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I. - INTRODUCTION 

Strong correlations between the constituent nucleons o f 6Li a re respons ible for some of its inte rest ing 

features like stability, charge radius and structure of low excited states(L). Due to the s ignificance o f these 

correlations, it is possible to study this nucleus as a two (a +d, p+ 5He, n+5Li, 3He+ 3H) or three «(). +p+n) body 

problem, rather than as a problem with six independent nucleons: the advantage (with respect to a "true" three­

nucleons system) is tha t 6Li offers a ri ch structure from the point of view of resonances. 

Investigations o f deuteron-a lpha elastic scatter ing have provided in the past experimenta l information 

concerning the low lying excited of 6Li (2-8). Glueber and co ll aborato rs(6-S ) performed the most extensive 
4 

experimen ts using gaseous He targets, measuring both differential c ross sections and vector and tensor 

analysing powers. The phase-Shift analysis of the ir scatter ing da ta are in di sagreement with the analysis by 

Senhouse and Tombrello(3), in particular for the J= I + m ixing paramete r of sand d waVeSj moreover their single­

level R-matrix a nalys is did not confi rm the existence of three p-Ievels as found in Ref. (3). Some di ffi culty in 

reprOducing the data of the I + resonance was attributed by the authors to the limits of the sing le- level 

approximation(8) . 
(9 10) . 

From a theo re ti cal point of View. o;everal works I have pOinted out the importance of low energy Cl +d 

reaction in the framework of th ree I)od ... .lroble-rns. The SimpliCity of the prob!ern is related to the hypothesis 
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:~ i ':~ "/ J'! .:iarely neglected (the binding energy is 22 MeV). 
! ~ _ ! J ) 

i : ,; invoking three body forces with 2'IT exchange and a -

", Iduced deuteron breakup), a more recent ana lysis
(3

) of breakup 

,5 no compelling need for three body forces wi th a-excitation. On the other 

. .. w.:u lations'9,10), with two body potentials, show evident disagreement with the 

. xperiments. In particular this is verified in the angular d istributions for backward and 

tiles in the cm system and in the phase-shifts in the low energy region (e.g. the ones related to the 1 + 

..;lIance). 

Due to the5e interesting features of low energy a +d elastic scattering, we performed a 0 {a,a)O 

experiment concerning the 6Li excitat ion spectrum between 3.45 and 6.13 MeV. The main purposes of this 

experiment were: 

- to collect accurate measurements of the angular distributions of differential cross sections, in smaller 

energy steps than in previous works; 

- to perform a phase-shift analysis of the scattering data (tested by calculat ing vector and tensor analysing 

powers and total reaction cross sections); 

- to compare the results with the predictions of theoretical three-body calculations; 

- to interpret the phase shifts in terms of R-matrix theory, with the aim of getting further information on the 

level parameters o f the T=O resonances of 6Li , essentially 2+ and 1+: the former recently(]) quoted at 4.7 MeV 

(excitation energy) with respect to the previous 4.31 MeV value(l), the latter which gives an indication of the 

t ensor force contributing to the interaction, th rough the mixing parameter of sand d waves. 

Special attention was paid to the problem arising in the fi tting procedurej in particular: 

a) the dependence of the level parameters on the boundary conditionj 

b) the possibility of improving the quality of the fits by a multichannel multilevel R-matrix approach. 

The experimental details are given in Sect. 2.j Sect. 3. deals with the phase shift analysis and the 

comparison wiht the theoretical predictions; the R-matrix analysis is presented and discussed in Sect. 4. 

2. - EXPERIMENT 

Measurements were made at 40 incident energies (E~) between 5.962 MeV and 13.911 MeV, using the 4He++ 

beam of the 7 MV Van de Graaff accelerator of the Laboratori Nazionali di Legnaro (Padova). 

High counting rates, good angular and energy resolutions were achieved by using solid deuterated 

polyst yrene targets of good stabi lity and mechanical resistance. They were prepared by a method already 

described(J 4) 

The thickness of the polystyrene layer was determined by measuring the energy loss of 5.477 MeV a-
241 2 particles from a Am sourcej targets of 20 to 50 ~ g/cm were obtained and consequently the deuteron 

naximum energy losses were of about 40 keV. 

