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Abstract:

The sub-barrier fusion cross section for the weakly bound neutron system,

discussed in the framework of the coupled-reaction-channel approach for the valence neutron in

1 iBe and in connection with the molecular orbital formation. In the calculation we observed a

big enhancement of the fusion process, due to very strong multi-step processes in the inelastic

and transfer transitions of the active neutron, which lead to the formation of a covalent

molecule, 10Be+n+10Be.



During the past iwo decades many authors have discussed the enhancement of sub-barrier

fusion cross sections observed in heavy ion collisions [1-16], in particular the role of the active

nucleons. We have investigated the fusion mechanism in the system I3C+12C 18,10], and in

the system 13C+'6O-'2C+17O [9,10] in connection with the multi-step processes of the inelastic

transition and the transfers of the valence neutron in '^C (or 17O), by using the coupled-

reaction-channel (CRC) method [81. The strong CRC effects give rise to an enhanced sub-

barrier fusion cross section and are due to the formation of the molecular orbitals of the active

neutron.

For systems involving weakly bound (exotic) nuclei much more distinctive features of the

CRC effects are expected and the formation of nucleonic molecular-orbitals may become the

dominant effect. The energy-level spacing of the weakly bound nucfeon states may be much

smaller and furthermore the tails of the wave functions extend far outside of the core nuclei

[17]. This may give rise to strong multi-step processes as well to a strong mixing of the single-

particle wave functions even at the distances where the two core nuclei are still far apart from

each other.

In this report we consider the scattering system, "Be+10Be. The radioactive nucleus HBe

has two weakly bound valence neutron states (halo states). The neutron has the separation

energies, 0.503 MeV and 0.183 MeV in the ground and the first-excited states, respectively,

and the resonance energy for the second excited state is 1.275 MeV (the width is lOOKeV).

The analysis for the data of the I0Be(d, p) reactions [18} shows that these slates are strong

sinf'e-panicle states, 2s\/2 (ground state), lpi/2 (1-st excited state) and lrf5/2 (2-nd excited

state) with the spectroscopic factors 0.74, 0.64 and 0.64, respectively [18]. A particular

attention should be paid to the inversion of the \p\l2-\s\/2 level ordering. The energy-level

of the \p\l2 state is very close to that of'2sl/2 and also to that of the sharp resonance

state IdS/2. This situation causes very strong CRC effects, particularly a strong

hybridization, i.e., a strong mixing of different parity single-particle states[%].



By using the channels defined by the above states of "Be , we have carried out the CRC

calculation as well as the molecular orbital analysis [8]. We consider the transfers of the active

neutron between two l 0 Be nuclei as well as the elastic and inelastic transitions. The wave

functions of the single-panicle states of the neutron are generated by adjusting the parameters of

a Woods-Saxon potential so as to reproduce the binding energies or the resonance energy. The

parameters for the potential obtained are listed in table 1. The wave function of the resonance

stale, the ld5/2, is replaced by a wave packet by integrating the scattering waves with the

interval of the resonance width (100 KeV). The Woods-Saxon potential obtained by this

procedure is used as the interaction VnCi o r C^nC2) causing the inelastic transitions and the

transfers of the neutron.

For the interaction between two core nuclei ) 0Be, a Woods-Saxon shape optical potential

Vcc is taken, with the parameters which are listed in table 2. The real part is almost the same as

used in the analysis of the 13C+12C system (8). As to the imaginary part we use a very small

depth, W=-0.2 MeV. This is necessary because other channels than the ones explicitly

employed in the present CRC calculation are almost closed at energies below and near the

Coulomb barriers. We have made also calculations with strongly absorbing potential with W=-

1.0 MeV. As seen later, the overall behaviour of the excitation function of the sub-barrier

fusion cross section is rather independent of the choice of the potential parameters, however,

they affect the behaviour of the fine structure of the excitation function.

Here we introduce an effective Hamiltonian W , which is an approximation of the complete

Hamiltonian, H=T(r)+T(R)+VnCj +VnC2+ vCC. where T(r) and T(R) are the kinetic-energy

operators for the relative distance r between two nuclei and for the distance R between the

neutron and core nucleus, respectively. The effective Hamiltonian !H is introduced in the space

of the orthogonalized basis functions <pfMn(r,T), which are defined as,

0/M"(r,T) = ^/""(f',q')N'^{r',r) , (I)



with T = (r',qf) ,

where ^/""(f ' . f ' ) are the channel wave functions used in the conventional CRC theory,

specified by a set of quantum numbers, " i " and (JMFI). The quantities, J, M and D are the

total angular momentum of the system, its Z-components and the total parity, respectively.

These quantities will be omitted later as far as there is no source of confusion. The quantity f'

is the angular part of the distance vector r', and £ ' represents all coordinates of the system

besides r'. The quantity T stands for all the coordinates needed to describe the system. If the

channel wave functions $, and <j>l belong to channels of different mass partitions, respectively,

they are non-orthogonal and their overlap integral is expressed by N^{r',r)m

We represent the Hamillonian } | in the space of orthogonalizcd basis functions {$,}, and

make the following approximation for the interactions (The detailed discussion is given in refs.

