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Abstract 

28 
. We have measured the elastic scattering from Si of 

6 1 2 
135.1 MeV Li a:nd 186 MeV c ions. The shapes of the angular 

distributions and the resultant optical model analyses indicate 
6 

that Li scattering is quite similar to that of light ions, 
1 2 

while C ions behave like heavier ions. Thus there appears 

to be a pronounced and quite rapid transition of scattering 

characteristics with projectile mass. 
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Recently we showed1 that high .energy (Ei= 215 MeV) 

16 0 + 28 si elastic scattering exhibits angular distributions 

and resultant optical model parameters which are quite differ-

ent from those observed for light ions. In particular, high 

energy light-ion angular distributions exhibit at angles beyond 

the diffraction oscillations a structureless fall-off character

istic of a nuclear rainbow2 • These rainbow data not only allow 

the determination of the strength of the real part of the poten-

tial but also indicate that light-ion optical potentials have 

a central imaginary well depth 1/3 - 1/6 of the real depth. 

Furthermore, both the real and imaginary depths of light-ion 

potentials are energy dependent3 • In contrast, our results for 

16 0 scattering1 indicated (a) no evidence of rainbow scattering 

effects, (b) W/V ~ 1 in the nuclear surface,and (c) good fits 

with an energy-independent potential. 

The purpose of the present study was to explore what hap

pens with projectiles of masses intermediate to light (d, 3 He,a) 

and heavy ( 16 0) ions. Data were taken using 6 Li 3+ (135.1 MeV) 

and 12 c 4 + (186.4 MeV) beams from the LBL 88" cyclotron. Most 

of the data were taken using the counter system described in 

Ref. 1; a portion of the 6 Li data was acquired using the LBL QSD 

spectrometer. An additional experimental refinement consisted 

of correcting for the zero-angle drift in the beam by monitoring 

the ground-state/2+ (1.78 MeV) intensity ratio as recorded by 

a counter placed at a fixed angle. The error bars in the data 

include the + 0.1° uncertainty associated with these corrections. 
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Existing 6 Li data at 13 Mev4 and 12 C data at 24 Mev5 and 

49.3 Mev6 are shown in Fig. 1 along with the new data. The 

difference in the shapes of the two high energy data sets is 

striking. Specifically, 6 Li + 28 Si displays at la~ge angles 

the characteristic structureless fall-off of nuclear rainbow 

scattering typical of light-ion scattering, while 12 C + 28Si 

displays instead a diffractive, oscillatory angular distribution 

very similar to 16 0 scattering. 

Optical model analyses of the data sets yield equally dis-

tinctive results. The 12 C data have been analyzed in a manner 

similar to that employed with the 16 0 data1 ; i.e., searches were 

performed [with the code GENOA7 ] on the 24 and 186.4 MeV data 

3. 

simultaneously. The potentials which result from such an energy-

independent assumption provide a convenient characterization of 

the data and permit comparison with 16 0 potentials derived in 

an identical manner. Two real well depths were chosen (v0 = 

10,100 MeV) while all other parameters were varied, resulting 

in the parameters shown in Table I and fits displayed in Fig. la. 

The v 0= 10 MeV potential (H 12) yields excellent fits with para

meters very similar to those obtained from the 16 0 analysis1 ; 

the V 0= 100 MeV potential _(L8) fails to give comparably good fits 

to the data, also in accord with our 16 0 results. One slight 

difference between 12 C and 16 0 scattering is that a somewhat bet-

ter fit to the low-energy (24 MeV) 12 C data <x 2 /F improving by 

a factor of 2) can be obtained by fitting those data separately; 

no such effect was observed in analyzing the 1 ~0 data. 



The 10 MeV potential (Hl2 also predicts correctly the over

all behavior of the data of Kohno, et a1. 6 at the intermediate 

energy of 49.3 MeV, although it fails to reproduce the oscilla-

tions appearing at larger angles (see Fig. la). However, here 

again the situation parallels the 160 case where similar struc-

ture is observed which cannot be fit by any potential resembling 

8 those capable of fitting either the high or low energy data • 

In contrast, the optical model analysis of the 6Li data 

yields quite different results. As might be expected from the 

presence of the nuclear rainbow, a reasonable fit to the 135.1 

MeV data cannot be obtained with a well depth shallower than 

~ 100 MeV; as can be seen from Fig. lb, the "best-fit" 10 MeV 

potential (Z8) .\vhich is quite similar to El8 and Hl2, fails 

utterly to fit the data in the rainbow region. However, a poten-

tial with v0= 150 MeV (R22) or greater yields an excellent fit 

to the complete angular distribution. Moreover, it is not possi-

bly to fit both the 13 MeV and 135.1 MeV data sets with a single 

potential. The best simultaneous fit to the 135.1 MeV and 13 MeV 

data sets with v0= 150 MeV yields a x2/F for the 13 MeV data which 

is a factor of 15 greater than that of the best fit to those low 

energy data alone 1potential R27) . We have also applied the po-
9 . 

tentials of Table II to intermediate energy data with the result 

that no set of energy independent 6Li optical parameters could be 

found. Therefore, in terms of both energy dependence and well 

strength, the ~Li potential much more nearly resembles those for 

light ions than those for 12c and 16o. 

On the other hand, analysis of the 135 MeV data indicates 

differences between 6Li scattering and that of the lighter ions. 

