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The cross sections of elastically scattered 9Li and 6He 
on 2~ were measured. The scattered particles were 
detected by an annular CR-39 solid state nuclear track 
detector and the monitoring was done with a triple tele- 
scope of silicon detectors. The classical and optical mod- 
el analyses of the measured elastic cross sections have 
been carried out. It was shown that the peripheral 9Li 
interaction region has a rather high transparency. Strong 
dynamical polarization of 9Li ions in the process of scat- 
tering is suggested. 

PACS: 25.70. +Z;  25.70. +Cd 

1. Introduction 

The rapid development in the field of secondary beams 
offers a unique possibility to make spectroscopic studies 
of nuclei far from stability Il l .  Up to now, one of the 
main goals of the secondary beam experiments was to 
measure the interaction cross sections at energies of few 
hundred MeV/A and hence to deduce the strong absorp- 
tion radii of the light neutron rich nuclei [2, 3]. However, 
one has to remark that data on reaction cross sections 
are rather insensitive to the details of nucleon distribu- 
tion in the peripheral region and to the interaction po- 
tential between the colliding ions [4]. 

For energies above the Coulomb barrier, a classical 
method of analysis [5] was employed for the elastic scat- 
tering data. According to this approach, particles mov- 
ing on Coulomb trajectories may undergo a nuclear in- 
teraction and deviate from the initial ones. By studying 
the dependence of the experimental elastic scattering 
data on the distance of closest approach 

D = (q/k) I 1 + 1/sin (Ocm/2) 1, (1) 
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where q is the Coulomb parameter, k is the wave number 
and 0cm is the c.m. scattering angle, one may determine 
the interaction radius. 

On the other hand, as the forward elastic scattering 
is mainly determined by the peripheral interaction of 
the colliding ions, a semimicroscopical optical model 
(OM) analysis can also be performed [6] starting from 
the nucleon distribution in the target and projectile. 

2. Experiment 

In the present work we report on elastic scattering of 
6He and 9Li on 2~ 6He and 9Ei ions are emitted 
in the forward direction (9msr) in the reaction ltB 
(200 MeV) on Ta [7~ and then are refocused and trans- 
ported to the 2~ target by means of two 90 ~ analyzing 
magnets and sextupoles used for the external beams of 
the U-400 cyclotron in Dubna. The Ta production target 
(500 mg/cm 2) was water cooled and fully stopped the 
incident 11B beam. 

The produced 6He and 9Li ions had a range that 
substantially exceeded the Ta target thickness. From the 
continuous energy spectrum of these ions, the two 90 ~ 
dipoles selected the energies 57 MeV for 6He and 
86 MeV for 9Li with a 2% accuracy. The scattering tar- 
get was made of 2~ of 300 pg/cm 2 thickness. 

The secondary beams passed through a collimating 
system (5 mm diameter.) that defined an angular resolu- 
tion of + 0.7 ~ The intensity of the focused 6He and 9Li 
beams on the scattering target amounted to 2-i03 p/s, 
when the current of the primary I~B beam was 1.5 pA. 
The scattered particles were detected by an annular CR- 
39 solid state nuclear track detector (SSNTD) and the 
control of the secondary 6He and 9Li beam composition 
was done by a triple telescope consisting of silicon detec- 
tors of 70, 150 and 2500 pm thickness, respectively, and 
placed in the central hole of the SSNTD [7]. After etch- 
ing the plastic it was scanned under a microscope and 
the tracks of 6He and 9Li were identified by their diame- 
ters taking into account also the track inclinations with 
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Fig. 1. The elastic to Rutherford cross section ratio as a function 
of the distance of closest approach parameter for 6Li (51 MeV) 
[8], 6He (55 MeV) and 9Li (82 MeV) elastically scattered on 2~ 

respect to the incident beam. The data on scattering of 
6He and 9Li at different angles were obtained in one 
and the same experiment. The cross section ratio of the 
elastic scattered ions at small angles to the Rutherford 
scattering was normalized to unity. 

The obtained elastic scattering differential cross sec- 
tions, a~, divided by the Rutherford ones, aR, are given 
in Fig. 1 as a function of the distance of closest approach 
parameter 

d = D/(A1, 13 + A1/3I -v  ,, (2) 

where A t and Ap are the mass numbers of the target 
and projectile, respectively. In the same figure the data 
for the elastic scattering of 6Li on 2~ taken from 
[83, are also shown. 

3. Data analysis 

Obviously, the ratio ael/a R starts to deviate from unity 
at a value do of the parameter d for which the nuclear 
interaction starts to manifest itself. The values of the 
do extracted from the data are given in Table 1. One 
observes that do for 6Li and 6He is practically the same 
but has a higher value for 9Li. In order to understand 
this difference an optical model (OM) analysis of elastic 
scattering of 9Li on 2~ has been performed. The re- 
sults are given below. 

