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On the basis of the two-center shell m d e l  a molecular reaction theory is applied to the 
reaction l3c(I3c, 1 2 ~ ) 1 4 ~ a  Prominent structures in the measured differential c ross  sec- 
tions can be reproduced by this theory. 

PACS numbers: 25.70.Cd, 21.60.C~ 

Molecular single-particle effects in heavy-ion 
reactions have been considered up to now to be of 
minor interest in contrast to  the molecular col- 
lective states which have been thoroughly investi- 
gated in experiment and theory because of their 
prominent sigtiatures in the c ross  sections (gross 
and intermediate structures). ' On the other hand, 
the underlying fundamental model for a nuclear 
molecule is the two-center shell model (TCSM) 
which describes the binding of the molecule in 
te rms  of molecular single-particle states.'v3 
Hence, molecular single-particle states should 
play an important role and a verification of their 
effects is called for. 

There exists at present little experimental evi- 
dence for molecular single-particle effects. Re- 
cently, it was proved that the neutron orbits in 
the elastic t ransfer  reaction of 12C On 13C a r e  of 
molecular n a t ~ r e . ~  The excitatiori Function for  
the neutron transf e r  reaciion 13C (13C, 12C)14C, 
measured by Korotky et al .  ,"' showed a large 
resonantlike behavior, which could not be repro- 
duced by finite-range, full-secoil, single-step 
distorted-wave Born-approximation (D wBA) cal- 
c ~ l a t i o n s . ~  This last result was our motivation 
for applying a molecular particle-core descrip- 
tion to the reaction 13C(13C, 12C)14C. It i s  the aim 
of this paper to show that the resonantlike struc- I 

tures in the experimental differential cross  sec-  
tions can be satisfactorily explained a s  the t rans-  
fe r  of a neutron occupying a molecular single- 
particle state during the reaction. 

A molecular description of loosely bound nucle- 
ons has been worked out ear l ier  on the basis of a 
molecular particle-core model and the TCSM for  
heavy-ion r e a c t i ~ n s . ~ ' ~ ~  These models a r e  justi- 
fied for the reaction considered since the charac- 
teristic collision time is considerably longer than 
the single-particle rearrangement time, namely 
by a factor 2 - 3  a s  estimated with the collision 
and Fermi energies.13 

The neutron transfer process is described with 
the molecular particle-core m 0 d e 1 . ~ ~ ~ ~  The 13C 
and 14C nuclei a r e  thought t o  be constructed of 
12C cores and valence neutrons. The valence 
neutrons move in the mean field of all  nucleons 
and a r e  treated in the framework of the two-cen- 
t e r  shell model. The cores can also be excited, 
which may be described with collective models 
for core vibrations and rotations. 

The Hamiltonian of the particle-core model in 
laboratory coordinates consists of the kinetic en- 
ergies T c {  of the cores ,  their interaction Wclc2, 
the single-particle Bamiltonians h„„(i) of the 
valence particles described by the TCSM, and 
the residual interaction V„, between the valence 
particles : 

In our present calculations we assume inert 12C cores frozen in their ground state. The residual in- 
teraction between the two valence neutrons is partially considered by using ehe experimental Q value 
in the "C-14C channels for large internuclear distances. The diagonal par ts  of the potential energies 
in (1) yield the 13C-13C potential in the elastic ehannels and a r e  replaced by an optical potential with 
parameters obtained by ~o ro tky . '  If s = O  denotes the 13C-13C fragmentation and s = 1 and 2 the 14C-12C 
and lZC-14C fragmentations, respectively, the Hamiltonian (I), transformed to the rotating coordinate 
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system with the z axis defined by the direction of the relative coordinate between the nuclei, is given 
by12 

where 

The coordinates of the valence particles a r e  referred to the center of mass. For the other 
symbols we refer to Ref. 12. 

