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Abstract:

Quasimolecular states induced by the scattering of " Be on ' ̂ Be are investigated

by using the coupled-reaction-channel (CRC) method with the basis functions

concerned with the weakly bound valence neutron states in "Be. As a consequence

of very strong CRC effects sharp resonances are predicted as fine structure of the

fusion cross section at energies below and near the Coulomb barrier.



Since quasi-molecular states were observed by Bromley et. al., in the scattering

of l^c on ' ^ c 11, 2), many resonance phenomena in a iarge variety of heavy-ion

collisions have been reported |3]. Among the many resonance systems investigated,

the '2c+12c system at low energies near or below the Coulomb barrier has shown

the most conspicuous phenomena, that is, the resonances are very sharp

lwidths~100-150KeVI and are clearly isolated from each other. From the resonance

analysis large reduced partial widths to the elastic and inelastic channels has been

deduced, suggesting the formation of di-nuclear molecule, '2c+12c [2, 4J. These

quasimolecular states can be interpreted as the door-way states induced by strong

coupling interactions between two ' ^ c nuclei [5-9] and are supported by a scheme

where the incident flux is only weakly absorbed [6, 10, 11]. Namely, the bare

interaction potential between two ^C nuclei, as it occurs in the calculation, is so

transparent that the di-nuclear resonance states can live for such a long time as

estimated from the narrow resonance widths observed.

Sharp resonances with the widths, 100~300KeV have been also observed in the

systems concerned with strongly deformed nuclei, ^S'\ and 24fvjg but at fairly

higher energies, between 1.6 and 2.0 times the Coulomb barrier energy (12-14).

They have been discussed in relation to superdeformed high-spin states (pole-to-pole

configuration) of the quasimolecular complex [ IS, 16].

On the other hand, the formation of the nuclear molecules, which consist of two

core nuclei plus several active nucleons moving around them, has been investigated

by many authors [ 19-34]. In the case of ^Be nucleus Okabe et. al. have pointed out

that the ground state has such structure as ct+n+a [17]. In the scatterings induced

by heavier ions, however, there has been no clear indication for the existence of

molecular resonance states [30, 33, 34], although the formation of the molecular

orbitals of the active nucleon around the core nuclei has been pointed out by many



authors.

Namely, in the scattering of the ' 3 C + ' 3 C system Korotky et. al. have discussed

possible existence of the molecular orbitals of the active neutron [25]. For this

system Terlecki et. al. [22], Kocnnecke et. al. [23] and Thiel et. al. [24] have made

extensive molecular-orbital calculation by using the particle-core model [21 ] based on

the two center shell model, and have obtained agreement with some structures in the

data. The method of neutron molecular orbitals model has been also applied to the

system 1 7 o + 1 2 C - 1 6 O + 1 3 C by Thiel et. al. [28] in the analysis of the data of ref.

29. More experimental data [30] also support possible existence of the molecular

orbital formation in this system.

In previous work we have performed the analysis of the experimental data for

systems, with one valence nucleon, like 1 2 C + 1 3 C , 1 3 C + 1 6 O - 1 2 C + 1 7 O and

3 6s+ 3 7 CI with the use of the CRC theory developed in ref. 27. The formation of

the nucleon molecular orbitals has been established in several cases [26, 27, 31, 32].

None the less, resonance states have not been observed in these systems, probably

because the coupling effects are not strong enough at the nuclear surface, and the

motions of valence nucleon couple to the collective motions of core nuclei strongly in

some cases. This may give a large widening and splitting effects on the resonances

formed in such single-particle coupled-reaction-channel (CRC) systems.

In the present case of the ' ' B c + ^ B e system, the channels concerned with the

single-particle states of the valence neutron in " B e are at very low excitation

energies, while the channels concerned with the core excitation of ^ B e are higher

and more isolated from the incident channel. The low-lying energy levels of ' ^Be

(gr., 1/2+; O.32MeV (1st ex.), 1/2"; 1.778McV (2nd ex.), 5/2+) correspond to the

weakly bound single-particle states, with the specification: 2sl /2 and lpl /2 and the

sharp resonance state ld5/2, with the spectroscopic factors, 0.77, 0.96 and 0.50,



respectively [35, 36]. These values have been obtained by the DWBA analysis of

the 'Oge (d, p) reactions. On the other hand, the core excitation energy of l^Be*

(ist ex., 2+) is ai E e x = 3.37MeV, which is much higher than the energy of the

Coulomb barrier (~2.0MeV). Thus, if the door-way state resonances of the valence

neutron, based on the strong inelastic and transfer couplings of the single-particle

channels, exist at energies below and near the Coulomb barrier, the optical potential

between the two '^Be nuclei is expected to be transparent at such low energies.