3.1. Phenomenological optical model analysis 

Here the six-parameter optical potential (OP) has been 
used 

U (r) = I• (r) + Vo fR (r) + i I4/o f t  (r), (3) 

Table 1. Distance of closest approach parameters 

Reaction C.M. Energy (MeV) do(fm) 

1. 6He + 2~ 55 1.65 + 0.05 
2. 6Li + 2~ 51 1.65 +__0.03 
3. 9Li+2~ 82 2.1 +_0.05 

Table 2. Optical potential parameters and zZ /N  values for the 9Li 
+ z~ system 

Set I~ rR aR Wo rr al z 2 / N  
(MeV) (fin) (fro) (MeV) (fro) (fro) 

1 -- 114.2 1 . 2 8 6  0.853 --9.4 1.739 0.809 
2 - 137.7 1 . 2 8 6  1 . 4 6 5  - 9 . 4  1.739 0.809 19.3 
3 - 137.7 1.286 1.431 - 5.8 1.739 1.693 7.l 

where V~(r) is the uniform charged sphere Coulomb po- 
tential of radius Rc = 1.3 A] .'3 fm. Form-factors fR(r) and 
.~(r) were chosen in the form 

fm, ( r )= [ l  +exp ,'-r.a..tt.... A~/3] . (4) 

Starting parameter values were adopted from the global 
7Li+ 2~ OP [-9] (Set 1 of Table 2). At first, the param- 
eters of the real part of the OP were fixed, while I4~ 
and at were fitted (r t was fixed due to the Igo ambiguity 
[10]). It turned out that a satisfactory description of 
the data could not be achieved in such a fit. 

Then we returned to the starting parameter values 
(Set 1 of Table 2) and fixed the parameters of the imagin- 
ary part of the OP, while V 0 and aR were fitted (with 
fixed rR). As a result a satisfactory description of the 
data was obtained. The parameters of the OP and the 
z2/N value are given in the second line of Table 2. 

Finally, starting from Set 2 of Table 2, parameters 
Vo, 14.'0, aR and at were varied simultaneously. Still better 
description of the elastic scattering differential cross sec- 
tion was obtained. The final set of the OP parameters 
and g2/N value are given in the third line of Table 2. 
The calculated differential cross section (solid curve) to- 
gether with the experimental points are shown in Fig. 
2. 

As can be seen from Table 2 the diffuseness parame- 
ters aR and a t undergo the most strong variation during 
the fitting procedures. It should be noted that the value 
of aR has decisive importance in the description of the 
considered data, while the at value determines only for- 
ward angle amplitude oscillations of the aedaR. It is 

1 . 5  . . . . . . . . .  , . . . . . . . . .  i . . . . . . . . .  

l 0.5 

o.o ......... ib ......... 2b .... ::' '-'3b 

Angle c.m. (deg) 
Fig. 2. The elastic to Rutherford cross section ratio for 9Li + 2~ 
as a function of c.m. scattering angle. The solid curve is the pheno- 
menological OM fit to the data with Set 3 0 P  parameters of Table 
2. Dashed curve - with the double folding model potential 
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worthwhile to note the surface transparency of the 
obtained OP. Really, we have W/V=0.37 at the strong 
absorption radius Dr,. 2 = 13.9 fm. 

At the same time using the global OP [-9] for the 
elastic scattering of 9Li on 2~ at the same c.m, energy 
it is very easy to obtain 14,;/V= 1.55 at the strong absorp- 
tion radius D122=12.0 fro. It should be noted that the 
global OP for 'Li was obtained in [9] from the analysis 
of the data set which includes only VLi on 2~ elastic 
scattering angular distribution at El ,b=52 MeV (Ecru 
= 50.3 MeV). However, for the elastic scattering of 7Li 
on 2~ at E~m=50.3 MeV the global OP gives W/V 
= 1.57 at Dli 2 = 12.3 fro. It is easy to see that close quan- 
tities are obtained for both energies. That  is why we 
have used the OP from [9] for the calculation of the 
elastic scattering of 7Li on 2~ at Ecm : 82.4 MeV. 

In order to understand the reason of the strong differ- 
ence in the OP properties for VLi and 9Li, we have under- 
taken the study of the peculiarities of the elastic scatter- 
ing S-matrix in both cases and calculated the corre- 
sponding semi-classical deflection functions (DF). Re- 
sults are presented in Fig. 3. The deflection functions 

0(2) = Oc(,~ ) + 0N(2), (5) 

2 =  l+  1/2, 

where l is the angular momentum, are shown in Fig. 
3 by solid curves. The first addendum in (5) 

0c(2) = 2 arctan(q/)0 (6) 

is the Coulomb DF. In Fig. 3 0c(2) are given by dashed 
curves. The second addendum in (5) 

ON(2 ) = 2 ~ Re f(2) (7) 
a A  

is the nuclear part of the DF  while 6(2) is the scattering 
phase. 

