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ABSTRACT - We measured seven elastic angular distributions and

the fusion excitation functions for the 14N + 27A1, 14N + 28Si

and 14N + 29Si systems within the energy range 1. 1<ECM Ag<2 - 5

The experimental fusion cross sections "ere superestimated by

che simple one-dimensional barrier penetration model, with a

"frozen" nuclear proximity potential. Through an effective

variation of barrier height, we calculated the energy dependent

corrections necessary to fie the data. These corrections showed

an "anomalous" behaviour ir. the above-barrier energy region The

corresponding imaginary potential parts were then constructed

through the use of dispersion relation.



1. - Introduction.

In the last years, a great aoounc of fusion excitation

functions for light and medium weight systems were measured ', yielding

a natural division into two energy regions in the popular V ^ C M P^ot-

One of then, so-called region I, extends fron roughly 1.1 to 2.0 tines

the Coulomb barrier energy. In Chis region the fusion cross section

accounts for most of the total reaction cross section. It has been

considered that the fusion in this region is governed only by the

properties of the interaction barrlei of the entrance channel '. In the

other region, extending up from r \ -, the Coulonb barrier (so-called

region II) the data show that, tight systems such as the ones

presented here, the fusion cross •>: ion decreases or remains roughly

constant with increasing bombar>il f energy, while the total reaction

cross section continues to rise, u heavier systems, the fusion cross

section still increases, as ene i increases, but such more slowly than

the total reaction cross section.

Until now, the strong limitation in light nucleus fusion in

region II had basically two kind* of cencacive explanation: the entrance

channel models and, alternatively, the compound nucleus models. In the

former, the fusion cross section Is explained in terms of the general

characcerisclcs of the interacting nuclei In the entrance channel.

Through the explicit or implicit use of both conservative and

dlssipacive forces these models account for most of the gross features

of the fusion excitation function1^. There Is the critical distance

model ), the critical nuclear charge superposition model ', the critical

nuclear mass superposition model'', tha flnit fri-tion model \ the



extra-push model ', and the dinucleus doorway aodel . In the latter,

the fusion cross sections are explained via two kinds of compound

nucleus models: (1) the extreme yrast line model8* and the statistical

yrast line aodel ' both of which assume that there is an angular

momentum limitation imposed by the compound nucleus; and (2) the

Vandenbosch model ' which assumes a critical level density in the

compound nucleus, for each angular momentum that contribute to the

fusion, so that a superposition of levels is guaranteed.

Nevertheless, in spite of the large amount of fusion

neasurenents in light systems, and the large amount of theoretical

tentatives to explain the fusion cross section limitation in region II,

this region is sri.ll not well understood. Since the deep inelastic

collisions appear to be the dominant channels competing with fusion in

region II ' \ a large amount of direct process measurements will be

necessary r.o understand the origin of the fusion limitation in this

region.

concurrently with the above, there has been much effort

concentrated in the study of the fusion between two heavy lens at

energies near the Coulomb barrier (region I and below). In this energy

region, the fusion cross section of several systems are much larger than

those predicted by a simple Barrier Penetration Model (BPM)12-* .where the

nuclear potential used in the calculation is determined by the

experimental data above the barrier. This fusion enhancement has been

successfully predicted by calculations that couple the fusion

directly to the non-elastic channels*'" \ which, in spite of being

energetically closed at these energies, can favour fusion through

virtual excitations. The global effect of these couplings can be



represented by a renornallzatlon of the unidinensional, real barrier

potentiaLl5"16).

More recently, it has been shown ' that a siapLe BPM Is

adequate co exhibit the fusion enhanceaent due to the channel

coupling, if the threshold anomaly Is considered. These studies take

into account the overall effect on fusion due to the coupling with all

possible direct non-elastic channels without extensive computational

calculations.

On the other hand, V.L.M. Franzin and M.S. Hussein18^

proposed a slightly different y to treat the heavy ion fusion

enhancement. The fusion cross section, op, is given by the following

partial wave sun representation

TF(VB+AV
F) (1)

A-0

where Vfi is an appropriate static, energy Independent barrier and

the transmission coefficients are given by the Hill and Wheeler

expression

F F Í \U F * 2 ( £ +T ) 2 II' 1
Tj(V,*AVr) - \ 1 • exp — <VAVr(E) + - E) \\

(2)

where Rg and fiu are the position and curvature barrier, respectively,

and they are taken to be energy and angular aonentua Independent for

sake of simplicity. By extracting the energy-dependent correction to

the "frozen" proximity potential used In a one-channel description of



fusion, they constructed the corresponding Imaginary component of the

interaction potential, using an inverse dispersion relation:

P f avF(E')

* J E'- E
AWr(E) dE' (3)

* J E'- E

where P means the principal value of the Integral.

