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Abstract. Various models have been proposed in order to understand the near barrier
heavy-ion fusion data. Amongst others the coupled channel approach of Dasso and Landowne
and the neutron flow picture of Stelson are two of the mechanisms which describe well a large
body of near barrier fusion data. From an analysis of 10 induced fusion reaction around the
barrier for various targets an attempt has been made to identify which out of the above two
mechanisms is more appropriate to explain these data.
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1. Introduction

The study of heavy-ion fusion reactions near the Coulomb barrier continues to be
of considerable interest [1]. Out of the many theoretical prescriptions proposed to
describe the near barrier fusion cross-sections, the coupled channel approach [2, 3]
and the neutron flow picture [4-6] are the most successful. The former is based
on the fact that couplings of the incident channel to other non-elastic channels e.g.
inelastic and transfer modify (both lower and raise) the barrier height and lead to
an enhancement of the fusion cross-section near the 1-dimensional barrier. The Stelson
model attributes the enhancement of the fusion cross-section to the onset of neutron
flow due to the exchange of neutrons between the interacting nuclei (eventually leading
to fusion) at a distance larger than the barrier radii. These two models also predict’
different barrier distributions. ,

Recently Vandenbosch [7] has made a comparison of these two models for the
systems analyzed by Stelson and his collaborators and concluded that from the data
analyzed one cannot choose between these models. The data used in that work were
for different projectiles and targets. In the present work an attempt has been made
to determine as to which out of the two mechanisms proposed for near barrier fusion
is more appropriate, by choosing for an analysis, data for a single projectile 160,
interacting with several targets having mass numbers ranging from 120-186. Thus it
is ensured that the effect of the projectile is a common factor in all the systems studied.

- 163




S Kailas and A Navin
2. Models for fusion

2.1 The neutron flow model of Stelson

Stelson [4, 5, 6] suggested that near barrier fusion cross-section is dominated by neck
formation initiated by neutron flow between the colliding nuclei at distances typically
1 to 2fm larger than the mean barrier distance. He showed that if one assumed a
flat distribution of barriers D(B), symmetric about a mean barrier B and having a
sharp lower cut-off at T (which is determined by the distance of approach at which
the least bound neutrons may flow from one nucleus to the other), the usual
expression for fusion cross-section (for energies greater than the barrier B)

B .
o, (E)=nR*| 1 ——|, 1
rus(B) =170 b( E) (1)
becomes for near barrier energies
nRZ (E—T)?
B =" BT ®
4E 4E(B—T)

where R, is the barrier radius. _
Assuming a neutron shell-model potential centered on each of the interacting nuclei
he calculated the maximum value of the merged neutron potential V,(max) at a
distance R, which is the distance at which the threshold barrier T is reached. (The
mean barrier B is reached at a distance R, in the total potential versus relative distance
plot). According to Stelson, if the maximum of the merged neutron shell model potential
V,(max)-is deeper than the binding energy of the valence neutron S,,/2 of the two
interacting nuclei the neutron flow is possible from the target to projectile and vice
versa. As can be seen from figure 1, for both #4Sm-and !3#Sm + 6O systems the
neutron flow is possible only from the target to projectile. This point is further
discussed in §3.3. From a systematic study of near barrier fusion data, he found a
correlation between the T values and the average neutron separation energy S, = S,,/2
(to.take into account the odd-even effect in the neutron separation energy) and

. V,(max). It is conceivable then that the extent of the barriers i.e. B—T values are also

correlated with VSN = V,(max) — §,,/2.

2.2 Coupled channel model

, It has been pointed out [2,3] that the coupling of the incident channel to other

channels such as inelastic and transfer can modify the barriers. By calculating the
transmission through the new barriers (with their appropriate weights) the fusion
cross-section can be obtained. The change in height and the weights of these new
barriers depend on the strength of the couplings (F,;(r)) of the ith state coupled to
the ground state and the Q value of that state. To simplify calculations they have
made use of the constant coupling approximation ie. the r dependence of F;(r) is
neglected and is replaced by its representative value F,= F(R,), where R, is the
barrier radius for a given system. The coupling strength for inelastic excitations to
collective states is calculated from the deformation parameter f,, as [assuming
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Coulomb and nuclear deformation parameters to be the same],

B [_ R V0 32,Z,¢ R ]
Vo “dar o QA+1) 2]

where 4 is the multi-polarity of the transition and k is the nuclei being excited (target
or projectile). R, is the radius of the nucleus (1:24'/* where A4 is the mass number)
which is excited and V, is the nuclear potential. The extraction of the radial dependence
and strength of the form factor for the transfér channels is not so straightforward
and involves the measurement of transfer angular distributions and their cross-sections
for a particular system. There have been some attempts at obtaining the form factor
for the transfer channels [8,9]. However in the present work, only inelastic couplings
have been considered. As the couplings (F) lead to the barrier being lowered (or
increased) it is expected in this model that the B—T values will be related to F.

F(r) = ©)

3. Correlation between BT versus F and VSN

3.1 Extraction of B, T and R values from the data

In the present work we have used the fusion data available for the following systems:
160 + 1ZOSn [10], 144Nd [11], 148,150Nd [12]’ 144Sm [13], 148,150,152,154Sm [14],
182,184,186\ 176,18014f 157, 166Ey, 176Yb [16]. The B and R, values for the above
system were obtained by fitting the fusion data at the above barrier energies using
(1). The T values were determined by considering the data at near barrier energies

-(values lying between 10 and 150 mb) using (2).