Figure 3 shows a sharp difference between DF for 
7Li and 9Li. The former DF only slightly differs in the 
region l>=L~/2 (L~/o_ is the grazing angular momentum) 
from the Coulomb one. This means that in the 7Li case, 
the action of the nuclear forces is revealed mainly in 

I ............................................................................... ~,~ 7,9L. ~ + z~ 

j 4 ~  E o,,,:e2.4 
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Fig. 3. Deflection functions for the 7"9Li elastic scattering on z~ 
at the same E,~=82.4  MeV. Sol id  curves  are total deflection func- 
tions, while dashed  ones are the Coulomb deflection functions. LI: 2 

grazing angular momentum (left arrow for VLi, fight one 
for 9Li). Lr Coulomb rainbow angular momentum for 9Li 

the 7Li absorption, while refractive effects are negligible. 
In such a situation the elastic scattering differential cross 
section is determined mainly [11] by the superposition 
of the Coulomb and diffractive scattering. 

For  9Li the picture of the elastic scattering changes 
abruptly. As can be seen from Fig. 3 in this case the 
DF has a well defined maximum O,.=O(Lr)= 16.9 ~ at a 
rainbow angular momentum Lr. Besides, La,. 2 is less than 
Lr. All this means that the elastic scattering of 9Li at 
least at angles 0 < 01j4(01,.4 is that angle where the elastic 
scattering cross section is I/4 of the Coulomb value) 
is determined by the refractive properties of the nuclei 
forces [11]. 

3.2. Semimicroscopical OM analysis 

In the semimicroscopical OM analysis the optical poten- 
tial 

U (r) = V~(r) + N F VF(r) + i Wo ft(r) (8) 

was used. In (8) VF(r) is the double folded potential [6], 
Nv is its normalization constant, while the form-factor 
J) (r) is given by (4). 

The proton density distribution for 2~ was ob- 
tained from the charge density distribution [12]. It was 
assumed that neutron and proton density distributions 
are the same. For  9Li its matter density distribution tak- 
en from [-13] was used. The effective nucleon-nucleon 
interaction was chosen in the M 3 Y form [6]. 

The parameters Ne, Wo and a x were fitted. Usually 
this is enough for obtaining a good description of heavy 
ion elastic scattering data, if rr is chosen properly (see, 
for example, [6]). But in our case it was impossible to 
obtain even a satisfactory fit (broken curve in Fig. 2). 
It means that the 9Li on 2~ elastic scattering descrip- 
tion demands on OP with a real part shape strongly 
deviating from a folding model potential one. 

In conclusion let us return to Fig. i. At the beginning 
of this section we pointed out that the elastic scattering 
differential cross section for 9Li begins to deviate fi'om 
the Coulomb one at a larger do value compared with 
the 6Li and 6He cases. This happens, as can be seen 
from Fig. 1, at d=do=2.1  fm or at D=do(A~"3+A 1/3) 
= 16.8 fro. Now let us turn to the DF for 9Li presented 
in Fig. 3. It is easy to see that the D F  just begins to 
deviate from the Coulomb one approximately at l--L0 
= 90 ft. Supposing that the corresponding trajectory is 
a Coulomb one it is easy to find the distance of closest 
approach, D = 17.8 fro. As can be seen, the so obtained 
distances are close to each other. This means that the 
peculiarities of the elastic scattering differential cross sec- 
tion of 9Li on 2~ presented in Fig. 1, are determined 
by the specific mechanism of elastic scattering in this 
case - viz. the Coulomb rainbow scattering. 

4. Discussion and conclusions 

OM analysis of the elastic scattering of 9Li on 2~ 
at 86 MeV shows that surface transparent OP is neces- 
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sary for the description of the data. This is achieved 
by strengthening the real part of the OP in the vicinity 
of the strong absorption radius. However, this result was 
not confirmed by semimicroscopical folding model po- 
tential calculations. That is why one should assume that 
strengthening of the real part of the OP in the considered 
case is of dynamical nature. 

In principle, a strong distortion of the folding model 
potential can be caused by coupling of the elastic scatter- 
ing channel with the open reaction channels (9Li break- 
up in the Coulomb and nuclear fields, inelastic scattering, 
nucleon transfers) as well as dynamical polarizability of 
9Li (coupling with closed reaction channels). Analogous 
effects for 2~ are probably strongly damped because 
it is a double magic nucleus. At the same time, it is 
well known that at energies above the Coulomb barrier 
Coulomb break-up [14], inelastic scattering and nucleon 
transfer reactions [153 contribute mainly to the imagin- 
ary component of the dynamic polarization potential. 
As far as the break-up of the incident particle during 
the nuclear interaction with the target nucleus is con- 
cerned, it makes Nr< 1 [16], while in our case we have 
obtained NF ~ 3. 

Thus one can conclude that the dynamical 
polarizability of 9Li may be the most probable reason 
of the strong distortion of the double folded potential 
for the system 9 L i + 2 ~  It can manifest itself as an 
effective enlargement of the interaction radius. For the 
neutron rich light "compact" nuclei this assumption is 
not unreasonable. 

Naturally, final conclusions cannot be made just now. 

For this, experimental verification of the present data 
should be made as well as new data for elastic and qua- 
sielastic scattering of 8He, 8Li and 9Li in a wide energy 
range are necessary. 

The authors are indebted to Professor Yu.Ts. Oganessian for his 
permanent interest in the present work. 
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