We turn now to lighter systems. Can we apply that heavier

system potential analyses for lighter systems? What we can learn about

the light system potentials using the dispersion relation? To be more

specific, we consider here the 14N • 27Al, U N + 28Si and 14N + 29Si

systems which are presented in this work. For our measured systems, we

observe that the experimental fusion cross sections are overestimated

by the BPM, when a "frozen" nuclear proximity potential (determinated

from above barrier data) is used. In other words, following the

language presently used for heavy systems one can say that there is a

fusion hindrance in these light system: it energies near and above

the Coulomb barrier (where experiments, data are available).

Our experimental data were analyzed with a refinement of

the method proposed in ref.18, and our AVF(E) and AUF(E) values,

obtained from the experimental data, also exhibit an "anomalous"

behaviour at energies near the Coulomb Barrier. Ic was also possible

to connect the theoretical fusion values AUF(E) with AWD(E) values

related to non-elastic direct reactions.

This work is structured in the following way: in Sec.2 the

experimental procedure is briefly described; Sec.3 Is dedicated to

the presentation of the measurements and the results obtained; in



Sec. it we discuss the net hod used to extract the AV (E) value* from

our experimental data; in Sec.5 we present the determination of the

inaginary potential variation through an inverted dispersion relation;

Sec.6 Is dedicated to discussion of our result*; and. finally, Sec.7

Is a summary.

2. - Experimental Procedure.

For these measurements we used a N beam extracted from

the Pelletron Accelerator of the Universidade de Eào Paulo ' the

27Al, 28Si and 29S1 targets (isocopically enriched to 99.99») had

nominal thicknesses of 70,30 and 30 Mg/cm , respectively. The SI

targets were supported on 20 /ig/ca C foil, and every target

had a 2 jig/era Au layer C was the main target contaminant.

Reaction products were identified by a E - AE proportional

telescope: the residual energy signals were produced by a surface

barrier detector with lOOpa of nominal thlchnesse and the energy loss

signals were produced by proporcional counter with 10 Torr of P-10. In

addition to beam Integration, one solid state detector was fixed at

15° to provide an alternative normalization with elastlcally

scattered events.



3. - Measurements and Result*.

A. Fusion Croas Section.

A typical two-dimensional E - AE spectrun for the system

14N + 29Si is shown in figure 1. In spite of large Z < 13 fusion

residue production, due mainly to the C backing, identification of

residues Z > 13 is easy, except in a small lower E region of the

spectra where Z Identification is iarpossible with this kind of

detector. In these cases, the contaminant counts of N • C

fusion were measured separately for some energies and the Sc residues

delimitation could be estimated in those regions. The contaminant

free region of the spectra always accounted for more than 95X of the

total fusion counts.

In the N + Al spectra, with self-supporting aluminum

targets, the Z<13 residue counts are neglegible and the **Ca residues

Identification was made without difficulty.

According to statistical nodal calculation (code LILITA20')

for Sc evaporation, with the aaxlnua excitation energy of our

measurements, the probability for the Z - 13 residue production is

smaller than It.

The uncertainties in the absolute values of the total

fusion cross section are due to counting statistics (IX to 41); to

the contaminant superposition estimated in the 2 8 > 2 9Si cases (<5X);

to charge integration (<3X); to solid angle and target thicknesses

(<5X); to the extrapolation of the angular distribution to unmeasured

angles (<3X); and, in the monitor normalization cases, to the monitor

counting statistics (<3X) and to the nonltor solid angle and target
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thicknesses (<3Z). The total uncertainties in the absolute fusion

cross section were estimated between 4X and 91.

Seven fusion angular distributions were measured in the

angular range 2.5° < >LAS < 40° in steps of 2.5° and 5°. The fusion

excitation functions were completed at only one angle measurements

(*LA]j - 7.5°). The fusion excitation functions for the studies

systems are shown in figure 2.

B. Elastic Scattering.

The angular distributions for the elastic scattering were

measured simultaneously with the fusion measurements in the forward

angles (*US,B<Í'0O) and with silicon detectors at larger angles. Th.

angular distributions are shown in figure 3 where Che lines are £i~s

with the optical model using the paraaeters of table I. At cu:

bombarding energies, these paraneters are energy-independent.

4. - Extraction Of AV'(E) Correction From Experimental Data.

A. The Nuclear Potential Choice.

The expressions 1 and 2 were used to obtain the empirical

value AVF(E). where we considered the position and curvature barrier



dependencies on the angular nonencun, to be evaluated by calcu-

lating

— |UN(r) • Uc(r) + — | - 0 <4>
dr

r -

, h z f<*2 r * zi(»i)ii
and d*,t)

2 - - \- UN(r) • Uc(r) • —\\ (5)

where UN(r) and Uc(r) are the nuclear and Couloab potenciais, respec-

tively, <i is the reduced «ass ano Rfl , is the Couloab barrier posi-

tion corresponding to the I partial wave.

