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Optical model approach for heavy ion fusion
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The differences between optical mod€lM) and the barrier transmission approaches for fusion are studied
in detail at low energy. In the heavy ion case at deep subbarrier energies, the absorption mean square spin of
an optical model calculation using a short ranged imaginary potential differs significantly from the results of
the WKB transmission method. This discrepancy of OM results is shown to be due to absorption occurring
beyond the barrier position. The coupled reaction channel calculations for fusion based on OM approach are
shown to be sensitive to the choice of imaginary fusion potentials, whereas the coupling effects on fusion are
dominant for energies only around the barr{80556-28186)03212-§

PACS numbefs): 25.70.Jj, 24.10.Eq, 24.10.Ht

It is well known that the coupled reaction chann@®fRC)  transmission of flux through the real potential barfigrre-
method successfully accounts for the large enhancement sponding to OM potentialds also calculated and the result-
the fusion cross section and a broad spin distribution at ening (L?) values are represented by squares in Fig. 1. As seen
ergies around the barri¢l—4]. In this formalism, fusion is in the figure, the MSS obtained from the OM with a short
obtained by the use of imaginary optical potentials or by theanged imaginary potential does not agree with the results of
barrier transmission approach. In many of these CRC calcuhe WKB method at low energies. The OM results show an
lations, fusion was estimated by the condition of the com-ncreasing trend, whereas the WKB method predicts satura-
plete traversal of the potential barri@btained by the WKB  tion of (L?) at low energies. A further decreaserfto less
transmission methgd5]. The use of the optical modéDM)  than 0.8 fm merely shifts the observed difference between
approach with short ranged imaginary potentials is usuallfhe OM and WKB results to still lower energies, showing the
assumed to be consistent with the transmission appii@ch sensitivity to the rms radius of the fusion imaginary poten-
In the transmission approach at deep subbarrier energies, thals.
fusion cross sections fall exponentially and the mean square In order to understand this difference of the OM estimates
spin[MSS, also denoted byl 2); cf. Eq.(1a)] saturates to a of the MSS over WKB results, we studied the partial wave
constant. However, Satchlat al. have shown[4,7] that  distribution of flux absorbeflA(r)] as a function of the ra-
large fusion mean square spin values can be obtained hgial cutoff limit (Rg, also known as the fusion radiigjiven
relaxing this transmission condition. In a direct reaction ap-by
proach, Udagawat al. showed that the effective optical
model potential for fusion extends to large distangeslius 8 Re Re
parameter; of about 1.5 fm. This implies that fusion is o= —7— k7(2|+1)f |u|(r)|2W(r)dr=J A(r)dr
initiated at larger distancef8], in contrast to the barrier 0 0 1
transmission approach. Further, in the heavy ion reaction @
studies, the optical model is extensively used for fusion re- . . )
actions. Therefore, in the present work, following Satchler2nd the MSSin units of2%) by
et al. [4,7], we study the optical model approach for fusion
spin distributions as compared to the barrier transmission N 2
approach at different energies. (L)=2 o/ o (13

It is generally believed that the barrier penetration model
and the optical model with a short ranged imaginary potenThese calculations show that for small valuesRy, the
tial (r;=1.0 fm) give similar results for fusion spin distribu- MSS shows saturation at low energies consistent with pre-
tions [6]. However, these two approaches deviate signifidictions of barrier traversal methods. AR increases be-
cantly at low energies particularly for heavy ion systems.yond the barrier position, the MSS also increases at low en-
Figure 1 shows the plot ofL?) versus energy for the flux ergies, indicating that absorption beyond the barrier accounts
absorbed in the OM for the imaginary radius parameter valfor this difference with the WKB method. This effect is bet-
ues ofr; = 1.0 fm and 0.8 fm. This calculation is for a heavy ter represented by the radial distribution of flux absorbed,
ion system of 1°0+2%%Ph and the parameters of the OM i.e., integrandA(r) of Eq. (1). Figure 2 showsA(r) as a
potential arer, = 1.23 fm, V5=60.5 MeV, r,=1.179 fm,  function of radial separation for different partial waves at a
ap=0.685 fm,W, =10 MeV, anda; =0.40 fm. The WKB  subbarrier energy of 72 MeVlab). It can be seen that the

