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Fusion and Quasi-El. . 't processes near the Coulomb Barrier.

Daniel Abriola
Departamento de Fisica, Tandar, Comisién Nacional de
Energia AtSmica. Avda de. Libertador 8280

1429 Buenos Aires Argentina.

1. Introduction

The enhancement of the fusion cross section below the
Coulomb Barrier has been the subject of great theoretical and
experimental intcrcstl)'a). This work presents an overview of
the phenomenon nﬁd of current tLheoretical desi:rlpt.lons.
emphasizing the relations with direct reactions.

Section 2 presents the definition and systematic
behaviour of the fusion enhancement below the Coulomb Barrier
(CB). Section 3 shows ctvhe réle of coupling to surface degrees
of freedom, namely permanent deformations of nuclei, inelastic
and transfer channels. Section 4 points out the importance of

studies describing simultansously quasi-elastic processes and

fusion. Finally concluding remarks are presented in section S.

2.Systematic of fusion enhancemsnt below the barrier

The fusion cross section is given clasically by:

2
uRB CI-VB/E) for E > VB
a‘. - c1d
(o] for E £ VB

vhere VB is the Barrier height , RB itz radiux (see Fig.1),

and VICr) iz the effective potential:

ViCrD = Ve e Ve e 11 412202 2

Considoering quantum-mechanical barrier penetration one

has:
2 ©
o = - L Ca2l+1) 1'1 4 )]
1=0
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The transmition coeficients T, might be evaluated directly

1
svlving the Schriédinger equations or by making use of the WKB

spproximations {.e.

TICE) =1 7 C1 + exp Sl(E)) <4

and

2,12

S,CE> = <8 p /£ 72 4

.rr"o v, cry-pt r s

N 1
The one-dimensional barrier penetration model, used with an
snergy—-independent nuclear potential VnCr) that adjust the
fusion cross sectionz above the barrier performs nicely for
1ight heavy ions . On the other hand, for 200 < Z21.Z22 < 1100
there is a systemat.c enhancement of the fusion cross section
data below the barrier with respect to one dimensional barrier
penetration calculations.

In an attempt to study the systematic beh;viour of the
fusion enhancement Vaz el 313) have parametrized the
transmition coeficlents {n terms of Wong’'s model:

Tl =1 /C1 + axpCEnCVICRl)-E)/h ul) e

with

e 12 <7

2 2
i3 w, = th~/u d°VCr,1d/dr |'u )

where R, , VICRl) Cgiven by C2)), and A w, are the position,
height and curvature af the barrier, for the th-wavo.
They adjusted Vn to fit the fusion data above the CB and
introduced an energy-dependent parameter AR to be added to
the nuclear radius. They fitted all the fusion data available.
and obtained a symtematic increase of AR with decreasing
snergies as presented in Fig.2. They con.lude that there is an
enhancement of the nuclear attractisn Cor dynamic nuclear
polarization) that 4is a general phenomenon in subbarrier
fusion.

There are, however pronounced differences between

1sotopes that point out the relevance of the intrinsic degrees

of freedom as it 1s reviewaed in the next section.
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3. Intrinsic degrees of freedon

3.1 Static deformation

The fusion cross sections migth be enhanced due to a
lowering of the CB caused by static deformation of the target.
This effect has been studied in Ref 4) and more recently 1"_
Ref S). It arises from the gain in fusion probability due to a
lowering of t.h.e CB in a collision with a prolate nucleus

having the deformation axis parallel to the beam direction

(see Fig.3). In Ref.5 the fusion of 120 plus the spherical

‘“Sn is the starting ground to find a “"basic"” or “bare”
barrier over which the inclusion of the deformation of the
other Sm isotopes by means of Wong’s model suffices to fit
their fusion cross section data Csee Fig 40, Therefore, in the
100 + ASm system, the simple static deformation of the target
describes the subbarrier fusion; a similar conclusion |is

found, in Ref.2 for the system *Car + Asny.

3.2 Vibrations

The effect of coupling to surface excitations might be
schematically studied by means of radius fluctuations due to
zero point motion C(ZPMD: the system radius R= RL + R2
fluctuates due to surface excitations given by the standard

deviation akCRlea) which is related to the BCEA) value of tLhe
2)

excited state by “:
o, = (R/ZA+D] [CA*L) e > Y il )

wvhere BCEA) {s in W. U. ¥Within the framework of this model,

0 40

Reisdorf et al measured fusion in 4“',Ar + Sn and Ar + Sm

and removed the trivial geometric effects in the different

izotopes by scaling the energies and cross sections as:

" 2 o
of = o, CRQERY ana E¥ =E__ cvivp )

vhere R; and V; are the possition and height of the barrier
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tfor the reference sy:tem. They used a nuclear potential 9i ven

s o T

by!?
V(s) = VN R1a expl -s/d) C10). 3
where s = R-CR1+R2 Ciyy - 3
o
and R12 = R1 R2 ~ R1+R2 c12y ?
]

A fluctuation in the system radius oCR1+R2)> will produce a
fluctuation of the barrier oCVy). The effect of adjusting
“CRL+R2) and VB iz shown in {'iy ' The zero point fluctuations .;.:‘-: ,4
found were in agresment with the values expected from tLhe .

theoretical values extracted from the known BCEA) values.

