
date ‘‘or different allowed spin valúes. The results for these com parisons are shown 
in í.¿. 6. The best chi-square valúes are obtained alternatively for odd spins with 
positive parities 'and even spins with negative parities in a range of angular 
m< m enta between 6 and 9. For the 2N +  L =  8 band, the com parison shows a 
fav í'.red  7^ o ver 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 27V +  L =  8 band 
str iCiure which may be theoretically expected for a-transfer reactions on 
no ,'pin assignments can be made due to the lack of characteristic angular 
m on,“,;' ;m shape.

■j.l THE 14.; MeV STATE IN ‘»F

iiurnber of a-d coincidences for this state was larger than those observed for
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0rcms

Fig. 8. a-d angular correlation for the I4.I MeV State in '®F. The six difTerent fits are appiied 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 leve! than for the previously m entioned one. Careful studies of 
coincidences with neighbouring zones to the peak of interest were perform ed in 
order to  estím ate their contribution  to the different spectra. The experim ental 
angular correlation obtained is pictured in fig. 8. It shows a strongly undulatory  
behaviour which matches preferably the theoretical correlation for the J "  =  8"̂  
[ IN + L  =  8). The different valúes obtained from com parisons with all the spin 
possibilities considered {2N + L  =  7, 8 and 9) (fig. 6) indicate clearly tha t the 
J"  =  8^ assignm ent is the favoured one. The test gives for an 8^ assignm ent a 
probability of at least a factor of 20 larger than for the o ther spins.

6. ‘‘‘N(*L¡, d)**F: the reaction mechanism

Q uantitative analyses of the direct process contribution  to the reaction dynam ics 
ha ve been performed by using the distorted wave Born approxim ation (DWBA). 
Zero-range and no-recoil approxim ations com m only used in light ion works for 
estim ating the DW BA transition am plitude are not appropriate for the, quantitative 
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 
am plitude in order to achieve post-prior agreement ^°). An extensión of the BDV 
model for the a-cluster unbound states in '®F is used to  calcúlate the wave 
functions in terms of Gam ow states. For the projectile description, the work of 
Kubo and H ira ta ^ ')  for the *Li =  d +  a was followed. The EFR-DW BA 
calculations were performed with G am ow  unbound wave functions describing the 
heavy sy. cem and a modified versión®) of the com puting code LOLA.

6.1. OPTÍCAL POTENTIALS

Typic^i optical potentials for the different channels involved are required for 
both. íhe com pound 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 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 param eters given in table 2. The search 
on the param eters was performed with the code DW AVF which uses a 
modified versión of the distorted wave routine used in the DWBA code 
M A R S^”*). 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

Fig. 9. Angubi 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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T a b l e  2

Optical potentials used in EFR-DWBA calculation-

Channel “Li +  '^N '̂ Li +  “‘N d + ‘»F d + '-̂ N

KoíMeV) 147.63 195.45 94.30 i28.jy
rov (fra ) 0.971 0.782 1.027 1.00
üy (fm) 0.543 0.653 0.806 0.697
%  (fm) 39.01 14.09 7.49 •',.995
''oH' (fm) 0.504 1.106 2.175 1.946
a^(fm) 1.273 0.878 0.560 0.856
foc(fm) 0.971 0.782 1.30 : «0
reference this work this work 36) this work ant' ref. l
number 1 2 3 *T
inc.
energy 36 MeV 36 MeV 15 MeV 11.8 M e\

The optical potentials are given by U(r) =  — V,/y{r, Ry, ay) — iHy„,(r, R„,, a ^ )+  K̂ (r), where/y(r, R,., 
üy) =  {l+ exp[(r-R v.)/av-]}" ‘, and similary for/„,(r,

for r <  R̂

the /}-unstable ‘®F. O n the other hand, a wide range of optical potentin!3(.ca:i be 
obtained from the literature for elastic scattering of deuterons on neighhGu.< iiíg' 
nuclei^^). It has been shown by DeVries^®) that in m ultinucleon heavyi^ion 
transfer reactions, post-prior discrepancies indícate tha t all the inter& í;^»!!^^!!^ 
have to be included in the transition ampHtude. Therefore in our-cre« tion, 
Kd.4N-í/d‘“F or Ki'*n “  ^»Li'“N though usualiy neglected should be inchid‘ d in ithe 
calculations. represents the interaction between the deuteron and anJ