3.2 Determination of an effective F’

The quantity F (eq. (3)) has been determined for each system considering the inelastic
excitation channels which include the low lying 2* and 3~ states in both the target
and the projectile, with no inter-couplings between them. The values of B, 4, Q were
obtained from the literature [17,18]. For each system the corresponding effective
value of the coupling F’ has been calculated as follows; At deep sub-barrier energies
the extraction of an effective value of F’ gets simplified [19]. We calculate the fusion
cross-section with and without coupling and equate this ratio to /¢ where ¢ is the
barrier curvature. For each system the quantity F' has been determined using the
code CCDEF [20,21].

3.3 Calculation of VSN

From the T values obtained as mentioned earlier the R, values were determined using

-the approximate relation

_Z,Z,¢

R, T 4

where Z,,Z, are charges of the projectile and the target respectively. For each
target-projectile combination the maximum value (V,(max)) of the sum of the shell
model neutron potentials centered on the projectile and the target has been obtained
by examining the potential energy at various positions along the internuclear axis
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" Table 1. Summary of near barrier fusion analysis projectile '°0O. The error in
"B-T is given in the brackets.

R, B R, T B-T F  Vj(max) S,/2 VSN

Target fm MeV fm MeV MeV MeV MeV MeV  MeV
1209n 96 495 124 465 3005 067 91 7-8 1-3
144Nd 100 567 126 547 2:0(04) 096 9-8 70 2:8
148Nd 97 574 126 549 2:5(05) 135 10-5 63 42
150Nd 94 573 128 541  3:2(04) 153 9-5 62 33
1448m 110 600 123 579  21(0-3) 090 12:0 95 2:5
148Sm 103 593 128 558  3-5(05) 114 9-3 73 2:0
150Sm 104 589 129 554 3-5(0-5) 128 88 70 1-8
1528m 94 578 131 545 3-3(04) 165 78 70 0-8
1548m 99 585 131 545 4005 175 79 69 1:0
166y 103 635 132 593 42(03) 193 83 7-6 07
176yb 126 641 134 602 39(05) 1-84 80 64 1-6
Y76 Hf 90 663 131 634 26(06) 182 99 7-5 24
180Hf 94 659 132 630 29(05) 166 96 68 2-8
182y 106 692 132 644 48(04) 162 93 7-4 19
184y 1007 688 133 642 46(04) 159 93 68 25
1869y 100 674 132 644 3005 147 10-0 65 35

keeping the interaction distance fixed at R, following the procedure of Stelson [5].
The average separation energy S, /2 values for the target have been obtained from
the mass table [22]. The neutron flow initiated from the projectile 1O has not been
considered here as the separation energy (S,,/2) is. 144 MeV in this case and is much
higher than the V,(max) values for all the targets considered here (see table 1). This
is illustrated in figure 1, where the result of this type of calculation is shown for the
160 + 154Sm and 190 + *4Sm systems. It can be clearly seen that S, /2 is larger
than (V,(max)) and hence it is not possible for neutron ﬂow to take place from 0
to the target. Finally the quantity

VSN =V, (max)— S, (5
has been computed.

3.4 Comparison with the data

In table 1 we have collected the various quantities B, R,, T, R, extracted along with
the F’, S,,/2, V,(max) and VSN values calculated in this work. It is interesting to
compare the R, values (obtained from the onset of fusion at the threshold barrier
due to exchange of neutrons) with the D value obtained from heavy-ion single neutron
transfer studies. The average value of R, obtained from this work is

R,=1-65(4! + A1),

This value compares very well with the average value of D obtained from single
neutron transfer studies which varies from 1-54 to 1-83 (4;/* + A1/®) [23]. In figure 2a
- the B—T values have been plotted as a function of VSN. It is noticed that the B-T
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Figure 1. Merged neutron potentials at R, for **4Sm and !**Sm + 190 systems.
The V,(max) and the target/projectile S, values are marked in the figure.
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Figure 2. . The B-T values determined for the various systems plotted against
(a) VSN and (b) F'. The straight lines represent the best linear fits to the data.
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Figure 3. The B-T values obtained for Nd, Sm and W isotopes are plotted
against F' and VSN. The straight lines are obtained using the global fit parameters
of figure 2. '

values on the average decreased with increase of VSN values but the correlation is
not as striking as found between B—T and F’. Shown in figure 2b is the plot of B-T
versus F'. From the figure one can observe a good correlation between the two
quantities, an increasing value of B—T with increasing F'. Assuming a linear
relationship between F' and BT a fit to the data was made. A straight line adeqﬁately
describes the data. A similar fit is made for the VSN versus BT data. Thefy? per
degree of freedom for the latter fit was 30%, worse than that obtained for the former
one. In order to bring out the sensitivity of the. models to the data, we have shown
in figure 3 the B-T values for a range of isotopes for a given Z and compared them with
F' and. VSN estimates. The straight lines in this figure are obtained using the
parameters determined in the earlier global fit. In general, both the models describe
the trend of B—T variation. However the coupled channel approach is superior in
describing the (B-T) data. ‘

4. Summary

In the present work, from an analysis of near barrier fusion data available for 160
interacting with several targets with mass numbers ranging from 120 to 186, it is
" found that the deduced B—T values are better correlated with the variable F’ (related
to collective degrees of freedom) than with VSN (related to the neutron flow picture).
The present results are suggestive that for 'O as projectile interacting with various
targets, the collective degrees of freedom are more important than the neutron flow
in influencing the near barrier fusion phenomenon. It will be interesting to make this -
kind of comparison for other projectiles as well. -
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