In heavy systems, the nuclear potential deternination in

these analyses is easy: one particular type of nuclear potential is

chosen and its geometry is determined through the fitting of the

above-barrier experimental data (where virtual excitations of non-

elastic channels leading to fus — are negligible). In light systems,

that high-energy reference choic is a little more delicate. For

exaaple, a direct comparison of the three systems that we studied

reveals that above Ec(i = 35 MeV the * N + * Si excitation function

differs from the l S + 27Al, 29Si «ystems, and it lea-s to « maximum

fusion cross section 150mb greater than the other two systems.

Therefore, the geoaetry of the proximity potential that we used was

fixed by fits of the experimental data at energies around twice the

Coulomb barriers ( E ^ « 35 MeV), where we expect that the principal

non-elastic channels are already energetically open and the phenomena

responsible for the fusion limitation (in the so-called region II of
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the excitation function) are still not very inportant. These fics were

obtained with AR - 021^ for the three systems and Che BPM results with

these proximity potentials are given in figure 2 (solid lines). Ue can

stace Chat, contrary to the heavy system cases, these light systems

exhibit a hindrance of fusion with respect to the BPM prediction at

energies near and above the Coulonb barrier.

B. The Method Of &VF(E) Extraction.

The Uong model ', with the parameters of the table II, pre-

dicted the experimental results nicely, as seen In figure 2. In order

to simplify. we used the Uong predictions with "data" (with a snail

extrapoi.. on in the lower energy region). Using expressions 1-5 we

calculated the empirical values AV^(E) that equalize the BPK result

with the ata for each energy. Obviously, the BPM predictions with

the energy dependent barrier coincide with the Uong fits in figure 2,

and che correction values AVF(E) responsible for these fits are shown

in fig 4.

Figure it demonstrates the presence of an "anomalous"

behaviour in real potentials at energies above and near the Coulonb

barrier (-20 MeV), such as the anonaly observed in elastic scattering of

several systems"', in spite of the opposite sign. Besides, we can

see in figure 4 that the AVF(E) of the l4N + 28Si system shows an

energy variation sharper than that for **N + Si, It Is even sharper

than the AVF(E) energy variation for the 14N + 27Al systen. As we will

see later, these differences could be associated with different target

deformation parameters.
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5. - Theoretical Values Of AW (E).

Ue used the Inverted dispersion relation (eq. 3) proposed

in ref.18 In order to calculate the variation of the imaginary poten-

tial part responsible for the flux absorption in the fusion channel.

That integral vas solved with the aid of AVF(E) polynomial fits

suggested by Mahaux et al .

AVF(E) -

E<E.

(6)

where bB, Ea and E^ are constants easily determined through polynomial

fitting of AVp(E) values in figure 4. In this way, equation 3 becomes

simpler 18).

I
a-1

I

b B(E-E a)
a In

E - E.

m-1

(7)

B-l t-0

where A - Tb - Efl and a three degree pollnomial was used.

The results of the formal expression for the studied sys-

tems are shown in figure 4, where we can also observe an "anomalous"

behaviour, in spite of the Inverted sign with respect to the threshold
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anomaly exhibited by elastic optical potential of the other

Therefore, our light system experimental data indicate that,

while the real nuclear potential becomes more attractive, the imaginary

potential part (responsible for the absorption of the flux that

penetrates the barrier) becomes less absorptive with the bombarding

energies above the Coulomb barrier.To understand this decrease in the

imaginary part at energies above the Coulomb barrier, it is necessary

to analyze the structure of the entire imaginary potential that úcts

during the ion interaction.

6. - Discussion.

For a given optical potential ' of the type Ua - Va + iW^,

che total reaction cross section is given by the expectation value of

W

*

* R - -<2/hv) <Xa
(+)\ Wa | xo

(+)> . (8)

that computes the total flux lost from the entrance channel a, where

X. ls th« relative-Motion outgoing-wave solution for channel

a (generated by U ) and v is the relative velocity in the channel a.

Since t7R - Up. + cD , where <Jy is the total fusion cross

section and on is the total absorption cross section in non-elastic
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24)(direct) channels, one can postulate

wo - w F • w D

where Up is associated with the fusion process, and Wn with the non-

elastic direct ones. Since the optical model analyses of the elastic

scattering data give the whole value of the W# (and V a), only the

elastic scattering data can not be enough to reveal the mechanism

responsible for the elastic optical potential anonaly. This aim can be

attained if the elastic data are analyzed in conjunction with fusion

or non-elastic reaction data.