Fig. 1 shows a simpl ified scheme of the experimental apparatus and of the associated electronis. A 

," ':)lIimat ion system (2 mm in diameter) was used at the entrance of the scattering chamber. Both the elastically 

,-attered a-particles and the recoiling deuterons were detected in coincidence, by means of surface barrier 

',,)00 ~m thick) detectors. Four d-detectors (Dl, 02, D3, 04), suitably coll imated, were mounted on a rotating 

tform to allow measurements at different angles simultaneously; a large area a-detector was positioned, 

"~" "site with respect to the beam, on anothe r rotating platform, in order to detect all the a -particles in 

:c !lcidence with 01, 02, 03 and 04 at the same time. 

• 

• 
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FIG. ( - Simplified scheme of the experimental apparatus and of the assoc iated electronics. F
l

, 
F2, FJ : collimatorsj T: target; I? ,0 10, D : .deuteron detecto~sj a :('(~~article detector; l: ~,E.: 
monitor telescope; PA: preamphner;~p;d mJltlplexer; MA: mam ampltfler; E: sum amplifier; 
SeA : single channel analyzer; FO: fast discriminator; C

t
-C

2
! coincidence; PI: particle 

identifier; MeA: multichannel analyzer. 

The signals corning from the preampliIiers of the fOUf deuteron detectors were ted into a multiplexe/ 15 ), 

This unit provides a linear multiplexed output and logical address output'); the first, suitably amplified, together 

with the address signals, was fed into a multichannel analyzer. 

In order to select only events coming 

from the elastic reaction, th is analyzer was 

gated (C
2

) by: 

a) a coincidence (e
l
) between signals com ­

ing from the deuteron and the alpha channels; 

b) a window analyzer selecting events with 

total energy equal to the energy of the beam 

wi thin 1 MeV. 

Typical energy spectra are shown in Fig. 

2, without and with a-d coincidence. The 

absence of spurious peaks in the lower part of 

the figure and the large suppression of con­

tinuous background are clearly displayed. 

For each beam energy a measurement of 

the angular distribution was performed, de­

tecting the recoiling deuterons at lab angles 

-o~ = 7° + 69° in 2° steps: the '>tatist icai 

accuracy was better than 1%. 

Four excitation curve were also measur­
CM 

ed (lJ =66°,98°, 130°, 150°), at the same 

energies of the angu lar distributions. The 

yields were corrected for the change in the 
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FIG. 2 - Typical energy spectra of recoiling deuterons 

(EL=9.559 MeV: *~=130): a) without o-d coincidence: 
b)owith o-d coincidence. 
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number of deute rons in the ta rget , due to the accumulated charge, by means of a monitoring LlE-E system, 

which reco rded the deu te rons em itted at a fixed angle ,}~ .:: 50 0
• In order to collec t only deute rons on the 

mon ito r multichannel analyzer, a n ORTEC par tic le identifie r was used . 

Absolute cross sect ions were obtained no rmal izing to the value reported by Senhouse and ·TombrelJo(J) · for 
eM 0 L {) ~150 and E

d
"4 .955 MeV . 

In Fig. 3 the tiCM =1 50° exc ita tion func t ion is shownj very good agreemen t with other measurements(3 ,8) 

was ohtai ned. It .was then possible to ma tch the angular distributions a t d iff erent e nergies; the overa ll e rrors, 

corn ing from the no rmalization procedure together with the statistical contributi ons, were of the order of 2%. 

The angular distributions measured follow ing this procedure have been already presented(6
) (see also Fig. 4) . 
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FIG. 3 - Exci tat ion funct ion of I) (a , o)D scattering at {)CM 150' ( ) 
(ej present work. ::: j + Ref. (J)j 
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FIG. 4 - Angular distributions of the differential cross sections (left scales refer to 
continuous lines, right scales to dashed ones). The experimental poin ts are not reproduced 
because they would be indistinguishable from the fitting curves . 
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J .. PH ASE· SH IFT ANAL YSIS 

The centre of mass diffe rential cross sections, fo r the a.f.d elast ic scatte ring, may be written in terms of 

elements of the collision matr ix U(2, 3,l7) (see Append ix). 