Ry

This model, however, assumes that all levels are

A

Jegenerate. This is 2 reasonable assumption for rotations
where the mean excitation energy is small compared to hw , but
is not the general case for vibrations. A more exact way to
asses the influence of the vibrational degrees of freedom is
to perform Coupled Channels Calculations (CCO).

The coupled channels equations:

(a2 dr® -1 ¢l MIAE -y Pt L k83 p Iy -
- § a o a a
-=f v R e
n a3 3

are solved with a CCC computer code and the fusion cross

section is evaluated from:

o +

4 o 2
reac ™ ainel = gk r (81a+1) c1-|sl (E)' J C14)

o
r la

where SLCED is the coupled channels S-matrix.

An example of CCC is the analysis of !‘uslon' in 385
+24'2°Mg performad in Ref 7. where a good agreement with the
experimental data is obtained by using a “bare” potential
taken from systematics C(the Akyuz-Winther potent.al) plus a
coupling the first excited states in both projectile and

target (see Flg.8).
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3.3 Transfer degrees of freedom

Still another way to enhance fusion is the coupling of
the relative motion to transfer channels with positive
effective Q-values. In fact those reactions increase the
kinetic energy 1in the outgoing channel thus easing the
tunnelling throught the barrier. An example of such an effect
is seen in Fig.7 where the fusion data 8 of different
isotopes of Ni + Ni are displayed. One can see in the reduced
plot that the channel that presents a positive Q-value is
enhanced at low energies by a factor of around 20 .

Dasso et 119) have shown, making use of a schematic
coupling model, that coupling to negative Q-values channels
Ceither transfer or inelastic) also enhances the fusion cross
section.

Naively it is expected that if a particular transfer
channel is an important doorway to fusion, the cross section
of that direct reaction channel should be relatively
important. In fact for the previosly mentioned system of the
Ni isotopes this seems to be the case as might be seen in
Fig.8. Here the 1in pickup is enhanced in the BBN.I + “m

system as it ix the fusion cross section.

Another argument in favour of such correlation |is

preszsented by Rchmlo, . He shows that there iz a correlation

between the zero-point fluctuation needed to explain the
obxerved enhancements in several systemx, with the cross
section for neutron transfer Csum of stripping and pickup);
this iz shown in Fig. O.

The relative importance of coupling to transfer channels
with positive Q-vaiur Lo the coupling Lo streong transfer
channels regardeless of Q has been addressed by Henning et

110

al using a schemmatic two channels coupling model. It is

shown that: ad) if the coupling strength between the channels
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is constant as a function of Q-value, the fusion enhancement
factor increases for positive Q-values, b) if the transfer
cross section s constant azx a function of Q-value the
enhancenent is large for large negative and poxi’ive Q-valueg
and ) in a more realistic case, {f the transfer cross
sections have a bell shape centered arround a Q-optimum, the
enhancement factor has also a bell shape centered arround

Q-optimum. Stuch calculations are displayed in Fig.10.

4. Simultaneous description of Quasi-Elastic and fusion
processes.
The first attempt to simultaneocusly describe elastic,

inelastic, transfer and fusion processes was performed in 1083

by Pieper et a.lla). It was a coupled channel calculation for
the 18O + aOel’b system, with a potential chosen to describe

the elastic channel. Simplifications weres made to evaluate the
coupling to the transfer channels. The results are in genarai
agreement. with the data although several discrepenciex remain
as seen in Fig.11.

An alternative to the complicated and sometimes
unmanageable coupled channels approach, at least regarding Lﬁ.
elastic and fusion reactions, is the use of the dispersion
relations which correlate the real and imaginary parts of the
optical potentials., In fact Mahaux et .113) have shown that
near the Couiomb Barrier the i({maginary potential should
decrease with decreasing energy due to the closing of the
reaction channels, the dispersion relation change.' in turn the
real potential as a function of tLhe energy. Fig 12 shows the

values of the real and imaginary potentials for the 1'GO +

aoe?b system which describe the elastic data at different
energies, The solid lines are calculations performed with the

schammatic form of the dispersion relations:

v = V. + AVED ($5-4

Rs 0
-182-
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with

y AVCE) = 'Io/rt [‘alh"a' - cb.ln|cb|l ae

vhere
€ = E-EL/Eb-Ea a7
Ege E,» and ¥y are indicated in Fig.12-a). When the real part

of sSuch a potential is uysed together with a short range

imaginary potential 13.7 the fusion cross section results in

! goord agreement with the data (see Fig.12 b)),

In the Tandar Laboratory at Buenos Aires the elastic,

f’mclast.l.cl‘) and transfer scau.erlngls) have been measured for

i
: the 1°O + 1445:: systen. Fig.13 shows the best adjustemsnts to

r.|.hc data obtained with energy-independent potentlals, whosze

parameters are shown in Table 1 .
i
Table 1

Values of y“/point.