It: our studied energy regions, in spite of the lack of

elastic experimental data in backward angles (figure 3), the optical

model analyses reveal that the U are energy independent for all

three systems, if the potential geometries are kept constants. So,

we can write that AUyAE - C. And, with the aid the equation 9, we

can say thai for our especlfic cases.

(10)

In spite of the energy independence of Ŵ , the individual

pieces Up and W^ have an anomalous behaviour at energies above the

Coulomb barrier that mask each other and can not be observed in W(.

Figure 5 shows the sums W+-U n (that would have the energy variation

on che direct imaginary potential, W n ) , which show the same anomaly

displayed by the elastic imaginary optical potential of several

systems ' Z ' . This behaviour Is expected: with the energy Increase



above the barrier more and more direct channels have been opened

and the Up part must be more absorptive.

Following this point of view, the elastic optical potential

for these light systems at energies near the Coulomb barrier could

exhibit an "anomalous" behaviour if Wn IS negligible (all non-elastic

direct channels closed). So, the W energy dependence could be used

as an indirect indicator of the existence of open non-elastic channels

at sub-barrier energies.

Finally, we can also see in figure 5 the different absorp-

tion increases among the systems as the energy increases. This

behavior is consistent with the different target deformation parameters.

The larger deformation parameter of the 14N + ^ Si system (0^—0.42)

could facilitate the direct rotational excitations, and this could

explain the more rapid increase of the direct absorption in the

N + Si system compared to the other systems. It would be

interesting to measure the inelastic scattering in order :o verify this

theoretical result. It would also be necessary to obtain

experimental data for the other non-elastic channel to confirm our

theoretical results.
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7 . - Summary.

Using a 16N beam extracted from the Pelletron Accelerator

of Universidade de Sao Paulo, we measured fusion and elastic

scattering in the 14N + 27A1, 14N + 28S1 and 14N + 29Si systems,

within the energy range 1.1 < EQJ/VJJ < 2.5. With an appropriate

definition of an energy reference. we fixed the "frozen* nuclear

proximity potential to be employed in the one-dimensional barrier

penetration calculations. We found that these systems showed a

hindrance of experimental fusion cross sections with respect to the

BPH results. In order to fit our data with the BPM, it was necessary

to make energy dependent correction of real potential barrier heights.

These empirical corrections showed an "anomalous" behaviour at

above Coulomb barrier energy region, with the same characteristics of

the anomalies observe in heavier systems, despite the opposite signs.

So, we used an inverted dispersion relation to calculate the

variation on the iras -ary potential part related to fusion processes.

Obviously, those real potential variations were related to this

fusion imaginary part of the potentials by the dispersion relation.

But. in our case, we could not observe these variations in optical

potentials obtained froo the elastic scattering analyses. It was

suggested that this is due to complementary behaviour of two imaginary

potential pieces, responsible for flux absorption in the fusion

channel and in non-elastic direct channels. This complementary

behaviour can be understood as a flux conservation imposition.

We were able to infer what could be the variations of direct

imaginary potential pares, and we found that they present an
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"anomalous" behaviour sinilar co the threshold anomalies observed In

the optical potencial of several systems. Despite the differences among

the deduced direct imaginary potential parts, they are, however,

consistent with different target deformations.
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FIGURE CAPTIONS

Figure 1. The E « 4E spec crua for the
ELAB ' 5 6 H e V a n d S1M ~ 7 5 °

l4N + 29Si systea at

Figure 2. Experimental fuslo; cross sections. The solid
lines are the barrier penetration aodel prediction
using a proximity potential with AR - 0. The dotted
lines are the Wong fits with rhe parameters of
table II, and they are coincident with the bar-
rier penetration model with the energy dependent
corrections on barriers.

Figure 3. Elastic
for 3)

scattering angular
" I b U 2
" A I ; bb)

distributions measured
}S1; and c) 14N + 29Si

systems. The solid curves are best fits obtained from
optical model calculations using Che energy independ-
ent pocencials of cable I.

Figure 4. The energy dependent correction to barrier heights
necessary to fit the data with BPM; and
the calculated energy variations of imaginary poten-
tial parts related Co the fusion process.

Figure 5. The calculated ' aginary potential parts related
to the direct reactions.
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TABLE I - Energy independent paramet? used in optical model

predictions showed in f igare -; .

> » N + 2 7 A 1

1 *• 2 0 •

7

8

7

RB(F)

.39+0.

.46+0.

.91+0.

08

08

09

V

16

20

19

B(MeV)

.8+0.

• 0+0.

.0 + 0.

2

1

2

-hu(MeV)

3

3

4

6+1

4 + 1

3 + 1

5

2

6

eNitrog

0.0

0.0

0.0

SAlvo

0.0

0.42+0

0.3^0

13

2

TABLE II - Parameters used in Wong calculation showed in figure 2.

The errors reflect fit sensibility with the parameters.