If no mixing between partial waves is allowed, on ly the diagonal elements o f the collision matrix a re 

di fferent from zero and can be expressed in terms o f complex phase shift & ~ 

J 2io i 
U 0 e (I) 

i , i 

In our ana lysis on ly the values of orbital angular momentum up to t ::4 were considered. 
max 

Moreover , since in the scattering of a spin-ze ro from a spin-one particle, tensor interac tions do not 

conserve the orbi tal angular momentum .9.., one has to introduce off diagonal U-rna trl x e lements which descr ibe 

scattering between states of the same to tal angular momentum J, but with orbital angu lar momenta i differing 

by two un its . We used the parametrization of Blatt and Biedenharn(J8,19) (which retains the phase-shift 

description). 

For example, in the case J=1 + (s -d coupling): 

I 
2i 0

1 
2 E I 

2io I 
sin2 e:: " + e a Uoo o e cos (2a) 

2io l 
. 2 I 

2io I 
2 j j " + e a U2,2 = e Sin £ COS £ (2b) 

I j r 2io l 2iO~J 
= '2 sin (2 E) Lea - e (2c) 

where 6~, o~ are the (complex) eigen phase-shifts and eJ the (complex) mixing paramete r. Sim ila r express ions 

were used for the J=2+- (p-f coupling) case. 

We note that: 

- The mixing parameter EJ is chosen by convention to approach zero in the limit of zero incident energy . It 

Changes, as a rounded step function, from this value to about - IT /2 at the resonance energy. f or example (see 

Eq. (2a) and (2b» if E I is near zero 01 is mostly s-wave and 6~ mostly d-wave; the opposite occurs for e:: 1 nea r 

-w2 (this "exchange of roles" preventsaa c rossing of the eigen phase-shifts)(4) 

- The off diagonal element U6 2 is a product o f two terms (see Eq. (2c» ; thus the magnitude of the mixing can 

st ill be small, even for E I:::: - rr/4', if 6~ is very close to 6~(8) 

To de t ermine the va lues of the free parame ters (phase-shifts, eigen phase-shifts, mixing paramete rs) a t 

each energy , a m inimization procedure was car ried out by means of a comput er code which included the routine 

MINUIT(20). It is welle know that, when the number of para me ters invo lved is quite large, a dependence o f the 

results on the starting values used in the minimization routine can occur. As usual , to overcome this difficulty, 

as a fi r st step a continuity cr i te rion was adopted, i.e. the best fit values at each energy were used as entry 

va lues for the next energy. The set of t he resulting pa rameters was then tested with a high number of trials, 

coresponding to differen t starting values. 

No problems arose below the inelast ic (5 He ,p) threshold, where the imaginary parts of the phase-Shifts d id 

not playa Significant role (and were then" setted at ze ro) and the mini ma were unambiguously determined. The 

er rors were then computed by the routine MINOS of MIN un, wh ic h takes into account the shape of the;("2 

surface withou t any approximation (these er rors were genera lly larger than those obtained by a quadratic 

approximation of the min im um). 
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Above that inelastic threshold the increasing weight of the imaginary parts doubles the number of 

paramete rs and differen t results , depending on the starting values of the parameters, were ob tai ned. When the 

resulting values d iffered by a larger amoun t than the MINOS errors, t he best set on the basis of the continuity 

was chosen, and t he errors were enlarged in order t o i nclude the other acceptable solutions. 

The errors of the imaginary parts were particularl y affected by such a proc edure, and therefore t he 

imaginary parts were not used in the success ive determ ination of the level pa rameters (R-mat rix ana lysis ). 