the distorting potential for the exit (entrance) channe!. 'cco rd m g  
to DeVries, coulom b interactions for each of them  might need to be included as 
well; he suggests for the latter the usual form of a uniform spherical ch.irge. and 
for Kj .4^ an optical potential description. Potential was approxnriated hy a
potential that fits the elastic scattering of deuterons off a t a bom bardiñg 
energy £(d) =  £ (* L i)x m ass of deuteron/m ass of ®Li s: 12 MeV. D ata  were found 
in the Hterature for d +  '^^N at 11.8 MeV [ref. *̂’)]. These potentials included spin- 
orbits terms, and as in the present code at Oxford there is not such possi^iiity, a 
new optical potential was searched in order to  fit the same data. The resalís are 
shown in fig. 10, and the param eters given in table 2. F o r testing the post-prior 
equivalence and the influence of including all the interaction term s a bound stat;^ 
in (2'^ at 2.524 MeV) was used. The results obtained using post and prior
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5c.m.

Fi?. 10. Angular distribution for elastic scattering on '“‘N at 11.8 MeV bombarding energy [data 
i.aken from ref. *̂’)]. The theoretical curve is the optical model fit using potential 5 of table 2.

'’oií'-is with and w ithout the inclusión of Coulom b terms, and C'^isp
pc. ;;ntií.ls are shown in fig. 11. As expected there was a strong discrepancy in the 

i •; cross section for the post and prior forms with the omission of the extra 
irtc r;‘.1 :c r terms. The C oulom b potentials do not appreciably change the 
ca!-:a!.i'ed cross sections as expected for these low charge nuclei, but when 
roh; i.j< í jiíg the two terms 1^14  ̂ and U a noticeable decrease is observed for the 
¡•i". ioiMf, reducing the discrepancies in the total cross sections to a 5.8 %. The 
iota! fü.-’.i section for the six cases above mentioned are shown in table 3. The 
iiora .ili - ition factors for all the cross sections shown in fig. 11 were taken equal to 
■-.ne.

T able  3

Effect of extra interaction terms in the cross section

Case da/dí2(0,,„. = 20») 
(arb. units)

a total 
(arb. units)

PR
PFx'
¡=Pí
P O
F C C
FOT

0.953 E + 00 
0.941 E + 00 
0.388 E -0 1  
0.422 E -0 1  
0.395 E -0 1  
0.442 E -0 1

0.246 E + 00 
0.243 E + 00 
0.573 E - 02 
0.590 E - 0 2  
0.561 E -0 2  
0.608 E - 02
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Form

Prior

Post

*cor-clu

PR

PO

V , «v . *cor-clu coul

PRC

POC

'^cor-clu *'̂ coul

PRT

POT

Fig. II. Effect of interaction terms in DWBA calculations for “‘N(‘’Li, d)‘®F (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 G am ow  wave functions to  describe the states populated in An 
alternative param etrization of the cluster core potential suggested by Buck and 
Piit®) (cosh type in table 4) has been used throughout. Radius and diíTuseness 
param eters have been taken from this reference. The depths of the poten liáis were 
adjusted to fit the “binding” energy of each state in the numerical calculation and 
are shown in table 4 where also the single-particle widths extracted írom  the 
complex part of the energy eigenvalue of the bound states are shown. ^

The G am ow  wave functions obtained were input for the DW BA calculation of 
the transition amplitudes. The square of the absolute valúes for the real and 
im aginary parts for some G am ow  state wave functions are plotted in fig. 12. For 
com parison, the bound-state solutions obtained with the DW BA code for the same 
param eterized cluster-core potential and using a fictitious binding energy of —0.1 
MeV are also displayed. They show different asym ptotic behaviours since for the
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States in ‘®F
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E,
(MeV)

r L N 2N +  L Kleplh
( -K ,)
(MeV)

n.p.(MeV)
(calc.)

r(M eV)>)
(exp.)

