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Toward a global systematic analysis of sub-barrier fusion enhancement
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A global systematic analysis relating the asymptotic enhancement of sub-barrier fusion cross sections with
the product of the coupling strength times the value of the Coulomb barrier is presented. It is found that all
systems involving static deformations, inelastic excitations, and transfer degrees of freedom, follow the same
systematic trend. In the analysis, the Coulomb barrier plays a central role in amplifying the relevance of the
couplings associated with a particular degree of freed@0556-28188)51106-5

PACS numbsgps): 25.70.Jj

Fusion cross sections between heavy ions, at bombardingarticipating nuclei and the main inelastic and transfer reac-
energies near and below the barrier, show large enhancéon channels for each systefinelastic excitations with
ments relative to the predictions of a one-dimensional barrielarge coupling strengths and transfer channels with positive
penetration model. Early attempts to find a global interpretaQ Values. The values of the deformation parameters and the
tion of the fusion process have focused on extracting fusioﬁlectromagnetlc transition probgblll_tles for the lowest excited
barriers and testing several theoretical potentigls-3]. states of the target Qnd/or projectile nuclei for each system
Simple parametrizations of measured fusion excitation func//ere taken from the literatufe 3—13. Wf prelsSent an analy-
tions in terms of gross nuclear properties have also beep/> ?I sixteen difefereln‘lt systems: |—16e+ 1455”‘ [16],
published[4—6]. More recently considerable progress haslGO”Lm48m (17,18, (1)+ SlSGm [18,19, 160+1725m [19],
been achieved in the understanding of these enhanceme +1845m [18_126(1 2:O+ %Er [21]2!8 _OJ %b [21],
by including the internal structure of the participating nuclei 280_+ 156W [18], (3)2"" gh [22,23, 33'2"’ 21C5:e [24,25,
in the dynamics of the reaction through coupled-channel cal; S_|+124Sm [26], oo ;Ba [24,25, oF Em [27],
culations[7,8] and the interacting boson modgd]. In the Ti+75n[24,28, “°Ar+%Sm([28], and**Ca+'*0s[29]. |
present work, we propose a global systematic analysis relat- An instructive way to visualize the effects of coupling in
ing the magnitude of the asymptotic enhancement of the suibe enhancement of the fusion cross section with respect to
barrier cross sections with the product of the values of thdhe one-dimensional penetration model has been proposed by
Coulomb barrier and the values of the coupling strength necYandenboschi7]. It consists in taking the ratio of the experi-
essary to account for the fusion cross section. In our analysighental datagy,s, to the corresponding values of the predic-
the value of the Coulomb barriev,,, acts as an amplifier on tions of the one-dimensional calculation with no couplings,
the coupling strength of a systefassociated with static de- fus - Operationally,of is obtained in the following man-
formations, inelastic excitations, or transfer reactipng.,  ner: (1) performing the calculations by first adjusting the
for a nucleus with a quadrupole deformatip, the bigger ~ barrier parameteréVy,, R, fiw) and including known val-
the productB,-V,,, the larger the sub-barrier fusion en- ues of the coupling strengtiigermanent deformations, in-
hancement. All the systems studied, which include case€lastic excitations, and transfer reaction channelsrepro-
where static deformations, inelastic excitations, and transfefluce the experimental fusion cross secti®); turning off
degrees of freedom are involved, fall nicely into the samethe coupling strengths to obtaimys, which is the fusion
systematic trend. cross section predicted by the one-dimensional barrier pen-

We have investigated an extensive set of available data ogtration model without couplings.
fusion cross section excitation functions and compared them Figure 1 displays a set of existing data on fusion cross
to thesametheoretical model. A simplified coupled-channels sections for different systems normalized as explained
code,ccmob [10], has been used to perform all the calcula-above. We can see that the experimental fusion cross sec-
tions. This code is a modified version of the cateber[11]  tions are increasingly enhanced as the bombarding energy
which can treat static deformations and couplings to inelasti€. , , decreases below the barriép. Well below the bar-
excitations and transfer channels. The nuclear potential useter, these enhancements seem to remain constant. The lines
in the code has a Wood-Saxon shape and together with thia the figure represent the fusion cross sectioffy’, ob-
Coulomb potential determines a parabolic barrier charactettained by performing the coupled-channel model calculations
ized by three parameterg;, (heighy, R, (position, andAiw  [10,11 when the corresponding coupling strengths of the
(curvature. This model has been extensively used in describtarget and/or the projectile are included.
ing (mostly successfullya large number of fusion excitation In order to quantify the fusion cross section enhancements
functions[12]. In our coupled-channels calculations we havewe find it useful to define the concept of the asymptotic
included quadrupole and hexadecapole deformations of thenergy shift(AES), AE;, as
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FIG. 1. The ratio of experimental fusion cross sections to the . .O“I Isml oy
one-dimensional penetration modely. The lines were obtained 0 5 10 15 20 25 30 35 40
using a modified version afcDer, including permanent quadrupole BV [MeV]
and hexadecapole deformations, inelastic excitations, and transfer ff b

