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Decreased absorption cross sections in the case of strongly coupled channels
with positive Q values
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The influence of the coupling of inelastic and transfer channels on the absorption cross section behind the
barrier is discussed for reactions induced by weakly bound projectiles. It is shown that because of the prevail-
ing positiveQ values a decrease of the absorption cross section may occur. The result is demonstrated for a
HBe+1?C system using the coupled reaction channel approach. The adiabatic potential energies of the asymp-
totic states which are subjected to strong coupling may give a natural explanation of this effect.

PACS numbeis): 24.10.Eq, 25.60:t

A variety of discussions of reactions induced by weaklyablished and can be used in a quantitative study of the CRC
bound(exotic) nuclei have suggested that the fusion reactioreffects; the system is studied in detail in a forthcoming paper
may be enhanced at and below the Coulomb barrier fof13]. The inelastic transition in%Be leading to the 2 state
neutron-rich projectilefl—4]. This work was often based on and the core excitation route for the 1/2round state of
more schematic approaches and was influenced by the nd*Be have been included. The" Xtate of 2C at 4.43 MeV
merous studies on enhanced sub-barrier fusion reactioryéas, however, omitted in view of its small influence for the
[5,6]. In these studies it was repeatedly suggested that tran§nergies studied hexelue to its high excitation energy
fer reactions should influence the fusion cross sections in g, The information relevant for the asymptotic states of
similar way as inelastic scattering channels. Using more B€ and °C included in the ClRC calculation is given in
elaborate coupled reaction channel methgesy., Refs. Table I. The unbound state ofiBe is represented by an

[7,8]) it was easy to show that inelastic and transfer coupling®Xtremely weakly bound state; for ttay, states, this is a
can give rise to an enhanced fusion cross section below th%OOd approximation because the tail of the wave functions is
Coulomb barrief5-7,9-11. The effect of the transfer pro-
cess is in principle not very different from that of inelastic
coupling, even though its form factor is nonlocal as opposed — [ 178

to inelastic excitation. The main and, as we will see, crucial 2
difference is the fact that inelastic excitations have only

negativeQ values and are generally more strongly coupled
than transfer transitions; transfer reactions can have negativ
or positiveQ values.

For neutron-rich“exotic,” radioactive) beams and stable
targets the main transfer channels will have posi@ealues - 0.59
and will give rise to strong couplingcomparable with the
coupling of the inelastic transitiopslue to the form factors - 1.07
with long tails. We will show in the following that this will L 1.35
lead to a decrease in the fusion cross section. The result is
principally the same as that mentioned in R¢%9], where
inelastic excitations witlpositive Qvalue have been studied.

We will discuss inelastic and transfer reactions in the
1Be+1°C system. This system allows strong inelastic tran-
sitions in 'Be (E1 and E2) as well as strongn-transfer
transitions—in particular, to the excited states'ét (1/2*
at 3.09 MeV and 5/2 at 3.59 MeV.

The Be+'°C system has been studied in detail in a
coupled reaction channé€CRC) approach using well known
asymptotic eigenstates dfBe and 3C [12]. These eigen-
states and the coupling routes are shown in Fig. 1. The spec-
troscopic information for the 3 eigenstates ifBe and *C - 444
(with quantum number f;,,, 2s;», and Idsgy) is well es- ge+C
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. FIG. 1. Coupling scheme for the CRC calculations in the
Permanent address: Department of Nuclear Physics, University'Be+°C—!%Be+1°C reaction. The energy positions are scaled
of St. Petersburg, St. Petersburg, Russia. relative to the binding energy of the incident channel.
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TABLE I. Properties of single particles states’itBe and**C.

Channel

coretn E, (MeV) nlj CFP Eg (MeV) Q value (MeV)

"Bel: 0.000 203 0.80 0.503 0.000

Bel- 0.320 113 0.90 0.183 —0.320

''Bes: 1.778 123 0.70 0.03(—1.275° -1.778

el 0.000 113 0.77 4.946 4.443

e 3.089 203 0.77 1.857 1.354

e 3.854 123 0.77 1.092 0.589
(1°Be* @n|''Be, )

1086, 3.368 11} 0.6 ? 1578 1.075

aCoefficient of fractional parentagérom Ref.[12]).
bTrue value; see text.