A(r) exhibits multiple peaks, the lowest one corresponding
to absorption to the left of the barrier positioRf/=11 fm)
“Permanent address: Department of Physics, University of Surreyas used in the standard barrier transmission models. The next
Guildford, Surrey GU2 5XH, United Kingdom. significant peak corresponds to absorption around the classi-
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FIG. 1. Absorption mean square spin versus energy from an FIG. 2. Absorption of flux in an OM calculation as a function of
optical model with short ranged imaginary potentials. The solid and2dial separation. The OM potential parameters are the same as for
dashed lines represent the resultsfor= 0.8 fm and 1.0 fm. The Fig. 1. The symbols for different partial waves are as shown in the

squares are from the WKB transmission method through the corrdidure. The values in the parentheses are Rjevalues obtained
sponding real barrier. from Eq. (2).

cal turning point(CTP). This result is expected at low ener- OM basis will be sensitive to the choice of imaginary poten-
gies as discussed by Broglia and Winth@}. Following the  fials and this study is discussed next. _
procedure of Refl9], the distanc®,,, where the long range In the present study, we performed the CRC calculations

contribution is maximum, can be obtained from for *%0+2%Pb system, using the cod®esco[10]. This
system is well studied within the CRC approach, with a com-

prehensive coupling schenj@]. The channels considered
Rn= 7/ (ka?)[1+(1+0°L% )7, 2 include the 3, 2+, and 5 states 0f?%Pb, the 3 state of
180, the neutron and proton transfers to ground state as well
Hereq?=1+ «2/4k?, k is an incident wave numbes; is the  as a few excited states, and the alpha transfer channel. De-
Sommerfeld parameter, and=1/a; is the inverse of the tails of the method are described in REZ]. The results of
diffuseness of the fusion imaginary potentidl(r) in Eq. these calculations indicate that the CRC method can ad-
(1). TheseR,, values for different partial waves are indicated equately describe the elastic scattering, total reaction cross
in parentheses in Fig. 2. At low energies absorption beyongection, and the fusion cross section in the energy range of
the barrier position contributes significantly, whereas at higlB0—102 MeV. The fusion was obtained as the difference of
energies only the lowest peak contributes. The other peakfe total reaction and the sum of the cross sections in all the
have no significant contribution to the integral. This effect ischannels included in the CRC method. It was observed that
responsible for the large OM estimates of absorp{iof) at  at low energies the fusion obtained by this difference of cross
low energies. sections method is very sensitive to input parameters such as
Following Ref.[7], we have studied the long range ab- radial step size, maximum radius, and convergence limits for
sorption effects of the OM by including surface terms for theS-matrix elements R, and 6S parameters irFRESCQ. In
fusion potential and varied the surface radiybetween 1.2 order to get convergent results for fusion by the difference
fm and 1.8 fm. It has been seen that the absorption excitatiomethod, it was necessary to use a laRyg, value, a small
function exhibits a deviatiofplateay from exponential de- step size, and very lowS limits, with large computation
crease at low energies and this strongly depends onm the time and memory requirements. We therefore used the over-
parameter. The corresponding MSS exhibits a peak at thiap integral methodicf. Eq. (1) abovd to estimate fusion, as
low energy region where the cross section exhibits a platea@iven previously{11, Eq.(1)], as this measure is not so sen-
This study shows that even a weak imaginary potential asitive to the attainment of exact convergence. At very low
and beyond the barrier position results in a large flux in theenergies, it was found that fusion predominantly takes place
absorption channel for higher partial waves. As a result, thérom coupled elastic channels alone and, in comparison, the
MSS for the same cross section differs significantly with thecontribution of other diagonal and nondiagonal terms is neg-
calculations involving only a volume term for the imaginary ligible. At higher energiesH,,,™>80 MeV) the contribution
potential[7]. of other diagonal and nondiagonal terms is significant. We
In the CRC method for fusion, as discussed above, onestimated fusion as the sum of all diagonal terms in the ab-
generally uses either transmission approach or the OM agsorption matrix at low energy. These results were further
proach with short ranged imaginary potentials for estimatingverified using a different coupled channéis) codeecis for
fusion. As these approaches were shown to differ at lowthe same input asREscoand with couplings to only inelas-
energies, the fusion predictions of the CRC method with thdic channels.
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from the expected exponential fall at low energgpending