The angular distr ibutions related to the best se ts of phase-shiLts are shown in Fig. 4; the experimental 

r esults are not disp layed because they lie (wi th the errors) on the fitting curves. 

tn or der to test, a posteriori, the reliability of our pr ocedure, from the same phase- shi ft s we ca lculate: 

the total reaction cross sections which are presented in Fig. 5. They are in reasonable agr eement w i th 

previous oncs (7 ,8); 

l 
-r 
'L 

G 

+ 

~ 

.0 <-
-
~ -, 
~ 

'" -+-

.l-. 
-f. ... : 

----~- B ~--~'~0----~--~1~2--------7'47" 

E~ (:vlcV) 

FIG. 5 - Total r eaction cr oss sec tions vs 
a -incident energy ; (.) present work; (.~) 
pred ic tion of Faddeev type calculations. 

- tile vector and t ensor analyzing powers; ther e b oJ. gaud agreement with the experiJllenld l va lues o f 

Schmelzbach et 0 1.(6) (see F ig_ 6). 
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Ft G . ., - Vector and tensor analys ing powers evalua ted from the phase- shifts o f this work 
(cont inuous line); t he points are exper imenta l values from Ref. (6). (EJ = 4.81 MeV). 

+ 2 +( I 1 1 With the except ion of the four paramet ers r ela ted t o the 2 (6
2
) and I 6al 681 £: ) resonances, our phase-

shi ft s, presented in !'=ig. 7, in our ener gy range have a genera Ji y slnoo th hehaviour , characteristi c ofhard- sphcr e 

scatteri ng. In particular this holds for the previous ly ment ioned p-Jeve]s. 

• 
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FIG . 7 - Real (up) and imaginary (down) parts of the phase-shi fts and mixing parame t er obta ined in 
the presen t work as a function of the a 4 -incident energy . The cont inuous lines a r e the previsions of 
Faddeev calculat ions (see text). The 6) is no t presented in the Figure. 

We note that : 

a) below E~ " J' 9 MeV another solution for Re (e:
I
) was found, wi th com parab le confidence leve l. A si milar 

tr eno was a lready observed by Senhouse and Tombrell oO) in the same energy range. This second so lution has 

been d isregarded since it was difficult to handle in the R-ma trix analysis and anyway would no t sizeab ly a ff ec t 

the parameters of the resonance (which corresponds to E~':::: 13 MeV, see Table Il)j 

b) at these low energies the fitting procedure lead to ve ry small va lues of the mixing parameter £2 , and the 

simplest procedure of neglec ti ng f:? was followed. 

[n rig. 7, together with our "experirnental" phase-shifts we plot the results of theoretical Faddev 

predictions (9 ), 

The calcula ti on have been made by a computer program(2 I) which allows to obtain the 5ignifi can t phase­

shifts. As we pointed out in the introduction the most importan t feature of this type of ca lcu lation was the' 

d isagreement with experi ment for the I'" comp lex at low energies(9). This disagreement is clearly confirmed by 

our eigen phase-sh ifts and mixing parameter and it is not subs tantia ll y changed by modif ying the two body 

potent ia ls as in Ref. (to). 

We stress that this disagreement between theoret ica l prev isions and experi menta l results ind ica tes the need 
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of more sophisti ca ted calculations, including Coulomb forces and a ll owing for a detai led scrutiny of off shell 

cHee ts (from an experimental point of view the importance of Coulomb effects has been shown(22) in the a­

indttced deuteron breakup in the E =0 situat ion). In addit ion the trcatment of the effects due to the Pauli pn 
principle may be mos t important. 

4. - R- MATRIX· ANALYSIS 

4.1. - General D iscussion and Procedure 

T he level ~ararneters of the 6U resonances can be obtained from the phase-shift values by means of the R­

matrix theory 14): (P, 5Hc) and (n, 5L i) were the only ine last ic channels taken into account. The deuter on 
. (23 24) 

breakup (a ,P,n) was neglected assuming that the above mentioned processes predomInate ' i for each 

channe l on l y the lowest allowed angu lar momentum was considered (for the channe l radii we take a
c

:: 1.45 

(A: '3, A~/3) 1m). 