For reasons of simplicity we have calculated the single-particle wave functions for  all  fragmenta- 
tions with the symmetric TCSM. The parameters of the TCSM a r e  adjusted by the requirement that 
the TCSM reproduce the single-particle levels of 13C near the Fermi level (see Ref, 11). For the wave 
functions we choose the following Ansatz : 

Here, the operator Ci antisymmetrizes the wave 
function in the two valence nucleons. In addition 
the wave function is assumed to be symmetrized 
with respect to the exchange of the 12C cores. 
The wave function Q>„, describes the valence 
neutrons and is connected with the wave function - 
@ „ ( J ) M  referred to the rotating coordinate sys- 
tem via the transformation 

' a l  and Coriolis couplings. In the example chosen 
here, the radial-coupling matrix elements be- 
tween the ground-state configurations 13C +13C 
and 12C + 14C vanish because of selection rules and 
since we have used the Same symmetric TCSM in 
both channels. Figure 1 shows typical radial ma- 
trix elements a s  functions of the internuclear dis- 
tance for two choices of the neck parameter E. 

This parameter gives the ratio of the bar r ie r  

Here, 6„(„, is built up with the wave functions heights of the actual TCSM potential and the two- 

of the TCSM. Projecting on H $  =E+ with the center oscillator potential.' With decreasing 

channel wave functions, defined in Eq. (4), we barr ier  heights (i.e., smaller E )  the radial-coup- 

obtain a set of coupled equations for the radial 
wave functions R W N I  which asymptotically deter- 
mine the S-matrix elements and hence the Cross 
sections. 

In the matrix elements between the channel 
functions of different fragmentations we have ne- 
glected the recoil t e rms  and the correction te rms  
for the centers of mass shown in Eq. (2). The 
present calculations a r e  restricted to the follow- 
ing channels: 13C(g.s.) +13C(g.s.), 13C(g.s.) 
+ 13C*($+, 3.09 MeV), 13c*($+, 3.09 MeV)+ 13C* ($+, 
3.09 MeV), 12C(g.s.) + 14C(g.s.). Therefore, the 
valence neutrons occupy the lp„, and 2s„, states 
for large internuclear distances. The 2s„, level 
l ies energetically lower than the U„, level in 13C 
and is strongly coupled to the lp „, state by an E 1 
transition. 

Two coupling mechanisms between the intrinsic 
single-particle states play an essential role in 
all molecular reaction theories, namely the radi- 

FIG. 1. Radial-coupling matrix elements for a transi- 
tion from an excited 13c configuration to ground- 
state configurations of +13c flower curves, right 
scale) and +14c (upper curves, left scale) for  two 
values of the neck pararneter E. 
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FIG. 2. Comparison of the calculated differential cross  section for  neutron transfer (solid curves) with the ex- 

perimental data of Ref. 6 (dashed curves).  

ling potential gets extended to larger  internuclear 
distances. 

Figure 2 shows the calculated and experimental 
differential cross  sections for the neutron t rans-  
f e r  between the ground-state configurations at an 
incident energy of E,., = 10 and 15.5 MeV. With 
decreasing bar r ie r  height (smaller E )  the cross  
section becomes sensitively larger ,  showing that 
the main contributions to  this channel a r i se  from 
larger  internuclear distances of about 7- 11 f m,  
where the absorptive potential has dropped al- 
ready to Zero. Cornparison with the experimen- 
ta l  curves of Refs. 5 and 6 indicates that the only 
f ree  parameter,  E ,  of our calculation should be 
chosen to be E = 0.65 in order  to  reproduce the ex- 
perimental data. A similar value of E = 0.68 was 
obtained by Park, Greiner, and Scheid13 in their 
calculation of level diagrams for the TCSM. 

Finally, Fig. 3 shows the differential transfer 
cross  section for neutron transfer at 0,.,. = 90" 
a s  a function of the incident energy. The peak- 
to-valley ratio in the low-energy region i s  well 
pronounced compared with the experiment. At 
higher energies the calculated curve i s  too flat, 
probably a s  a result of the increasing imaginary 
potential in the elastic channel. 

The structures in the calculated 90" differential 
c ross  section for neutron transfer can be grouped 
into gross  and intermediate structures.  The 
gross  structures,  which a r e  similar to  those ob- 
served in the elastic 90" excitation function, a r e  

complete analysis of the S-matrix elements will 
be published. 