10 ®r on thea; value and merges with the corresponding curve for
18 uncoupled case. This means that the enhancement over the
10 _2;: WKB estimates at very low energies is completely due to
L absorption of flux at the large distances generated by the
10 4 optical potentials. However, for the energies around the bar-
o 10 “k p rier (72—82 Me\} the fusion enhancement is due to coupling
£ 10 -8:: effects and not due to long range absorption. This is evident
~ . _of from the fact that curves for the coupled and uncoupled cases
SELEN deviate in this region. It Iso be noticed that in thi
o iy B gion. It can also be notice at in this
10 S V— g;;g;g;g 3ggg{§;*led region and at higher energies the CRC fusion estimates are
10 “f G,O’// Mz::g:ﬁg lclglégfgle 4 not sensitive to the imaginary diffuseness parameter.
10 —w;'r / — — WKB The corresponding absorption MSS plots are shown in
N T T Fig. 3(b). It can be seen that the WKB transmission estimates
10 "55780 65 70 75 80 85 90 95100 saturate at low energy whereas the CRC results show an
(@ Bl (MeV) increasing trend depending on thevalue. The absorption
MSS for coupled cases for a given value can be seen to
700 F T =0.8fm coupled |y merge with the results for the corresponding uncoupled case
[ opooo a,=0.8fm uncoupled /] at low energies. As shown in Fig(a8, the absorption exci-
600 ------- a,=0.4fm coupled - . . o ! . .
[ 00000 a,=0.4fm uncoupled o ] tation function exhibits a plateau in the subbarrier region and
500 T -~ WKB 7] falls exponentially at deep subbarrier energies. In the corre-
r . sponding energy regions, the MSS increases and saturates to
@ 400 o ] a high value. The magnitude of the MSS enhancement and
~ . ] the corresponding absorption cross section are both related
3 300F 3 and depend strongly on the coupling parameters.
F ] The CRC results as derived from difference of cross sec-
200 F ] tions depend strongly on the maximum radRig,,. It was
C . observed at subbarrier energies that the total reaction and the
100 F ) . fusionl distributions exhibit a sharp fall in tHedistributions
L =Peoew0- e ] for the caseR,= 17 fm. Semiclassically, dsis the product
%5 6|0 6I5 .7'0 7‘5 8|O 8[59|0 9'5100 K Rmax Of Rmax and the local wave number, a smaller value of
®) Eiab (MeV) Rmax results in the artificial cutoff in the partial wave distri-

bution. Thesel distributions converge for large values of
Rmax (depending on energy and type of couplingshe fu-

FIG. 3. Fusion excitation function by the CRC metHddgonal . : . .
. ; . . ) sion cross section for largevalues decreases in magnitude
absorption with only five channels included. The solid and dashed. d 9

curves represent the CRC fusion resultsdpwalues of 0.8 fm and in & manner especially dependentRp,y, showing the im-

0.4 fm, respectively. The corresponding results for uncoupled ela&portance of this parameter for fusion calculations. _It was
tic channel cases are represented by squares and circles. The resSioWn by one of the authorg.J.T) for the full coupling
of the WKB transmission method using the real part of elastic po-Scheme and parameters as used in Rfthat Ry, should
tential are shown by long dashéb) The fusion MSS plots corre- be as large as 50 fm for 76 MeV incident energy in order to
sponding to the different cases (@. get converging results for fusion by the difference method.
For this case, the fusion MSS predicted is aroundi70r
an Ry, value of 17 fm and converges to around:6dor an

In the following CRC calculations, couplings to only four Rmaxvalue of 50 fm. _
inelastic channels were taken into account with different 1Ne mean square spin values have been studied for both
imaginary diffuseness parameters. Similar calculations wer@®M absorption with short ranged imaginary potentials as
reported earlief5,11-13 at high energies and the fusion Well as the WKB transmission method. It is observed that
calculations of Refs[5,12] were based on the barrier tra- While both these methods agree at above barrier energies,
versal method. The present calculations show that the effectey differ significantly at low energies for heavy ion sys-
of long range absorption can be seen only at very low enertems. It is further shown that in the OM at low energies, a
gies. The fusion optical potential parameters for all channelsignificant amount of absorption occurs beyond the barrier
consist of short ranged imaginary potentifoods-Saxon position. In the CRC calculations one generally uses either
(WS) square formh of depth 10 MeV and 1.0 fm range. Fig- the OM approach or a barrier transmission approach for es-
ure Ja) shows the absorption excitation function by the CRCtimating the flux for the fusion channel. Therefore, the CRC
method(diagonal absorptiorfor a; values of 0.4 fm and 0.8 results for fusion based on these two approaches will also
fm. The corresponding results for uncoupled elastic channdiffer significantly at low energies due to their inherent dif-
excitation function along with the results of WKB transmis- ferences. In the CRC calculations using the OM approach,
sion through its real barrier are also shown. It can be seethe couplings strongly enhance the fusion MSS for energies
that the CC excitation function for the flux absorbed deviateonly around the barrier. The long range absorption effects are
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dominant at deep subbarrier energies whereas these effectsWe are thankful to Dr. S. S. Kapoor, Dr. V. S. Ramamur-
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Therefore, while using the optical model approach for fu-jan, and Dr. R. S. Mackintosh for many fruitful discussions
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