degrees of freedom of the target and/or the projectile. FIG. 2. An asymptotic energy shift, defined in Bd) and ob-

tained using coupled-channel calculations described in the text, as a

ho |ofdE . . ,
AE=~21n Luns cm) . for Eg <V, (1) function of the producBV,. The dashed curve is drawn to guide
2@ O-fusc( Ec.m.) the eye.
This definition is identical to the AES introduced by Aguiar Rigt
etal. [6]. We can see in Fig. 1 that the extrapolated AEt“ﬁzva_b- ®)

asymptotic enhancement varies from 1 td“1@e can also

notice that for a given targef>Sm, this enhancement in- Therefore, we see that following this heuristic argument, one
creases as the mass @rof the projectile increases. The would expect that for systems where the quadrupole defor-
increase in the magnitude of the enhancement for more synimation is the dominant degree of freedaE, will be pro-
metric systems was noted in early studies of sub-barrier fUportiona| to the producﬁzvb_ This physica| picture can be
sion[4]. However, this connection has not been clearly idengeneralized for the case in which both the projectile and the

tified with the relevant physical processes or this trend haﬁarget have permanent quadrup0|e and hexadecapo|e defor-
been associated with an onset of more exotic degrees of fregqations. Following Vandenbosg¢B0] we can define

dom such as neck formatidé].
In order to understand the trend observed in Fig. 1, let us
Bei=

2 2
consider the case of a system consisting of a spherical pro- + , (6)
jectile and a permanently deformed target, characterized by a
guadrupole deformation parametg8s. The average varia-
tion in the interacting potentiaAV,,, produced by a defor-

mation in the target, is, to a first order, given by

E IBproj Rproj
R

ZlgtgtR_‘gt
"M Ry

whereR,,; andR are the radii of the projectile and target,
respectively, and is the multipolarity of the deformation.
Figure 2 displays the values &E; versusBq4V,. For

AV. AR each system, the values of the asymptotic energy shift, de-
b e (2) fined in Eq. (1), were obtained from the coupled-channel
Vb Ry calculations described above, while the valuegBgf were

- ) calculated using Eq(6) with values of the quadrupole and
The variation of the radius for a quadrupole deformed targefiexadecapole deformations of the respective targets and pro-
is AR~ B2Ryg:; therefore jectiles taken from Ref[14]. We can observe that the sys-
tems represented by filled squares in Fig. 2 fall within the
AVb“BszR—tgt- 3) same trendthe dashed line through the_datz_;\ guides the,eye
Rp while the systems represented by solid circles fall outside
this regular behavior. For the former systefsguarey the
Since, at sub-barrier energies, the fusion cross section is prgominant effects responsible for the sub-barrier enhance-
portional to ments are the static deformations, whereas for the latter
(circles the more relevant degrees of freedom are the inelas-
tic and transfer reactions channels. The fact that the systems
indicated by solid circles fall outside the main trend can be
explained because in the horizontal axis we have only in-
then, by combining Egq1), (3), and(4), we obtain cluded the parameters associated to permanent deformations

2
Oys™ EX %(Vb_Ec.m) ) (4)
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FIG. 3. An asymptotic energy shift, defined in Hd) and ob- FIG. 4. An asymptotic energy shift associated to the hexadeca-

tained using coupled-channel calculations described in the text, aSgble deformationAE, , as a function of3,V, . The dashed curve
function of the parameteB 4V, +Kk\ calculated using Eq9) with : ) Ba 4Vp -
’ ed g Eq is drawn to guide the eye.

k=1.65. The dashed curve is drawn to guide the eye.