Pot.
type

5.3 4+ 4 2 8 175.5 0.372 E - 07 0.212 E -0 7 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 6 1 8 178.7 0.527 E - 02 0.550 E -0 1 cosh
6 1 8 172.6 0.503 E -0 1 cosh

11.? (7")
8 0 8 196.8 0.707 E - 04 cosh

14.1 8^ 8 0 8 188.9 0.321 E -0 2 cosh

The pot'jntial for the a-cluster is given by

V(r)= yj\r)+K{r),
with

m  =
1 +cosh (R/a)

cosh (r/a) +  cosh {R/a) 

a =  0.8 fm, Fq =  0.555 fm, 

and V̂ {r) thc potential due to a charged sphere of radius R̂

(cosh type),

for

'■qc =  0.764 fm 

R =  ro(-4Í'  ̂+  -4íiJ) =  2.25 fin 

+  =  3.1 fm

From ref

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

The pGtential obtained by K ubo and H irata^^) was chosen for the lighter 
system ía-d) potential. They postulated a very simple form of the 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 N a g a ta ^ ’ ) for the two 
clusters in the ®Li ground State, with exchange effects exactly treated. K ubo and 
H irata assume a Saxon-W oods shape for the effective interaction, with radius 
param eter R =  1.0 fm and diffuseness a = 0.65 fm. W ith these param eters and the 
requirem ents of one node and L =  O for the relative m otion of the clusters, the 
posential depth was adjusted by the program  in order to give a separation energy 
of 1.473 MeV.
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r a d iu s  (fm )

------- re a l p a rt

--------im a g in a r y  p a r t

-------  to ta l

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

6.3. SPECTROSCOPIC FACTORS

For a direct four-nucleon transfer where a cluster with T  =  O is consid£!r*.:d, t!v  
description of its internal structure as an a-partide  is the m ost likely m e  ín  the 

d)**F reaction, where states of a 4p-2h rotational band .iion^ly 
populated, the cluster picture gives a total q u an tu ir num ber 
Q = 2 N + L  = S =  (sd)'^. The wave function which describes the four partidles; of  
the cluster in carries an SU (3)(/, /i) label (8, 0) for L =  8, 6, 4, 2, 0. As a 
predom inantely 4p-2h description is expected for the resultant ^tafes
dom inated by an (sd)‘* confíguration, shell-model calculations were perfornjed ÍQi a 

core plus six partióles in the Op^, Od^ and Is^ orbits with a Reehal and 
W ildenthal two-body interaction ^®). The members of the K ” = band strongiy 
populated were searched. The resultant energies, percentages of 4p-2h  and  2p -Oh 
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 valúes are also shown in table 5. It can b»; 
seen that the largest am plitudes are the ones predicted for the std*e? strongiy 
populated in the reaction, and these were therefore used as theoretical 
spectroscopic factors.
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Four nucleón parentage amplitudes for (/, /j) =  (8, 0) transfer on ‘“N
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'»F £,(M eV)
(theor.)

£.(M eV)
(exp.)

7„of
4p-2h

%of
2p-0h

L REWIL
Ínter,

overlap

0 -0 ,078

ir 0.0 0.0 31.2 64,4
2 0,0002
0 -0 .528

1.879 1.7 95.0 0.20
2 0.041

3.03 2.52 64.1 27.6 2 0.455
2¡' 3.65 3.06 73.1 24.6 2 0.651

2 -0 .023
-> + 0.314 0.937 27.0 69.4

4 -0 .036
2 0.651

3.12 3.35 94.9 1,40
4 -0 .018
2 0.166

33" 4.07 4.119 47.5 31.0
4 0,257

4 . 5.56 4.65 46.8 4 -0 .340
K’ 6.07 5.298 78.5 4 0.726

4 -0 .010
--I 0.77 1.12 29,0 67.1

6 0.072
4 -0 .826

5j 5.69 6.56 96.1 0.60
6 -0 .014

8.54 35.6 6 -0 .009
Éí 9.71 9.58 89.8 6 -0 .844

6 0.912
-1 ̂  
'1 9.22 (11.22) 96,3

8 0.031
13.84 14.18 93.6 8 0.967

A analysis was performed for the lighter system,  ̂ =  a-d, and
valúes for the contribution  of different relative L-values were obtained. They 
showed 91.78 % of L =  O, 0.58 % of L =  1 and 7.64 % of L =  2, with valúes for the 
overlaps of 0.958, 0.076 and —0.276, respectively.