Following the notations of Ref. (17), the collision matrix U can be wr itten in terms of R-matrix elements, 

defined as: 

R ,= r, 
CC A 

(3) 

where r AC are the part ial widths, E A the ene r gies of the level A , and E is the centre of mass energy. 

In pr inciple the sum in Eq. 0) would have to be extended to the total spectrum of the A::6 system ; in our 

case a maxirnum of two levels for each phase parameter was considered. The constant elements R~c' of a 

background matrix were introduced, t o simulate the effect o f neglected levels; lhis Inatrix was cons ider ed to be 

diagonal, assum i ng that 

choice of the boundary 

the signs of the partial widths of the neglected levels are randomly distributed. The 

condition B may be important. In a formal R-matrix theory this quantity is energy 
C . 

dependent. T he choice Bco;Sc(E
R

), wher e Sc is the shift fac tor and ER is the resonance energy, is very useful in 

the one-level approx imation; in thi s case, in fact , the calcu lat ions ar e simplified and the energy shilt vanishes 

at [:E
R

• Other poss ihle cho ices, among the most frequentl y used, are: B ::0 and B :: - 1 (as in previous single-
C C 

leve l analyses of d+o sca tt er ing). In the pr esent work all the above mentioned boundary cond itions have been 

uscdj their effec t on the level parameter s will be discussed in the following. A multichannel multilevel R - matri x 

computer code was developed using, also at this stage, the min imization routine MINUIT(20) to fit the phase­

shifts; the partia l widths r
AC 

and the level energies E). were treat ed as free parameters. Neutron and proton 

em iss ion parti a l widths were not necessarily assllrned to be equal, contrary to previous analyses. A difference 

between y and y in the 1+ ilnd 2+ states may be related to their possible interpretation in terms of t hreshold 

states(25 , 2~). Only ~he rcal part of the phase-shifts were analyzed in terms of R-matrix lor the reason pOinted 

out in Sect. 1. 

The phase-shifts no t related to the 2+ and I ~ resonances were litted to check the absence of nearby levels. 

The expected hard-sphere behav iour was fully confirmed by the results of the R-matrix analysiS, and in 

particu lar holds for the prev iously mentioned p-Ieve ls. 

4.2 . - Results and Discussion 

4.2.1. - 2+ Resonance 

2 
The real part of the °2 phase shift exhihits (see Fig. 8) a c lear resonant behaviou r, whi ch is well fitted by a 
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strict one-level approximat ion and th ree channels with a 

weighted var iance (X
2 

per degree of freedom) 01 about 

1.1. 

130 r---------------------~:----~, -----. 
! I :1 ., ... 

1 ~-;r .• ~ : 

The addition of a background matrix RO gives a more 

realis t ic shape of the fitting curve, in part icular in the 

higher energy range (although the weighted variance is not 

improved); this trend matches the behaviour at even 

highe r energies(7). No further improvement was ach ieved 

by introducing a second level, thus we present in Table I 

the results in the one- leve l + RO hypothesis, fo r the th ree 

considered bounda r y condi tions. 

The values of Table I confirm the expected de­

pendence of the level energy and the reduced wid ths on 

the boundary conditions (in part icular E A ); whereas the 

resonance energy ER (.:) and total level width r turn out 

to be more stable. 
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Since, however, only in the case Bc=Sc(ER), E). lies 

within the width of the observed resonance, this boundary 

condition seem s to be the most adequate(l?) to fit the 

data in a single-level approximation. 

The values of the reduced widths, independently on 

the boundary conditions, are larger than those previously 

obtained . This can be mainly due to a difference in the 

an lysis, since our phase-shifts do not diffe r appreciably 

FIG . & - Real par t of the 6 2 phase-sh ift. The 
continuous line is the fitttng curve corre ­
sponding to the boundar y cond ition B =S (E

R
). 