(which are not the dominant degrees of freedom for thesd0ns, however, in general these parametergassociated

systems Moreover, according to the definition @ given with inelastic scattering and transfer chanheldl affect the

by Eq. (6), for a permanently deformed nucleus, with both enhancement with different weighing factors. Therefore, the

quadrupole and hexadecapole deformations, these two defd?hySics of the problem suggests defining the parameter,

mations act coherently since their effects on the interaction

potential are spatially correlated. The contributions of the BeitVp+ K\ = BV + kz N7, (8)

target and the projectile are added incoherently, because they |

are, to a large extent, independent contributions. In general . . .

the physics of the process dictates the mode for adding tht here;( |s£ a SC"’}EE f"’f‘th(Of the order ?f un't?'ttﬁat;\’?'ghtst.

different contributions. It is interesting to note, that the con- € efiects on the fusion cross section of the detormation

nection betweenm\E, and BV, has been previously ob- versus the inelastic and transfer reaction degrees of freedom.

t e ; ; ;

tained by some authof§], nevertheless, this connection has In Fig. 3 we display the values &fE, asa function of_the

not been sufficiently exploited. parameter Bq;-Vp+k-N calculated using EQq.(8) with .
In an effort to include the rest of the degrees of freedo ':1'§5h' Welcan tsg_e that thedscﬁ]terfof ttrt]ﬁ ?atﬁ t?]bserved In

(inelastic excitations and transfer reaction channttlat af- 'g. = has almost disappeared. The fact that all the Systems

fect the fusion cross section within a unified picture, we alo_fall nicely within a single trend indicates the soundness of

peal to the physics involved in the coupled—channel apj[his unified approach, which includes the effects of the quad-

proach. Following Dasset al. [31], the effect of including [.upole_:tarlt_j hexadejc{ahpoie per];manentt_deforhmatmns,t the melast-
n-couplings into the fusion process is to split the original IC excitations, and the transter reaction channeis 1o accoun

barrier inton+1 barriers. In general, the coupling of the for the enhancements of the fusion cross sections at energies

incident channels to other channel generates a lower and thel'gw tue b_a;ner. i t of thi h is that it
higher barrier than the original one. At energies well below nother interesting aspect ot this approach, 1s that it can

the barrier, the lower barriers are responsible for the fusior?lso be applied to a single degree of freedom. For example

enhancement. It is a rather straightforward procedure to ca _he_ effect of the hexade(_:apole Qeformat|on component can
e isolated and put as evidence if we introduce the following

culate the barrier shifin associated with each coupled- tor:
channe[10,31]. They are obtained through a diagonalization parameter.
method of the coupling matrix which depends on the cou- A cou £
pling strength and the value of the relevant states. In the AE, = ne ( ?ofusu( omB2. B4, @) ,
particular case of a single channel, with coupling strerfgth 2m "\ ois{Ecm., B2,84=0,)

andQ valueQg, the lowering of the barrier is given by ©)

for Ec n<<Vp.

1 The extent in which the quadrupole and the hexadecapole
)\*ZE(—QS— \/Q§+ 4£2). (7) deformatione contribute te the enhancement independently,
AE,34, describes the contribution to the enhancement associ-

The values ofA ™ have the analogous physical effect of the ated with 8,. In this expressionx represents all the other
parameterB.;V, associated with the permanent deforma-coupling parameters associated with the inelastic excitations
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and transfer channels that are the same in the numerator attte hexadecapole deformatioAEB4, increases monoto-

denom'mator of this expression. nously with the producp,- V. The correlations just men-

In Fig. 4 we show the values &E 5, versusg,V,. Once  ioned are useful in predicting the effect on the enhancement
again we find a clear trend that nicely indicates the magniof a given degree of freedom on the fusion cross sections.
fying effect of the Coulomb barrier, in this case, on the iso-They also allow us to choose the most adequate reaction
lated effect of the hexadecapole deformation. Moreover, thigystem for studying the effect on the fusion cross section of
trend persists tmegativevalues of 8, where for energies g given degree of freedom. In all cases, the magnitudé, of
below the Coglomb barrier the contribution qf the hex_adecaban be thought of as a magnifying parameter of the corre-
pole deformation causes a well-knowecreasen the fusion  gy4nding coupling strength. In the case of permanent defor-
cross sectioi32]. The correlation shown in Fig. 4 strength- maiions this magnification effect is explicit; however, for the
ens the conclusion that a given couplifig this case a per- jneastic and transfer channels, this effect is indirect since the
manent hexadecapole deformafiowill become more rel-  agnitude of the Coulomb barrier affects the value of the
evant as the Coulomb interaction increases. . corresponding form factorsin Eq. (7) as described in Ref.