6.4. COMPARISON OF THE DWBA PREDICTIONS WITH THE EXPERIMENT

The experim ental cross sections obtained in d)^*F and the
norm alisations of the DW BA predictions to  the experimental cross sections are 
shown i;i figs. 3a and 3b. The norm alisation coeffícients and the theoretical
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Normalisation factors and spectroscopic factors for the ‘“N('’Li, d )‘*F reaction

^  ^  2N + L r  S„,
(MeV)

■06 M. C. Elchegoyen et al. / Spin dete^mination

5.3 4+ 2 4
2 4

6.5 5^
1 6

9.58 6+ 1 6
1 6

11.2 (7")
O 8

14.1 8-" 0 8

0.164 0.159 0.152 0.147
0.272 0.263 0.196 0.190

0.54 E - 4
0.190 01.84 0.204 0.198
0.172 0.167 0.232 0.225

0.28 E - 3 , t.
0.268 0.260 0.268 0.260

y  is the ratio of the experimental cross sections to the DWBA calculations Sqwba 
where is the calculated spectroscopic factor for ‘’Li =  1.032 and Cp and Cr are the isospin Clebsch- 
Gordan coefficients for the projectile and residual nucleus respectively. S„, =  relative theoretical 
spectroscopic factor normalised to the 8 * state.

spectroscopic factors are shown in table 6. Fairly good agreement in sha pe and 
m agnitude is observed for the five states. Even the attem pted 1^  calculation for the
11.2 MeV State seems to reproduce the experimental shape. Very good agreem ent 
between experimental and relative spectroscopic factors is found for the 4 at 5.3 
MeV and the identified (in sect. 5) 6^  and states (9.58 MeV and 34 ¡ iMeV). 
Fairly good agreement is found for the 6.5 and 11.2 MeV states which show 
norm alisation valúes that difTer in approxim ately 35 % 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. F or 
these cases, the theoretical parentage am plitude estim ations showed a particularlv 
large strength for the low L-values and as far as agreement in shape and 
norm alisation, our data  seem to confirm the predictions.

The relative agreement found between spectroscopic strengths for the analysed 
states, is consisten! with identifying them  as members of the same ro tational band. 
Despite the small discrepancies found in the com parison of the spectroscopic 
factors for the odd-spin states, it is believed that they are not inconsistcnt with a 
direct a-transfer mechanism and with their identification as members of the 1"̂  
band.

Considering the light system, the angular m om entum  coupling for the ^Li 
projectile allows L-values O, 1 and 2; only the L =  O state will have some 
im portance as shown in the previous section, and no appreciable contribution  to 
incoherent addition of cross sections will be introduced by the projectile system.

Im portan t m ultistep contributions to the reaction mechanism involved in the



('’Li, d) reaction on ‘^C have been suggested by different authors based on
that neii.her a direct DW BA a-transfer ñor a H auser-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 aiso the extracted 
spectroscopic factors show to be in agreement with those predicted from shell- 
model calculations.
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7. Conclusions

Experim ental evidence for the existence of the K" =  1^ band in is found in 
the literature. Rolfs et al. c a r r i e d  out the identification of the first five members 
of such band ( P  (1.701 MeV), 2^  (2.532 MeV), 3+ (3.358 MeV), 4^ (5.298 MeV), 
5̂  ̂ (6.567 MeV)) and predicted the location of the next mem ber 7" =  6^ at 
approxim ately 9.2 MeV. O ut 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 tests 
pcrform ed in this work gave definite parity and spin assignments to two of the 
high-iying states (ó"̂  (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  8^ can be draw n (fig. 13) assuming the 11.2 MeV state 
to be a member of the K" =  band. A good agreement between the measured 
excitation cnergies and the pattern  expected for the highest members of this band is 
shovvn hcre.