dominated by the centrifugal barriers of the2 configura- iterative solution of the CRC equation shows very slow con-
tions. The binding energies used are also given in Table I, theergence because of the strong mismatch, as in the case of
excitation energie€Q values are kept at their correct values. the 3Cy,- (ground statg the result oscillates around a few
We have used the CRC codeescoby Thompson(8] for  percent as function of iteration number, with small influence
the calculations. As will be discussed in an independent pan the final cross sectign

per[13] the finite range from factor has a very large width The calculations were made at energies in the vicinity of
and has to be integrated up to distanceRs#5 fm or more  the Coulomb barriei, (*'Be)=>5 to 15 MeV. Parameters for

in order to obtain a correct resuite., differences between the optical mode(OM) were adopted from other light sys-
post and prior representations smaller than 108% single- tems, howev_er, the imaginary part was chosen to be r_ather
particle routes for inelastic excitationfmcluding reorienta-  SONg but with a small radius in order to remove couplings
tion) and transfer have been included. The nonorthogonalitff®™ Smaller distanceésee Table I); absorption at the sur-.
term and the full effective interactiofincluding remnant '12c€ comes mainly from explicit couplings. This large imagi-
termg were taken fully into accounisee Ref[8] for a dis- nary part in the OM can be justified in view of the large
cussion of these The excitation of the"®Be,+ state has been number of open channels for a system with large neutron

calculated in the collective model and the parameter for th%xcess in the incident channel. It provides for absorption
deformation wasB,=0.6 (deformation length3R=0.85 ehind the barrier, which will be identified with the fusion

(from Ref.[12]). cross section. For an illustration of the magnitudes of the

cross sections Fig. 2 gives an example of calculated angular

anggeSﬁ%‘gﬁfg:rfu:l&;g?Z?Z;e?g:rﬁn?grfa;hin fi?n'qti;actt'gps%iistributions of the elastic, inelastic, and transfer transitions.
P 9 The inelastic and transfer transitions, which are taken into

){/(\;lttf;]:Z\fl}lg;hngg%fm.J\r/\llgcnotei;hse;trgrw]e Igr;?gg;ﬁ:gérgﬂzltt'gnaccount explicitly in the CRC calculation, contribute to the
€o* 2 gy total reaction cross sectiom,. The latter is determined by

its positive Qvalue (see Ref[14] for a discussion of this the S matrix elements for elastic scattering obtained in the

point) and therefore has a small cross section. The transitiong . . i .
0 the statesC*, - state and™C*.,: are strong and sl final calculations. The cross section defined by the difference

have positiveQ values(see Table)l The inelastic transition )

to the first excited 1/2 state of !Be is very strong due to Ao= Ut‘Z oj(reaction | = orys

strongE1 coupling, but the CRC effects are not strong, es-

pecially at lower energie§it has a rather small negativ@  of the total cross sectiomr; and the sum of all explicitly
value. The 5/2 state in!'Be is at much higher energy, it is calculated transitions; can thus be identified with the fu-
coupled much more weakly; for this state one has problemsion cross sectiofsee Refs[2,6]), provided that the imagi-
atic convergence behavigfor some smallel ™ values the nary potential causes absorption only behind the barrier. The

TABLE Il. Parameters for bound state calculations and for the optical model.

V (MeV) ro (fm) ag (fm) W (MeV) r; (fm) a; (fm)

n+1%C (g.s) 47.39 1.20 0.72 - - -
n+1%Be (g.s) 57.79 1.20 0.72 - - -

UBe+12C (1%Be+1%C) 17.0 1.43 0.50 20.0 1.11 0.350
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FIG. 2. Angular distributions of the dominant reaction channelsSections of the reaction channels, of course, strongly violate
for the 'Be+12C system. The full curve is the complete CRC result unitary for many spins and parity values in the first-order
(see Fig. 1 and textThe dotted curve is the result of a first-order calculation at the lowest energies. Introducing the couplings
calculation. The seconddashegl and third-(dot-dashedorder it-  in higher order reduces all cross sections. The coupling of
erations are shown as well. the transfer alone shows a strong effect, i.e., a decrease of the

absorption cross section. This is partially compensated by the
present calculations were performed for energies from belovnelastic couplinggnegativeQ valug; couplings to the in-
the barrier up to energies of 50% above. The results arelastic excitations have the tendency to increase the absorp-
shown in Fig. 3. tion cross section, as discussed previoliSly