Despite the presence of a nuclear rainbow, we are unable to 

4. 
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determine unambiguously the central well de~th of the real 

potential (see Table II). Possibly this is simply due to the fact 

that although the data clearly indicate the presence of a rain-

bow, the analysis does not conclusively indicate that the data 

extend beyond the actual rainbow angle, the condition required 

for unambiguous determination of the potential in light-ion 

scattering2 However, it may be that the more strongly absorb-

ing nature of the scattering, manifested by the large values of 

the imaginary diffuseness shown in Table II (they are almost 

double the values observed for alpha particles) a~e beginning 

to reduce the sensitivity of the scattering to the real part of 

the potential. Other contrasts with alpha-scattering results, 

namely the breadth of the continuous ambiguity, as observed in 

the analysis of the forward-angle diffraction scattering}0 the 

fact that inclusion of the large angle data appears to almost 

obliterate the distinction between the various so-called optical 

model families, and the fact that all potentials give virtually 

identical predictions at forward angles, give credence to this 

interpretation. 

In summarizing our results, we have determined that there 

is a pronounced transitiqn from light-ion to heavy-ion scatter-

ing, the most striking aspect of which is the rapidity with 

which it occurs. By A = 6 it appears to have only begun; by 

A = 12 it appears to be complete. While energy dependence of. 

th . 1 h b d. d 11 t d . th . . e potent1a s as een pre 1cte o ecrease Wl 1ncreas1ng 

projectile mass (consistent with our data), ~e are unaware of 

any theoretical treatment which explains the abrupt change of 



the potential from moderately absorptive and refractive, to 

very strongly absorbing and diffracting. Clearly also, further 

high energy experiments in the A = 7 to 11 mass region are 

needed to elucidate the nature of this transition. 

We would like to thank N. Rust for his help with the analy

sis of the data and the Kansas State group for the use of their 

data prior to publication. We would like to thank C.F. Maguire 

for his assistance with some of the 6Li measurements. Fi~ally, 

we wish to acknowledge the assistance of the staff and operating 

personnel at the LBL 88-inch cyclotron which made possible the 

success of the experiments reported here. 
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TABLE I 

12c + 2Bsi Woods-Saxon Optical Model Potentials 

Set Parameters x2/F 

* * V O (MeV) ro (fm) a 0 (fm) w0 (MeV) r I (fm) a 1 (fm) (186.4 MeV 
data) 

Hl2 10. 1.32 .617 30.3 1.16 .609 2.3 

L8 100. . 8 68 .838 42.7 1.08 .743 5.1 

* . R = r(l2 1/3 + 281/2) 

00 . 

-. .. 



* R = r(281/3 + 61/3) i.e. the heavy-ion convention- more reasonable values of rare 

obtained with the light-ion convention R = r(281/3) 

t Nuclear rainbow angle (Ref. 2) 

\.0 



Figure Caption 

Fig. 1: Elastic scattering of 12 C and 6 Li from 28Si. Note 

that the high energy 12 C scattering is similar to 

16 0 scattering (Ref. 1) while the high energy 6 Li 

data is similar to light ion data {Ref. 2). 

10. 

,. 

• 



'1 
~ ......... 10-' 
b 

10-2 

10~3 

10-4 

.. 

20 

• 

"\ 

\ 

40 

a) 

...... .... 
........... ~. 

.................. .. .... 
. ............. 

~·1 - POTENTIAL H 12 
t r ---- POTENTIAL L 8 

\r. 

~ \ '\· ,~, 11 "\ 
I . 

~~ 
~ 

Ei = 186.4 MeV 

II I 

10~51· . I • I I If :. I I I I I 
10 20 30 40 50 

Bcm(FOR 186.4MeV AND 49.3MeV DATA) 

10-

0:: 

0 10-1 
b 

10-2 

10-3 

10-4 
>.' 

...- . _.~ 

b) 6Li + 28Si 

-~< . ._~-.rPOTENTIAL R 27 
~~...... . 

~~--~.~--~~ ... ~ Ei = 13 MeV ..... ----. .............. 

-- POTENTIAL R 22 

140 

l"t 

~ \~ .. 

r ~ .. .,. 'Jf'\ t• 
I \U, I 

i ' ".i ~~ f E; = 135.1 MeV 

' \/ \ (\ yftf'lii 
~ I : \ I 

~ I l ,''' "' 
1·1 I I \ 

I: : : I j :1 I I \ l" 
•• l : ' t"''\ l I I 1 I 1 

I 1 I 1 1 
I I I I I 

POTENTIAL zs-lf ! ! \ _ 
II : I I I \ 
II 1 I 1 I I 
II I 1 1 1 I 

~ 1 : I : \ 
I I \ I I '' 11 1 I I ,' '. I 1

t I I I I I I 
10·

5 
I • !o. I I 

1 30 1 40 1 50 ~ I 601 

I 

0 

I 7o 
Bern( 135.1 MeV DATA) 

Fig. l 
XBL 777-9736 

!-' 
!-' 



This report was done with support from the Department of Energy. 
Any conclusions or opinions expressed in this report represent solely 
those of the author(s) and not necessarily those of The Regents of the 
University of California, the Lawrence Berkeley Laboratory or the 
Department of Energy. 



.. . 
TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

"' ........ 