In conclusion, we have analyzed a set of sixteen fusioff33) our physical interpretation of this general systematic
cross sections excitation functions and compared them to th& o rview emphasizes the central role of the Coulomb barrier

same model. All the calculations were performed with thej, 4 mpjifying the relevance of the couplings associated with
coupled-channel codecmob [10], by taking into account 4 particular degree of freedom.

the dominant degrees of freedom of the corresponding par-

ticipating nuclei: quadrupole and hexadecapole deforma- We gratefully thank Dr. O. A. Capurro, Dr. A. O. Gat-
tions, inelastic excitations, and transfer reaction channelgone, and Dr. A. J. Pacheco for their valuable comments and
We found that the asymptotic sub-barrier cross section ensuggestions in the preparation of this work. One of us
hancement characterized by the total asymptotic energy shiftD.E.D.G) acknowledges the financial support of the Con-
AE,, increases monotonously with the quantiBs-V,  sejo Nacional de Investigaciones Cidicas y Tenicas(Ar-
+k-\. Similarly the asymptotic energy shift associated withgentina and the Universidad Nacional de Gral. San Mart

[1] L. C. Vaz and J. M. Alexander, Phys. Rev.10, 464 (1974. [14] S. Ramaret al, At. Data Nucl. Data Table36, 1 (1987).
[2] L. C. Vaz and J. M. Alexander, Phys. Rev.18, 833 (1978; [15] R. M. Spear, At. Data Nucl. Data Tabldg, 55 (1989.

18, 2152(1978. [16] S. Gil et al, Phys. Rev. (31, 1752(1985.

[3] L. C. Vaz, J. M. Alexander, and G. R. Satchler, Phys. R&&p. [17] D. E. DiGregorioet al, Phys. Lett. B176, 322(1986.
373(1981). [18] J. R. Leighet al, Phys. Rev. (532, 3151(1995.

[4] U. Jahnkeet al, Phys. Rev. Lett48, 17 (1982. [19] R. G. Stokstacet al, Phys. Rev. 1, 2427(1980.

[5] H. J. Krappeet al, Z. Phys. A314, 23 (1983. [20] J. R. Leighet al, Phys. Rev. G47, R437(1993.

[6] C. E. Aguiaret al, Nucl. Phys.A472, 571(1987; A500, 195 [21] J. O. Fernadez Nielloet al,, Phys. Rev. G413, 2303(199)).
(1989. [22] R. Vandenbosclet al, Phys. Rev. Lett56, 1234(1986.

[23] T. Murakamiet al,, Phys. Rev. (34, 1353(1986.
[24] A. W. Charlopet al, Phys. Rev. G419, R1235(1994).
[25] S. Gil et al, Phys. Rev. (51, 1336(1995

[26] S. Gil et al,, Phys. Rev. Lett65, 3100(1990.

[27] P. R. S. Gomest al., Phys. Rev. G19, 245(1994).
[28] W. Reisdorfet al, Nucl. Phys.A438, 212 (1985.

[7] R. Vandenbosch, Annu. Rev. Nucl. S42, 447 (1992.

[8] A. M. Stefanini et al,, in Proceedings of the Workshop on
Heavy lon Fusion, Exploring the Variety of Nuclear Proper-
ties Padova, Italy, 1994World Scientific, Singapore 1994

[9] A. B. Balantekin and N. Takigawa, Phys. Rejo be pub-

lished. [29] J. D. Biermaret al, Phys. Rev. Lett76, 1587(1996.
[10] M. Dasgupteet al, Nucl. Phys.A539, 351(1992. [30] R. Vandenbosch, ifProceedings of the 8th Winter Workshop
[11] J. O. Fernadez Niello, C. H. Dasso, and S. Landowne, Com- on Nuclear DynamicsJackson Hole, WY, 1992, edited by W.
put. Phys. Commurb4, 409 (1989. Bauer and B. BackWorld Scientific, New York, 1999
[12] S. Landownein Proceedings of the Symposium on Heavy lon[31] C. H. Dasso, S. Landowne, and A. Winther, Nucl. PtA#05,
Interactions Around the Coulomb Barriel_egnaro, ltaly, 381(1983; A407, 221 (1983.
1988 (Springer-Verlag, Berlin, 1988p. 3. [32] J. O. Fernadez Niello and C. H. Dasso, Phys. Rev3€ 2069
[13] P. M. Endt, At. Data Nucl. Data Tablex3, 3 (1979; 23, 547 (1989.

(1979. [33] R. A. Broglia and C. H. Dasso, Phys. Rev3@, 1426(1985.