Figure 3 shows the result of the OM calculatigtentical We note that the effect of coupling is strongly reduced at
to the result with one iteratigrand the result of the full CRC the highest energies, where the asympt@®ometri¢ cross
calculation. The most conspicuous result is the decrease skction is reached. This is understood since couplings be-
the cross sections, in particular, a decrease of the absorptimome weaker at higher energy and the overall effect is aver-
cross section once the full coupling is included. The crossged out. The observation that the coupling effects disappear
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at the smallest energies may be explained by the decrease of It is very tempting to discuss this effect also in terms of
the couplings with larger distances; at lower energies the&lensity distributions of valence particles in the neck region
turning points of the scattering waves move to larger andas done in Ref{2], where an antinecking is suggested. We
larger distances. The maximum effect is observed just belowalso find that thestrongest effect in enhanced fusismrmade
the barrier. The same result is observed for more asymmetrigy configuration mixinghybridization—all with negativeQ
systems like!'Be+1%0 and *'Be+883r[13]. values, which in fact increases the neutron density between
Calculations for the systerh'Be+12C using the approach the two centergsee Refs[15-17).
of orthogonalized channe{®CRQ) [15] essentially gave the In conclusion the present study shows that fusion with
same result as the CRC calculatigascomplete account will  neutron-rich(weakly bound nuclei may be strongly reduced
be given latex, the absorption cross section is decreased fodue to the dominance of strongly coupled transfer channels
the case of the full calculation. Here tH8Be,: core excita-  with positiveQ values. This is a purely quantal effect, which
tion routes were omitted. This difference is not essential foiis, however, related to the general picture of “chemical bind-
the present discussion. ing.” The positive Q values virtually represent the case of
The framework of the OCRC approach is discussed irionic binding but with neutral valence particleghe neu-
Refs.[15] and[16]. There it is possiblédue to approxima- trong, where the valence particles aret sharedby the two
tions leading to local form factorgo calculate the adiabatic centers, as in the covalent case wih=0. The positiveQ
energy for each channel which is connected to one of thealue of the reaction channel implies that the energetically
asymptotic channels defined in the conventional CRC aplowest state is formed by transfer of one or more neutrons.
proach (also called correlation diagramThe energies of Via its interaction with the incident channel this channel may
these states obtained by diagonalization of all interactionsepel the incident channel and may hinder the absorption
(transfer, inelastic, rotational couplingxcept for the radial from the incident channelthe ingoing flux is primarily
coupling represent a “correlation diagram” for adiabatic en-therg. This is opposed to the case of the “covalent binding”
ergies. The interactions among the different levels act cohewith hybridization [15—-17, where the valence particle is
ently so as to push down the lowest state giving rise to &hared by the two nuclei, witQ valuesQ=0 leading always
lowered total potential energy curve for this state. This isto a lowering of the effective fusion barrier. Such cases are
usually the case when the incident channel is the lowest statgpically 3C+%C, %0+%C, and ''Be+1%Be [11,15-11.
in energy and also happens in the systemHowever, as shown in Refl5] the latter effect depends
160+13Cc-1"0+1%C (with negativeQ values studied previ- strongly on the possibility of hybridization.
ously [11]) and for the''Be+1%Be systen[17], where also The present discussion of a few cases is based on a purely
only negativeQ values occur. microscopic picture of the coupling of transfer and fusion at
In the correlation diagram we can choose as incidentow energies. The transition mechanism in the two-center
channel any asymptotic chann&he lowest channdlwhich  correlation diagram has to be studied in order to fully under-
usually is pushed downwardthus becomes a reaction chan- stand the observed effect. Other features connected with
nel with positiveQ value. If the incident channel is posi- macroscopic deformations related to the extra push in fusion
tioned between many other stateswhom it is coupledjt ~ have to be considered with heavier systems. It can be ex-
often will show an adiabatic potential energy curve which ispected that the fusion cross section at energies below and at
pushed umt smaller distancét is repelled by the states with the Coulomb barrier will be a very interesting subject in
more positiveQ values. Thus absorption behind the barrier nuclear reaction studies with exotic beams.
from this channel will be decreased in these cdtias may
not be the case as a general rule and a more explicit discus- We are very much indebted to lan Thompson for discus-
sion of the adiabatic energy curves and the transition mechaions and advice concerning the use F®ESCQ we also
nisms is needed and will be given in future wprk thank B. Imanishi for numerous discussions.
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