Very similar curves were obtained in fheCotner 
conditions (see T.J.ble I). 

from previous ones. 
TABLE I - Level parameters of 2+ (T=O) resonance in 6U . 

r------- --------r----- -----------------. -------" ----- ----- -_. _-_.-- ------ ----- -----
E' ER EI- IYa I IY pi Jy n I r a Ref. 

Boundary 
Analys. 

(MeV I /2) (MeVI/ 2 ) (MeV I/ 2 ) 
c 

(MeV) (MeV) (MeV (MeV) (fm) cond o 

f-------- ------ --------0-------- --------- ---------- --------- ----- ------- ---------- -----
4 . 37 3.39 7.923 2 . 4 - - - 3 . 5 (3) B 0_1. a c 

+ 6 . 2 1. 3 1.1 1.1 flo 3 ( I, ) B 0_ I. b 11.6-0.1 - - c 
4.7 3.2 6.0 1.3 1.1 1. 1 - 4.2 (6) B 0- I. b c 

4.31~0.03 - - - - - 1. 5~0.2 - (I) -

4 .55:0 . 0 1 3.08'0.01 3.08:0.01 3 . 41~0.04 3.36:0.04 5.IO-f~~5. 1.6 1 4.13 Presen t 
Bco\(ER ) wor k c 

4.54 : 0 . 01 3 . 07'0 .01 -4.89'0.13 1.78'0.01 3.45~0.0 1 0.14'2. 1.61 4.13 " B 00 c c 
h.54~O.02 3.07'0.02 8 .24~0.08 2.75~0.06 2.55'0.12 0.34'0.18 I. 58 4. 13 " B 0_ I. c c 
(J.. 55~O.O I 3.08'0.01 3.08'0.01 3.39'0 . 58 3.34'0.70 3.34'0.70 1.6 1 4.13 " BcoSc(ER ) d 

4 . 54:0.02 3.07:0.02 -3 . 02 :0.29 1.86'0.04 1. 28'0.08 1.28~0.08 1.61 4. 13 " B 00 d c 
4 . 54'0 .02 3.07'0.02 14.9'1.7 2.79~0 . 17 2 . 60'0.2 1 2 . 60'0.2 1 I. 58 4 .1 3 " Be 0_ I. d 

a) One level , one channel 
b) One level 

c) One level ... RO 

d) One level .. RO; IY loly I. 
n p 

(.: ) We define ER as the energy where the resonant phase-shift is equal to rr /2i r the energy interva l in which 

the resonant phase increases from rr /4 to 3rr /4. 
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On the other hand, the results with the constraint y = y (as used in previous works) have comparable 
n p 

confidence level a~ for y "y . This fact suggest that y plays a minor role in the fitting procedure. For the n p n 
case without c:ons traint y results much smaller than y . It is the refore no t possib le to give any definite 

n p 
interpretation in terms o f threshold states. Moreover the elastic reduced width is not drastically affected by 

this cons train t, except for [\=0. 

4.2.2. - ,'" Reson~nce 

The analysis of this resonance, performed in Re f. (8), within a strict single- level approx imation, showed 

th.:\t there i.') some inadequacy in reproducing the data, mainly in the energy region far from the resonance. For 

thi .. reason we h<Jve wken into account the contributions of a possible additional level and of a diagonal 

bilck~ round matrix . Moreover, as previOUSly done in the 2+ case, we allowed for a flexibi le parametrization of 

the inelastic channels, leaving the corresponding r educed widths as independent parameters. 

The mo<;t signifir:ant results of our fitting procedure, for various boundary conditions, are shown in Table II. 

whe re also the corresponding values of previous references are given. 

As fo r 2+- resonance E). is very sensitive to the choice of the boundary condition and B =5 (E
R

) i n the 
c c 

"ingle-level approxi rnati on seems the most consistent. The results with and without the constraint y = y have 
n p 

u cornparahle con fic1en ce level. When the two r educed widths are independent there is a clear tendency to a 

solu tion with y :> y (the sarne effect obser ved for the 2'" [eve!), whereas the constraint y = y leads to 
p n n p 

results in it good agreement with previous ones. 