In conclusion, we can sensitively test the prop- 
erties of the internuclear bar r ie r  of the TCSM 
and confirm that a molecular reaction theory ex- 
plains the data more satisfactorily than the one- 
step DWBA calculations of Korotky presented 
also in Fig. 3 for  comparison. The remaining 
discrepancies between our results and the experi- 
mental data can probably be removed by taking 
more excited channels into account. 

A nonmolecular multistep DWBA calculation 
may also reproduce the data. But when multistep 
processes play a role,  the neutron has enough 

generated b~ smooth energy behavior Of groups 
FIG. 3. Comparison of the calculated 900 differential 

of partial waves. The intermediate structures c ross  section for  neutron transfer (solid curve) with 
with widths of about 0-5-1 MeV appearing in the experimental data of Ref. 6 (points connected with a 
calculated c ross  section a r i se  from resonance dashed curve) a d  a DWBA caiculation of Korotky (Ref. 
states in the 13C +13C and ''C -t.14C potentials. A 6) (dot-dashed curve). 
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time to rearrange during the collision and ap- 
proach a molecular orbital. The nonmolecular 
reaction theories describe the polarization of the 
nucleon states in te rms  of the states of the sepa- 
rated nuclei. When molecular orbitals a r e  actual- 
ly formed in a reaction, a s  we presume in the 
present case, it i s  not advantageous to expand 
them into single-particle states of the separated 
nuclei. The superiority of the molecular theory 
i s  basically founded on the fact that the scatter- 
ing wave function i s  expanded in states realized 
during the reaction (see Refs. 4,  10, and 11). In 
all  valid cases the molecular theory clarifies our 
understanding of the reaction more than a theory 
using an improper set  of basis functions although 
both types of theories should ultimately yield the 
Same Cross sections. In this sense the reaction 
considered in this paper seems to be a master 
example for the applicability of the molecular r e -  
action theory, where, for the f i rs t  t ime, a com- 
plete molecular coupled-channels calculation for 
neutron t ransfer  has been carr ied out. 

This work was supported by the Bundesminis- 
terium für Forschung und Technologie and the 
Gesellschaft für  Schwerionenforschung. 

'D. A. Bromley, in Nuclear Molecular Phenomena, 

edited by N. Cindro RJorth-Holland, Amsterdam,  1978), 
p. 3, and r e fe rences  therein.  

2 ~ .  Holzer,  U. Mosel,  and W. Gre ine r ,  Nucl. Phys .  
.4138, 241 (1969); J. Maruhn and W. Gre ine r ,  2. Phys. 
251, 431 (1972). 

3 ~ .  P r u e s s  and W. Gre ine r ,  Phys .  Lett. g, 197 
(1970). 

4 ~ .  von Oer tzen et  al . ,  Phys.  Lett. s, 21  (1980); 
B. Imanishi and W. von Oertzen, Phys .  Lett .  m, 188 
(1979). 

5 ~ .  K. Korotky et al., Bull. Am. Phys .  Soc. 24, 1 3  
(1979). 

6 ~ .  K. Korotky, P h D .  thes is ,  Yale University,  1980 
(University Microfilms, Ann Arbor ,  1981); S. K. Korot- 
ky9  K. A. Erb,  R. L. Phill ips,  S. J. Willett, and D .  A .  
Bromley,  Yale University Repor t  No. 3074-637, 1983 
(to b e  published). 
7 ~ .  Y. P a r k ,  W. Scheid, and W. Gre ine r ,  Phys.  Rev. 

C 6, 1565 (1972). 
*W. von Oer tzen and W. Nörenberg, Nucl. Phys.  M, 

113 (1973). 
'F. Becker  et al., Nucl. Phys. m, 475 (1974). 

'OE. A. Seglie and R. J. Ascuitto, Phys.  Rev. Lett .  39, 
688 (1977). 

"G. Ter lecki ,  W. Scheid, H. J. Fink, and W. Gre ine r ,  
Phys .  Rev. C i.8, 265 (1978). 

125. Y. P a r k ,  W. Scheid, and W. Gre ine r ,  Phys .  Rev. 
C 188 (1979). 

135. Y. P a r k ,  W. Gre ine r ,  and W. Scheid, Phys.  Rev. 
C 2 l ,  958 (1980), and 25, 1902 (1982). 