Potentials RPl : V=193 MeV, r°'1.33 fm, a=0.287 f'm

RP2 : V=224.2 MeV, ro-i..?'.’la fm, a=0.8 fm
. RP3 : V=102 MeV, ro-i.z‘? fm, a=0.412 fm
E CP2 : See Text.
3 - Potential Angular Distributions Fuzion
? 72.3 MeV 0.2 MaV
‘; RPL 0.019 2.343 3.1 10%
| RES 7.960 21.13 8.97
: RP2 4.308 17.e4 7. 40
crP2 0.620 1.033 4.54

- — N —ATe AOn e we s n

It is seen, comparing with the calculated fusion cross

lection displayed in Fig.14 that with energy—independent

—t—

-

i Potentials ix not possible to obtain a simultaneus adjusiment

. elastic and fusion data. On the other hand the energy

-r
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dependent potentials shown in Fig.13 allow a good simultaneus
description of elastic and fusion data az migth be seen from
the wvalues of za/po.lnt. presented in Table 1. This appreoach
should still be useful in coupled channels calculations since
it should inciude in an average way the effect of truncation

of the channel space.

8. .'Concluding remarks

The fusion enhanhcemsnt below the Coulomb Barrier |is
correlated with static deformation of the nuclei and coupling
to peripheral reactions, The direct reaction theory appears to
account for the phenomsnon, al though still in a
senl ~-quantitative way.

From the theoretical side more reliable CCC are needed
with realistic treatment of Lhe transfer channels (Frescol and
better adjustement of the Quasi-Elastic data . From the
experimental point of view the measurement of detailed
quazi-elastic scattering cross sections in the vecinity of the
Coulomb Barrier for systems in which the fusion excitation
function is known, is essential. Such measurements should
provide a stringent test to energy-dependent potentials and ‘t.o
CCC; they are in progress in several laboratories, among

others Legnaro (325 + %:84y,5 ga0 Paulo ¢ + 8%:%5,>, and

Buenos Alres ¢1%0 + 144, 148,
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Figure Captions.

Fig.1~ Effective potentia, and Barrier Parameters

Fig.2- Change in the nuclear radius nesded to adjust the

fusion crosz sections.

Fig. 3~ Barrier fluctuation due to different orlentations in

the colli.ion of a spherical proyectile with a prolate

target.

Fig.4- Fusion crozs sectiony for the system %0 + Agn. solid

Fig. 8~ Fuztlon cross sections for Lhe xystems

curves are fils Lo the dalta using ¥Yong’'s model.(Taken

from Ref.®D

AO“_ » 1228" and

i

‘ohr s e"Sm. Full curves are Lwo parameter fitz to the
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data, described in tLhe text, the dashed curves are
calculations with the same nuclear potential, but
without barrier fluctuations and static deformation.
CTaken from Ref.8)

Fig.0- Calculations of the fusion cross sections for the

systems 325 + aeug and 325 + a‘Mg. CTaken from Ref.7)
Fig.7- Fu.lon cross sections for the systems “°ONi + SONi, oNi

+ MNL. and &NI + MNI. CShown schemmaticaly in a

reduced scaled

Fig.8- Comparison of the crossz sections for. fusion reactions
and neutron transfer reactions in the syxtem=s

58"1 + Bem and SBNI + 84"1_ CTaken from Ref.10)

Fig.9- Amplitude af the 2PM croctm) necessary to describe the
enhancement of the fusion cross sections piotcd vs. one
neutron transfer cross section. (Taken from Ref.10D

Fig.10-Subbarrier fuilon enhancement factor, calculated i{n
the two channel mixing limit as a function of the
guasi-elastic reaction Q-value. C(Taken from Ref. 11D

Fig.11-a) Elastic differential cross section for 16() * ZOBPb.
Solid curves are CCC, Dotted curves are reszults with no
couplings. b) Total cross sections for the 160 + zoe?b
system. Scolid curve and squarexs are fusion; dashed
curve and crosses are total quasi-elastic; dash-dotted
curve and dots are the cmo. 15N:) reaction, The dotted
curve ix single channel fusion. CTaken from Ref.12)

Fig.12-a) Dispersive corrections for ”BO + aoan . The
potentials are evaluated at n’-an fm. b)Y Fusion cross
zsections. Solid line is a calculation using a barrier

penetration model with Lhe real potential zhown in a)d.

CTaken from Ref.1i3)
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Fig.13-Elastic scattering for the system 180 « 4o at E, ap"

b
$S9.2 MeV and 72.3 MeV. Lines are Optical Model fits
with the potentials displayed in Table 1.
16 144
Fig.14-Fusion cross sections for the system o + Sm. The
line have the same meaning as in Fig.13.
10 144
Fig.1S-Dispersive corrections for o + Sm. The potentials

are evaluated at Rs- 11.8 fm.
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