8 and 9);

i) we drop the interaction terms which are of the order of O((N — I)2), where N is the

overlap integral,

ii) we make a local approximation for the non-local transfer interaction,

-L -I
N 2(F + FT)N * 12, where F is the transfer form factor used in the conventional

DWBA theory.

With the use of the above assumptions we define, in die space of {fy}, a new effective

Hamiltonian "H which contains the interactions only in a local form. In spite of the local

approximation the recoil effects occurring in the transfers are approximately included in the 9{.

We adopt the Hamiltonian 0{ to obtain the solution of the CRC equation discussed here.

Molecular orbital stales 0^""(r) are defined as the cigenstates given by the following

equation.



- t{r))<P'f""(r) = Vf
Jn(r)<t>J

r
Mn(r), (2)

where t(r) is the radial kinetic energy operator of the relative motion. They can be also

expressed by the previously used basis functions as,

(3)

With these channel basis functions<j>fM"(r), the transformation coefficients A™(r) are

obtained by the following diagonalization.

(4)

where the quantity 9{m is the representation of 9{ in the space of {Q?*"1 }• Since the basis

functions $'"" consist of single-particle states of the nucleon, the states (p^*"1 arc expressed as

linear combinations of single-particle nuclear orbitals (LCNO) [19] combined with the wave

functions for the relative rotational motion. The mixing coefficients Aj"(r) are

dynamically defined by eq.(4) with the inclusion of the rotational coupling and of the

transfer recoil effects, since the operator, (jH(r) — t(r)) in eq. (4) contains them.

Reflecting this, tf)"""7 depend on the total angular momentum J and these states are mixed-

states in the K-quantum number (which is the projection of the J on the molecular axis). The

coupling interactions between different molecular-orbital states (radial couplings) are caused by

the radial kinetic-energy operator. We call the 4»mn
 > rotating molecular orbital (RMO) states or

dynamically defined LCNO (DLCNO). A RMO state &mn agrees with a channel wave

function fa in the asymptotic region. Therefore, the adiabatic potential Vr (r) is regarded as an

effective potential describing the elastic scattering of a channel" i ", if the radial couplings can

be neglected, that is, if the radial motion is slow enough.



The fusion cross section, O^ is defined as [8],

°»=K. (5)

which is the absorption cross sections produced by the imaginary part Wj(r) of the core-core

potential Vcc(r) contained in the effective Hamiltonian !Hm. The wave functions u^ ' (r) are

the CRC solution of channel " j " with the incident wave boundary condition for channel" 1 ".

In fig la the CRC and the no channel-coupling calculations of the (T^ with the use of the

optical potential with a imaginary part of W=-0.2 MeV are shown as function of the incident

energy ECM by the solid and the dashed curves, respectively. With increasing energy the CRC

result for 0fm rises very sharply and saturates at about 2 MeV, while in the no-coupling

calculation the rise is comparably slow and it saturates at about 3 MeV. The peaks and the

valleys observed in the CRC calculation come from the resonances of the scattering system

1 'Bc+'OBe. This is discussed in a separate paper in detail [21], where also examples with W=-

0.1 and -0.5 MeV are shown.

In fig. lb the calculations with a much stronger absorption potential (b) are shown. In spite

of the change of the imaginary depth of the core-core potential (W=-1.0 MeV) the general

behaviour of the O^ is the same as in the calculation with W=-0.2MeV. That is, the

enhancement of the fusion cross section at sub-barrier energies are observed independently from

the potential absorption.

In order to see the mechanism of the enhancement observed in the above calculation, we

employ the RMO model defined by eqs. (2) and (3). The adiabatic potentials Vf
n{jr)

calculated are shown in fig.2 for the case of Jn=7/2+ , and are compared with the incident-

channel bare potential U] j(r) contained in the Hamilton 9{ (It should be noted that the elastic

transfer interaction in the incident channel is included in the potential U| |(r).). As seen in the



figure, the ground-state adiabatic potential <Up,,{r), which agrees with the XJ] j (r) in the

asymptotic region, appears to be much lower than the Uu(r) in the interaction region. The

difference is about 1 MeV at the distance r=8fm, of the potential barrier top, where the overlap

of the density of the two core nuclei is still small. Furthermore, this adiabatic potential 1^.,(r)

is isolated far from other adiabatic potentials in the grazing region, suggesting that the lowest

molecular-orbital state is adiabatkally stable with respect to the radial motion.

The energy difference of lMeV between the Uu(r) and 1^,,(r) at the barrier top explains

the energy shift of the CRC calculation for the excitation functions of the (X^ relative to the no-

coupling calculations.

The adiabatic potential Vr.t(f) shows outside of the barrier-top a much more flattened

shape than the potential Un(r). This explains the sharp arise of the CRC calculation of the

exci tation function of the O^.

The lowest RMO state, ^>p=ix shows the characteristic feature of the density distribution of

the active neutron reflecting the attractive interactions between the neutron and the core nuclei.