We st res", that the confidence level o f the fit greatly improves in respect to Ref. (X) using a background 

matrix RO (sec Pig. 9); no similar effect a rises when introducing additional levels. These good values for the 

weighted variance (.r 1.5) are nor only due to a more realistic evaluation of the phase-shifts err ors but also to a 

better agreement between fitti ng curves and our data. The imaginary part of (:1, predicted by R- matrix fit of 

the rcal parts of the phase-shifts and rnixing parameter, shows a qual itative agreement with the "experimental" 

irna~inary part, in part icular as far as the sign is concerned . 

1 1 
F IG. 9 - Rea\ part of the 6 and 6 S elge n phase-
shifts and F rni xing pararHeter. The continuous 
lines are the f itting curves corresponding to the 
I)oundary condi tion B =S (E

R
). Very sim il ar curves 

were obtained in the dthcCr conditions (see Table II). 

" • . ' , 
", J 



TABLE H - Level parame ters o f I'"(T :::O ) resonance in 6Li. 

-----·----------------------ryar-------ryar- -------- ------- - --- - - - - ---------------------
E' ER E ~ :0 ~ :2 yP y n r a Ref. Boundary I Anal ys. 

(MeV I / 2) (MeV I/ 2 ) (MeV I / 2 ) (MeV I / 2 ) 
e cond o (MeV) (M eV) (MeV) ( MeV) (fm) 

-------- ---- ---.---- -- ---- ---- ----- ----------- -------- ---- ---- ------- ---- ------- ---------r---6.24 7 . 16 10 . 925 2. 4 3.5 (3) Be:- ~ a 

8 .4 5 .7'0 .1 1. 4 0 .1 1.4 0 . 7 0.7 4.3 (4) B:-~ b 

5.7 4 . 26 9 . 8 0 . 05 1.8 0 . 9 0.9 4 .1 (6) B :- ~ b 
e 

5 . 65'0 . 01 4.16 8 . 75'0 . 01 0 . 07 ' 0 . 01 1. 6 0 . 9 0 . 9 I~. 12 (8) B : - ~ b 

5 . 65'0.05 I 0+0 . 6 e 

. -0 .4 ( I ) 

5.77'0 . 02 4.30'0 .02 4 . 30'0.02 0 . 02 ' 0 . 0 1 1.48:0.02 2.43:0 . 78 2.1 0-5'0 .6 I. 71 4.13 Presen t B:S (E) c 

6 . 10-3:0 . 2 
work c c R 

5 . 88'0.02 4 . 4 1 '0 . 02 1. 82'0 .0 15 0 . 03:0.01 1 . 49 : 0.03 2.66 '1. 00 1.81 4. 13 B :0 c 

3. 10 -4 :0 .2 
c 

5. 88'0 .02 4.41'0 . 02 13. 57'0 .14 0 . 03 '0.01 1. 50'0 .02 2.71 '0 . 02 1.81 4.13 II B =- 2. c 
c 

5 . 80 ' 0.01 4.33'0.01 4.33'0 . 0 1 0 . 03 '0.01 I. 50'0 . 02 0 .89'0.77 0 . 89'0.77 I. 74 4.13 B :S (E ) 
c c R 

d 

5 . 88 ' 0 .02 4.41'0 . 02 2 . 20'0.10 0 . 03:0 . 01 1. 50'0 . 02 0 .39'0 . 20 0 . 39 ' 0 . 20 1.81 4 . 13 " B :0 d 
c 

5 . 88 ' 0 .02 4.41 '0.02 17.3 1'0.01 0 . 03'0 . 01 1.51:0 . 0 1 2.39'0 . 0 1 2 . J9'0.01 1. 8 1 4 . 13 B : - ~ 
c 

d 

----------- ------ -----~-- ---------- - --- - - ---.- ------------------- -------------- ---------- - ---------------- - . 

a) One leve I, one channe I 
b) One leve l 0 
c) One leve l .j. R 
d) One leve I + R ~ iY I: Ir I. n p 
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Finally we note that the ra tio of s- wave to d-wave squared reduced widths is less than 4 x 10-
4 

(to be 

compared to 2 x 10-3 found in Ref . (8)) suggesting that the effects of the tenso r interaction a re rather small in 

this resonance. Indeed our data a re consisten t with smaller va lues for I U6 21 than those found in Ref. (8) 

which were already lower than resonating group estimates(27) and theoretical Faddeev calculations(22) (see Fi g. 