From  the com parison between the DW BA calculations and the experimental 
data, the states strongly populated in the four nucleón transfer reaction on 
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 m agnitude and shape, and as 
a result of the analysis of relative spectroscopic factors should be regarded as

K
12

>>
<v 10
£ 8
8
"o 6
óX i.LU

2

,.-•11.2
/9 .5 8

,.'*6.567
/*5.34

/3 .3 5
,^2 .5 2
■1.7

1 2  3 4 5 6 7 8 J 

Fig, 13. Energy scheme of the K ' =  rotational band in ‘®F.



members of the same rotational band. The DWBA stud>i, for fhe 9.:'S 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 fairly 
well described by DW BA caleulations as far as shape is concern, and  de¿pite some 
small discrepancies in the spectroscopic factors, the direct transfer analysis seem-? to 
be successful. Despite the fact that no spin assignment has been m adc for the 11.2 
MeV State, the data  are consistent with a J ” = 7^  assignment. It can he cnr.c’uded 
tha t a fairly good description of the structure of the analysed states, as :V/t?.'i,as the 
reaction mechanism involved has been completed. ,

rí ■ .
The authors are grateful to Dr. K. Snover for helpful discussions and ct:mm,.-nts.
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RADIOACTIVE DECAY OF A NUCLEUS

Direct reactions as knock-cn, stripping or inelastic scattering can lead to 
orientation effects in the residual nucleus  ̂̂ ). W hen these polarization effects take 
place, a correlation between the direction of the outgoing ejectile and the direct ion 
of the emission of any radiation or particle subsequently em itted by the residual 
nucleus can be observed. We shall consider here a sequential process in which a fttr  
a direct transfer reaction, the emission of a particle from the recoil nucleus occurs. 
The whole process is sum m arized in fig. 14 where I, m¡, m¡; i', m¡-, m¡.., 
i”, nii.. identify the spins and their z-projections for the incident particle., target 
nucleus, recoil nucleus, ejectile, residual nucleus, and decay particle, respíRij.'ely. 
The scattering angle 9^ is measured in the total centre-of-mass frame wherc-vS the 
disintegration angle is m easured in the recoil nucleus centre-of-mass fraiEújj aad  
they are both defmed relative to  the beam direction. T, and T¿ ideiiíiíy;¿ rhe 
transition am plitudes for the transfer and decay processes respectively

Í2i) and The probability of having the decay,|-M<íicle
!'c i; .

Fig. 14. Scheme of a transfer and decay process.



etncrgmg in i he .Qj (íifc- tion after the ejectile has been em itted in the Í2, direction 
wiil be giveti by the correlaíion function W(Í2¡, Í22)'
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pV[Ü , ,Ü 2 )=  Z
w, m,

(A.l)

I

assumiJL,, tha t the ejectile has no influence on the recoil nucleus disintegration 
process. ’/  hen studying reactions in which the involved coUiding nuclei or their 
product? ' ave intrinsic spins, it is often inconvenient to treat the process in terms 
of the z-p-'ojections of the spins, since these valúes depend on the choice of the z- 
Jiiection . Clearly, the dynamics of the collision can not depend on the choice of 
the co.ii ’.yiate system. It is useful in general to work in the so-called channel-spin 
represtiiv<,í!on for both, the transfer and decay processes. The system before the 
collision 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 
pfojectile and the spin of the target), and the relative orbital angular m om entum  /. 
Tlie spin s and the m om entum  / add together to give the total angular m om entum  
J  c the system. This to tal J  m ust be preserved in the collision process and as a 
resiilt of this, the exit channel spin s' (formed by vector addition of spins of the 
ejectile and recoil nucleus) added to  the relative orbital m om entum  /', give the 
same total J. F or the decay process, the channel spin s" (formed by vector addition 
of thi; spins of the decay particle and the residual nucleus) and the relative orbital 
m om enm m  /" com bine to  give the spin of the recoil nucleus (/'). W hen the 
pheno* i  iological description of the reaction process is done in the scattering 
n ipiri. i'malism, only the asym ptotic wave functions for the entrance and exit 
ch aa r J:s are treated explicitly. The relation between these incoming and outgoing 
wav: gives [¿le scattering m atrix which contains all the physical Information about 
tiit rroce  ;s. The asym ptotic form of the reaction wave function in the exit channel 
can ? , en equivalently in terms of the scattering matrix as well as in term s of 
tíie re ■ am plitudes, and the relation between these two is given by ^^)

¡ , ‘‘t ■■■¡,1̂ ', = Z Z {2l+\)^(Iim,m¡\smJ(lsOmP mj)
SS'J II'

(A.l)

Vvhere is given by the mechanism of the reaction. In a similar way D a
Siivfcira *®) treats the decay process in the channel spin representation, expressing
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the decay am plitude in terms of the disintegration m atrix elements S'.'.,..:

S "  l "

m ,  m , .

xSi : . r ' yr ‘Í^2)-  (A.3)

A very general expression for the correlation function is obtained replacing the 
transition am plitudes given above into eq. (A.2). For com putational reasons, since 
“reduced am plitudes” were obtained from DWBA codes, the transition
am plitude for the reaction process was replaced by the form

TriO) = X  ( 2 l + \ ) ^ A i J - y ' - " ' ‘{¡jm,mj\¡'m,.){lsm,m,\jmj)
Isj !
X  (A.4)

for a stripping reaction given by A (a, b)B. W here a particle x is transferred from 
a =  b +  x (x bound to the core b with angular m om entum  / J  to the core A ^  B - x  
(with angular m o m en tu m /j), satisfying the sum rules

j  =  / - / ' ,  l = h - h ,

s = i — i ,  j  = l + s. (A.5)

A¡^j is the spectroscopic coefficient defmed by

= iH2l+i)H2i'+\)^Jy,y2^Uu hJi, Sx, ms,j,)dUJ2)-

Here J  is the jacobian of the coordinate transform ation, y, and the real 
spectroscopic am plitudes for the cluster x in nuclei a and B, respectively, s, the spin 
of the transferred cluster, j i  =  l^+s^  and =  2̂ +^x> and W  the Racah coefficient 
for the specified quantities, The Ü2 ) function results then in the foliowing
expression;

m,
m,.

mr i  ¡sj

All the different /" contributions to the angular correlation function have to  be 
included through the decay m atrix When the emission of an a-particle takes



place (/" =  o, m¡., =  O and s" unique), some particular case can be derived if /" is 
unique. The decay mechanism (c ^ ta in e d  in the S-matrix) will not affect the shape 
of the angular correlation, actin |( only as part of the norm alisation coefficient.
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Appendix B

THE S'.,., DECAY MATRIX

As seen in appendix A, for evaluating the theoretical expression for the angular 
correlation when m ore than  one /” valué intervenes, the m atrix elements ha ve 
to be given as input data. It is im portant then to give a model from which their 
valúes 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 m ost two /" valúes will contribute to the 
theoretical expression for the angular correlation, as it is the case for certain total 
angular m om entum  valúes in leading to the ground state (1^) of the daughter 
nucleus

The angular correlation defmed in appendix A is the probability that the a- 
particie should emerge in direction after the ejectile (deuteron) has come out in 
direction í?i. By integration of such quantity  over all Ü¡ and valúes one obtains 
the product of the total cross section for the form ation of the State in times the 
probability for tha t state to decay by a-emission, given by the ratio  between the a- 
decay «vidth over the total width of the state:

W(Q^,  í22)dí2idí22 =  C(Ti(form ation)r7r,o,. (B.l)

Replacing W{S2i, Ü2 ) by the m ost general form given in eq. (A.7), and m aking 
use of the orthogonality  properties of spherical harm onics and Clebsch-G ordan 
coefficients, the integral can be expressed in a very simple fo rm ;

(71 (formation) =  C<Ti (fo rm ation )r7 r,„„  (B.2a)

X  \si':r\^ = c r / r , , ,  =  c  X  (B.2b)
V  i "

where all the real and positive norm alisation constants have been grouped in C. 
When t A-o /" ^'alues are considerad, the Si'..,., matrix m ust satisfy

^  { c r / r , j i

As C f’7 r,o , is a real factor com m on to all /" contributions, it will not affect the



structure of the angular correlation function, ác íin g  -i'aly ■'as a norniri'isation 
constant. It will be possible then to estímate h J ^  different complex SÍ'.,‘V valúes, 
which comply wlth the requirem ent s.ú ' - "X' t '

=  1 ^ /  , (B.4)

Influence the final angular correlation shape. In -th is  work, when two orbital 
angular m om enta 1" are required for a theoretical calculation, dlíTereit vah;es of 
Sj.'.,.. have been used in the range given by eq. (B.4) and with phuses g'" en by 
(j) = O, n and ^n. The theoretical angular correlations have been comp,:ired to 
the experimental da ta  with tests, and the valúes for the best fit used in the final 
chi-square com parison.
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