That is, as shown in fig.2, it forms a very distinctive covalent molecule, ' 'Be+n+l0Be, already

at large distances outside of the Coulomb barrier. The neutron density concentrates in the

middle of the axis joining the two centers of the core nuclei. In fig. 3 the mixing coefficients

Aip=i(r) for p=l corresponding to the above covalent molecular-orbital state are shown as a

function of the distance r, where the coefficients with K=l/2 dominate. We see clearly that the

above covalent molecule is very stable for the rotational motion of the system in the grazing

region, because the RMO state is almost pure in the K-quantum number of K=l/2.

In summary we have performed the CRC calculation for the "Bc+'OBe system by

employing the channels concerned with very weakly bound states, 2sl/2 and lpl/2 of the

active neutron in " B e and with the sharp resonance state ld5/2. We observed a big

enhancement of the sub-barrier fusion cross section in the CRC calculation. This is due to the

transfer and inelastic couplings to the lpl/2 and \d5P. states and to the formation of the



covalent molecular orbital of the active neutron in the interaction region. The barrier height of

the adiabatic potential corresponding to this molecular-orbital state is much lower than the bare

potential between "Be and I0Be by about 1 MeV. Such strong coupling effects especially in

the grazing region come from; (i) long tails of the wave functions of the valence halo neutron in

"Be employed in the CRC calculation, (ii) narrow energy-level spacing of the neutron single-

particle states and, (iii) strong mixing of different /-parity states, i.e., the hybridization due to

the p and sd states.

In the CRC calculations for the I 3C+12C system in refs. 8 and 10, we also observed

coupling effects similar to those for the system "Be+'°Be but they were not as strong as seen

in the case of' 'Be+^Be, especially outside of the potential barrier. The valence neutron in 13C

has the same single-particle states as in "Be but with larger binding energies, particularly for

the lpl/2 state. The large binding energy of 4.946 MeV for the lpl/2 state in I 3C and the

large energy-level spacing between the p and sd states gave less favorable conditions for strong

hybridization and a strong CRC scheme as observed in the ' 'Be+I0Be system.

Recently, Bertulani and Balantekin [16] have pointed out that the enhancement of the fusion

cross section of the system ^Li+' 'Li is obtained as the result of the molecular bond effects of

the valence two neutrons in "Li . However, this is not the CRC effects investigated in this

report. Probably, in their work the main part of the molecular bond effects comes from the

folding potential of the interaction V n c . as pointed out by Takigawa and Sagawa [14]. In our

calculation, however, the core-core potential Vccis the interaction which includes the folding

part already.

In the field of nuclear reactions induced by radioactive nuclei with weakly bound nucleons

quite interesting CRC phenomena in the peripheral region can be anticipated. Strong direct

inelastic (El) processes [20] combined with transfer processes of the active nucleons will give

rise to strongly polarized single-particle orbits, molecular orbital phenomena will be observed

for many nuclei which will be available in future radioactive beam facilities.
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Table 1. Parameters of the potential V n c between valence nucleon and

core-nucleus.

ro'
1

(fm)

.20

a

1C = -

"(fm)

1.0

V-(MeV)

-40.12

ro
1

i+(fm)

.20

a+(fm)

0.72

V+(MeV)

-58.22

(/.s)

ro'(fm) a'(fm)

1.20 0.845

V'(MeV)

31.45

l + cxp((R-R')/a')
i i i

with R* = rjA1, R' = r;A3 and R' = /•„' A1.

Table 2. Parameters of the optical potential

ro(fm) a,,(fm) V0(MeV) ix (fm) aj(fin) W(MeV)

1.40 0.50 -17.0 1.35 0.35 -0.2 1.35

Vcc(r) = Vo /(/+exp((r - R)/a) + W /(!+exp((r - R,)/a,) + V^
I i

with R = 2r0A
3 and R, =2r,A3.

12
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Figure captions

Fig. 1 Excitation functions of the fusion cross sections for the " B e + '^Be system

calculated, (a) with weakly absorbing core-core optical potential (W=-0.2 MeV) and

(b) with a stronger absorbing potential (W=-1.0 MeV). The solid and dash-dotted

curves show the CRC and the no-coupling (one-channel) calculations, respectively.

Fig.2 Adiabatic calculations for the n B e + ! 0 Be system in the state, Jn=7/2+ . In the

lower part of the figure the adiabatic potentials are shown by the solid curves and the

incident-channel bare potential Uu(r) between " B e and ! 0 Be by the dash-dotted

curve. The bare potential includes the elastic transfer interaction of the incident

channel. In the upper part the density distribution of the active neutron in the ground

RMO state are shown at several points of the radial distance larger than the grazing

distance.

Fig.3 Mixing coefficients A™(r) for the ground RMO state (p=l) of the " B e + 1 0Be

system in the state, Jn=7/2+ . The solid curves show the components of K=l/2 for the

single panicle states 251/2, lp l /2 and ldS/2. The dash-dotted and the dotted curves

are the components of K=3/2 and 5/2 of the ld5/2 state, respectively.
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