We have performed the CRC calculation for the H B e + ^ B e system by

employing the single-particle channels mentioned above. The details of the CRC

theory are described in ref. 27. The wave functions of the single-particle states are

generated by a Woods-Saxon potential by adjusting the parameters [37] so as to

reproduce the binding energies, O.5O3MeV and O.183MeV for the 2sl/2 and the

lpl /2 states, respectively and the resonance energy, 1.275MeV (width=100KeV) for

the ld5/2 state. This potential is used as the interaction, V n ( \ (i = 1 and 2) between

the active neutron and core nucleus i, (i = 1 and 2), which gives rise to the inelastic

excitations and the transfers of the neutron.

We introduce an optical potential of Woods-Saxon type for the core-core

interaction VQQ The values of the parameters are listed in table 1. The real part is

similar to the one used in analysis of the ' 3 c + 1 2 r j scattering [27]. As to the

imaginary part we use a very shallow depth, W = -O.lMeV (see also ref. 37 for

calculations with other values.). This value is consistent with the evidence of the

resonance analysis for the 12c + 12c system at energies near and below the Coulomb

barrier as well as with the analysis of the sub-barrier fusion cross sections [6, 10].

We discuss the resonance phenomena by calculating the fusion cross section,

which is given by the equation.



o(fus) = Ia j n ( fus ) , (1)
m

ajn(fus) = ajn(abs)-lofn(reac) = -

where o j n(abs) and cr/ (rcac) are the total absorption cross section and the

integrated reaction cross section of the channel "i" defined in the system. The cross

sections are further specified by the total angular momentum J and the total parity n .

The wave functions (ui^(r), u ^ V ) , ••• uj"(r)) are solutions of the radial CRC

equation with boundary condition of the incident channel " 1 " . The quantity k is the

wave number corresponding to the energy of the relative motion in the incident

channel, and the quantity Wj(r) is the imaginary part of the interaction potential of

channel "i". Here, we use the same values of Wj(r) in all the channels.

The fusion cross section is a proper quantity to see the resonance effects,

especially when the main part of the flux absorbed from the incident channel is in the

reaction cross sections calculated by the CRC calculation, and the smaller part is due

to the absorption via the imaginary part of the core-core potential. As seen from eq.

(2), the o(fus) reflects the scattering wave functions which take large amplitudes in

the interaction region at resonance energies. However, total reaction cross sections

also reflect the resonances very nicely in certain cases, as discussed in the study of

the resonance phenomena for the ^ c + ' 2 c system by K. A. Erb et. al. [4] and W.

Treu et. al. [18], for example.

In fig. la results with one channel and the complete CRC calculations are

compared. We see pronounced fine structure in the CRC calculation (solid curve) of

the excitation function of the o(fus), which consists of different partial cross sections

ojn(fus). In fig. 2 the values for the om(fus) are shown for J n = 1/2+ - 15/2+ and



1/2" - 13/2". Very sharp peaks are observed together with broad bumps. Among

these peaks Ihe larger ones contribute to the appearance of fine structure of the

o(fus).

As seen in the fig. 2, however, the partial cross section not only of one J ' ' - value

does necessarily contribute to one peak observed in ihe o(fus). Sometimes one

sharp peak is obtained by the superposition of several different partial cross sections.

The dash-dotted curves in fig. la shows the o(fus) calculated by using the

incident channel only with the bare potential between " B e and 'OBe (one channel

calculation; the elastic transfer interaction is included to all orders). Clearly no fine

structure is observed there, though there appear a large bump which comes from

several resonances belonging to different sets of J and fl. The comparison of this

calculation with the CRC calculation suggests that the fine structures predicted by the

CRC calculations of the a(fus) and the o jn(fus) come from resonances which

correspond to the door-way states of a two center system defined in the CRC scheme

adopted here.