10). 

.20 

.10 

.05 

5. - CONCLUSIONS 

./ 

6 8 

/ 

--/ 
, / 

/ 

10 

E~ (MeV) 

,/ 

-- - - :,..-: , .- -- --
/ 

/ 
,/ 

12 14 

FIG. 10 - Abso lute value o f the off- diagona l matrix element fo r 
the J=} , complex . Continuous line: evaluated f r om phase-shifts of 
th~ prrtiJlt work; Dashed !ine: predictions of Faddeev calcu­
lations ; d11~hed do tted line: r esults from a resonating group 
calculation ; Results from Ref. (8) (not rep resented here) lie 
between continuous and dashed-dotted Jines. 

We shortly summarize ou r main results: 

We performed a phase-shift ana lys is of a large amount of angular distr ibutions at differen t energies . The 

good confidence level of the phase-shifts was tested with the predictions for total react ion c ross sections and 

vector and tensor analyzing powers. 

- Our phase-shifts ngree with previous resu lts(6,8) (e.g. no evidence for p- wave levels near our ene rgy range). 

As a general trend the shapes of our phase-shifts a re better dete r mined since we have performed measurements 

in much smaller energy steps. 

- T he compa ri son of the phase-shifts with three-body calculations , based on Faddeev equat ions, suggest that 

thf" 1 .. resonance has to be theoretica ll y investigated with better microscopic inputs fo r the two body potentials, 

e.g. for the strenght of the tensor fo rce. 

- A multichannel mult ileve l R-matrix analysis shows that the 2+ resonance can be described by a st r ict single­

level approxirnationj in the parametrization of the I + resonance, on the contrary, a background diagona l matrix 

great ly irnproves the quality of the fits: The reduced widths, however, show a tendency to larger values than 

those previously obtained. 

- The R-rnatrix ana lysis exibits a dependence of E 
), 

arc rather stable. In any case the values obtained 

approxi rna ti on. 

and y).. c on the boundary cond itions, whereas ER and r 

for r support the use of B =S (E
R

) in the single-level c c 

• 

f 
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- The strength of the tensor interaction in the I + complex is much weaker than theoreti cally estirnated by 
. (27) (21) 

resonating group me thod and by a Faddeev th ree- body approach . 
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APPENDIX 

The centre of mass differential crosS sections, [or elastic scat tering of sp in-one by spin-zero particles, may 

be written as in Ref. (2): 

where k is the 'wave number associated with the relative motion and ""eM is the centre of mass scattering 

angle. We report here, fo r compietenesc:; , the formal dependence of the quantities A, Bt C, 0 , E on the elements 

of the coll ision matrix; we remark the sign changes in the terms containing off diagonal elements of the 

collision matrix , as assumed first in Ref. (3). 

1 ia 
J .2.+21" 

-e 2.. +2 

t i a 
_ . £-2 P' [I. 1(£-I)J' U 1--1 j 

e 2.. -2 2..,2..-2 

, . 
, 1 ,In 2 ' 1 
')P" U£'.(e £-/[£(H)]')P" ul.-j 

2. +2 2..,2..+2 2.. -2 Q. , 2,-2 

where: 

-ui .t is the elemen t of the scattering matrix. , 
- Rcr is the Rutherford amplitude, expressed by: 

I 2 ,JCM 2 
Ra := - 7. n esc: -T" exp [ in In esc 

with n a := a 
o 

,JCM 
T-] 

- Pt (cos t}CM), Pi (cos ,'}CM), Pi' (cos {}CM) are the Legendre polynomyals and their derivatives. 

• 

• 
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