The behaviour of the excitation functions of the (T(fus) and the ojn(fus) depends

clearly on the choice of the parameters of the core-core potential VQC- In fig. 1b the

calculation of the o(fus) with the depth VQ = -50MeV (dashed curve) is compared to

the calculation (solid curve) with the standard depth (Vo = -17MeV). Clearly the

resonance structure and so the positions of the resonance energies are changed due to

the change of the real depth VQ. However, the fine structure itself still persists as in

the calculation with the shallow potential. This means that the formation mechanism

of the above resonances is determined not by the interaction potential V Q ^ between

two '^Be nuclei but by the interactions V n Q (i = 1 and 2), which cause strong

couplings between different single-panicle channels through the inelastic transitions

and the transfers of the active neutron.



We have tested a potential VQQ with a larger imaginary depth, W = -0.5MeV. As

seen in fig. lc the fine structure is smeared out; but we still observe some

indications of existing resonances there. This is further illustrated by a calculation

with W = -0.2MeV in ref. 37, where the width is about twice of the value observed

for W = -O.lMeV. This observation shows that the resonances are door-way states,

whose widths depend on a damping mechanism in a compound system.

In conclusion we have found sharp resonances in the calculation of the scattering

in the system "Be+ '^Be at energies near and below the Coulomb barrier. The

resonances appear if a fairly transparent optical potential between two l^Be nuclei is

used, which makes the predicted resonance widths narrow. These resonances are

considered to be door-way states, which appear in the strong CRC scheme of the

single-particle channels with the weakly bound states, 2s 1/2, Ip 1/2 and the sharp

resonance state ld5/2 of the valence neutron in "Be . The strong couplings are due

to a very strong polarization of the single particle orbit (the hybridization), i. e., the

mixing of the different-parity single-particle states and also due to the strong multi-

step transfers induced by the hybridization [26, 27, 32]. A one-channel calculation

with the bare potential only does not produce the fine structure as observed in the

CRC calculation. In a separate report (ref. 37) we discuss the enhancement of the

sub-barrier fusion cross section observed in the present CRC calculation. The

barrier height is effectively lowered by the CRC effects and the incident waves

penetrate into the inside of the potential even at sub-barrier energies. Thus, the sharp

resonances can be observed even at fairly low energies below the barrier.

The effective potential can be discussed in terms of the adiabatic potential

corresponding to the lowest molecular-orbital states of the valence neutron. This

lowest state is a covalent molecular orbital state and is a consequence of the strong

CRC effects mentioned above [27]. The sharp resonances discussed in this report



can be related to the above mechanism of the molecular-orbital formation. They may

be the door-way states for the ground-state covalent-molecular channels, and not the

covalent-molecular state itself. The resonances due to the formation of covalent

molecules may further appear as much broad resonances above the Coulomb barrier

or as quasi bound states below the Coulomb barrier. The detailed analysis along the

line of molecular orbital model is in progress [see also rcf. 37].
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Table 1. Parameters of the optical potential Vccfx)

ro(fm) ao(fm) V0(MeV) ri(fm) a](fm) W(MeV)
1.40 0.50 -17.0 1.35 0.35 -0.1 1.35

VCC(r) = V(y(l-fcxp((r-R)/a) + W/(l+exp((r-R])/a]) + Vcoul(rC)

with R = ITQAW and Rj =

12



Figure captions

Fig. 1. Excitation functions of the fusion cross sections of the ' ^he+^Bc system

and the absorption cross section (the dotted curve in (a)). The solid and

the dash-dotted curves in (a) are the CRC calculation of the fusion cross

sections and one-channel (no-coupling) calculation, respectively. In (b)

and (c) the solid curves are the same one as in (a). The dotted curve in (b)

and the dash-dotted curve in (c) show the calculations with the real depth,

VQ = -50MeV of the core-core potential and with the imaginary depth, W =

-0.5MeV, respectively.

Fig. 2. Partial fusion cross sections o ) r l(fus) and the total fusion cross section

o(fus). The number attached to each partial fusion cross section denotes

two times total angular momentum J.
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Excitation functions of the fusion cross sections of

the system Be + Be.
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Excitation functions of the partial fusion cross
sections of the11 Be +10Be system.
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Fig. 2


